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Abstract

Efficient data management is a fundamental aspect of application workflows, particularly
in the context of High-Performance Computing environments. This thesis examines the
potential of object stores as a robust candidate for HPC storage systems.

The first contribution of this thesis is the conditioning of a distributed object store
combined with the architectural design of its integration with a computational framework.
The resulting object store can efficiently use HPC resources. This is achieved by leveraging
active capabilities and results in an increase of data locality and execution performance.

After this first contribution —the fruit of which is a software stack architecture, in ad-
dition to its evaluation characterization— we propose two additional distinct contributions
(second and third contributions of this thesis) that showcase the potential of such an active
object store in the realm of HPC. For the second contribution, we introduce a new software
mechanism for iterating datasets and performing distributed execution on this software
stack. Our proposal is able to abstract the relationship between data distribution and task
distribution while delivering performance benefits in a wide variety of scenarios. This is
achieved without sacrificing the programmability of the task based programming model.

The third contribution of this thesis is related to the integration of a hardware technol-
ogy, the non-volatile memory (NVM). The main idea is to leverage the active aspect of the
object store and combine it with the byte-addressable nature of these new kind of memo-
ries. The characteristics of NVM allow to perform in-place computation —without needing
to stage-in data from this persistent memory layer— and the active mechanism is able to in-
voke the execution next to its data. These two aspects intertwine and allow the object store
to manage NVM space while boosting data locality and reducing overall memory footprint.

All contributions are implemented as part of dataClay (the storage system, an object
store). This thesis includes the implementation and evaluation of these proposals with com-
monly used scientific applications. In addition to completing and evaluating the integration
of dataClay and COMPSs (the execution framework), the software mechanisms for iterat-
ing datasets are also implemented and evaluated with Dask (another task-based execution
framework). The different scenarios explored showcase the benefits that our contributions
bring to the proposed software stacks within the HPC ecosystem.

Keywords: object store, active storage system, data locality, non-volatile memory, persis-
tent memory, HPC, distributed computing, dataClay, COMPSs, Dask.
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Chapter 1

Introduction

In this thesis, we aim to demonstrate the utility of object stores in High-Performance
Computing (HPC) environments. On top of the design and conditioning of a full object
store storage stack (first contribution), we propose two additional contributions that elevate
the efficiency and performance of object stores when running HPC applications: the first one
focuses on software optimizations during the distributed dataset iteration and execution;
the second one explores the potential and enhancements at the storage system through
the integration of a new storage tier: Non-Volatile Memory (NVM). Our work addresses
a critical part of HPC —the storage system— and these contributions have the potential to
drastically change the effectiveness of object stores in this domain.

1.1 Motivation

In the last decades there has been a trend of scale-out strategies in order to cope with the
exascale needs and the explosive growth of data generated and consumed by applications.
Handling efficiently the scale-out, that is, increasing the total capacity by increasing the
number of nodes, is a hard issue that has required a lot of efforts, both from academia
and from industry. HPC is one of the fields that have experienced an incessant growth.
This growth (more computing resources for HPC applications, more efficient hardware,
larger datasets, more complex applications, and larger data processing capabilities) can
translate into a positive impact on society. Improvements on the HPC ecosystem can ripple
through other fields, bringing progress to domains such as climate and weather prediction,
personalized medicine, complex ecosystems simulation. . . [34]

The exponential growth in the HPC field has catalyzed innovation and advancement
in several research fields. Storage systems is one of the fields that has to cope with the
data scalability and we will be discussing both the software and hardware aspects of the
evolution that it has beared.

On the software side we can observe the appearance and evolution of distributed file
systems such as Lustre[14] (started in 1999), PVFS[72] (initially released in 2003 and then
evolved into OrangeFS in 2011) and GPFS[74] (which started as the Tiger Shark file system
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in 1993). However, most POSIX features in these distributed filesystems —e.g. their strong
consistency, ACL, timestamps— are not really needed by HPC applications[54]. This kind
of feature creep has motivated research and storage architectures focused on the object
store[78] as a way to increase scalability of the storage system.

Object store systems started in the cloud computing arena —e.g. the key-value stores
Dynamo[29] and Cassandra[25], which originated from within Amazon and Facebook re-
spectively. This storage architectures have proven to be invaluable agents in the explosive
growth experienced in the cloud arenal5, 10, 63]. We can also find them in different scenar-
ios, such as HPC [1] or data analytics [73].

Also on the software side, the goal of improving overall performance on storage systems
has motivated data locality schemes and similar strategies that move computation close
to the data. This can be found in software projects such as Spark[96, 97] and other data-
analytics frameworks. Similar strategies have also been used by in-situ analytics frameworks,
where low-latencies are achieved thanks to the closeness of data and computing resources.
One concept that we will focus on is the active feature of the software stack. This is not
exclusive of the HPC world, as we can see in the SAMOSI[35] project from 1992 —which
coined the term active referring to database systems. Another example of an object store
(and also the one that we will be focusing on in this thesis) is dataClay[58]. Generally,
active systems are able to take advantage of data locality, as the execution routines are —by
design— adjacent to their objects. The notion of active can also be applied to hardware,
for instance as proposed by IBM in their Active Memory Cube design[60] which describes
a “processing-in-memory architecture” at the hardware level.

From the hardware perspective it is relevant to highlight the appearance of Non-Volatile
Memory (NVM) devices, which blur the gap between memory and storage tiers in the
hierarchy. Those devices will trigger a significant change on how we architect storage
systems and applications. Their byte-addressable interface and their performance, much
closer to memory than to disk, open the door to computing directly on the stored data
without having to bring it to RAM —as required for drives or any other kind of storage
device. This can have a tremendous impact in active architectures, given that computation
can be done directly from persistent memory —without the stage-in.

In order to support the exascale era, HPC needs not only the hardware but also the
tools to use that hardware —i.e. programming models, algorithms, libraries. ..to make use
of said resources. This thesis focuses first and foremost on the storage systems, but also
on its close relationship with the programming model and execution. In this thesis we will
be conditioning an object store for HPC and showing the architecture design, the novel
contributions to the software stack and showcasing the performance of such storage system.

1.2 Research questions

The following research questions have been raised during the inception of this thesis:

RQ1 How can object stores be more efficiently used within HPC environments?
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Which steps are needed in order to condition an object store for HPC? Which pro-
gramming models can leverage this storage architecture?

RQ2 How can software improvements be supported by object stores in order
to improve performance? For instance, how can the execution unto a distributed
dataset be improved through new iteration patterns at the programming model level?

RQ3 How can hardware improvements be supported by object stores in order
to improve performance? For instance, how can new NVM devices be supported
from the storage system and simultaneously leveraged during application execution?

RQ4 How much of an improvement can we expect when maximizing data locality
during the execution of HPC applications? What impact can we observe due
to the active mechanism on the storage system? What are the benefits that persistent
byte-addressable memory can offer?

1.3 Thesis statement

An object store leveraging active capabilities is a versatile and fast storage system archi-
tecture, suitable for HPC, and can efficiently take advantage of further improvements both
on the software side (such as better iteration strategies during distributed execution) and
hardware side (such as the availability of byte-addressable non-volatile memory devices).

1.4 Methodology

As the title of this thesis suggests, HPC is the main environment under consideration.
This means that performance will be a basic metric of fitness of any software block. Raw
performance is not the only aspect that we will discuss, but it is highly relevant. The
contributions focus around new improvements and mechanisms from the object store point
of view, and those will be validated through an iterative methodology:

1. Requirement analysis.
2. Design and implementation on the object store.

3. Design and implementation of HPC applications that can validate or challenge the
implementation.

4. Experimental evaluation of the applications and their performance.

5. If the results are not satisfactory (there is a discrepancy between the expected perfor-
mance and the obtained one), review the new discovered factors and go back to step
1.
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6. Summarize the improvement, its implementation and its impact on the HPC environ-
ment.

This methodology applies to Chapters 4, 5 and 6.

The object store mentioned above will be dataClay, an already established active object
store. In Chapter 3 we will present with more detail this storage system as well as the
execution frameworks used for integration and validation.

1.5 Contributions

In order to endorse the thesis statement and answer the research questions exposed, we
present the following contributions:

C1 Design the integration between a Python object oriented storage system
and a distributed task-based programming model.

C2 Propose the programming interface required to improve the iteration and
execution across distributed datasets through object store cooperation.

C3 Propose the mechanism to support non-volatile memory from an active
object store.

1.6 Thesis Structure

The rest of this thesis is structured as follows:

Chapter 2 surveys different technologies that are closely related to this thesis. This in-
cludes both enabling technologies (which have made possible our contributions) as
well as competing technologies (which can be analyzed as alternatives to the solutions
we propose).

Chapter 3 dives into the pre-existing frameworks that we will be focusing on. The con-
tributions of this thesis are integrated into the software technologies explained in this
chapter.

Chapter 4 starts to present and discuss the contributions of this thesis. This chapter will
showcase the design decisions and steps that were necessary in order to condition the
object store for HPC. The result of this conditioning is evaluated through a series of
scientific applications.

Chapter 5 contains the design, implementation and evaluation of the software mechanisms
for iterating datasets and performing distributed execution.

Chapter 6 contains the design, implementation and evaluation of a mechanism to make
use of non-volatile memory from the active object store.
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Chapter 7 serves as a comprehensive summary of the key contributions and significant
findings presented throughout this thesis, as well as their current impact in the sci-
entific community. It also offers an exploration of avenues for future research and
development.






Chapter 2

State of the art

The HPC field is ever-changing, always following developments that affect both the hardware
and the software environments. New hardware technologies have the potential to disrupt
the status quo of HPC clusters and the approach to certain problems. Equally important
is the software counterpart: paradigm shifts and new algorithms are phenomena capable to
deeply affecting the way HPC applications are developed and their effective performance.

Object stores have penetrated to the HPC ecosystem more recently (when compared to
other ubiquitous technologies present in HPC) but their presence may be capable of bringing
a wave of disruption to not only data management but also distributed computing. The
relationship between object stores and HPC is a cornerstone of our work.

In this chapter we will first look into the set of enabling technologies —technologies that
are either influential or foundational for this thesis. After this, we will discuss the competing
technologies —alternative solutions that overlap with the contributions of this thesis— and
how do they compare with our proposal.

2.1 Enabling technologies

First of all we will discuss the different technologies that have paved the way for this thesis.
This includes some technologies and software stacks that have been used during this thesis
as well as hardware and software that has contributed to the object stores presence in the
HPC field.

2.1.1 Distributed storage

The notion of horizontal scaling is an established practice that has been ingrained in the
HPC arena for decades. It is logical that this kind of scale out —multiple interconnected
machines instead of a single big one— also affects the storage architecture. Historically,
distributed file systems have been the default technology for HPC clusters. In 1993 the Tiger
Shark file system appeared, which later would become GPFS[74]. PVFS[72], released in
2003, become OrangeFS. Lustre[14], another distributed file system commonly used in HPC
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clusters, dates from 1999. Distributed file systems tend to be nearly POSIX compliant and
provide a robust and stable interface (the one defined by the POSIX standard), something
important for stability and compliance with existing applications.

The constraints imposed by the file system interface can become a burden in HPC en-
vironments. Lookup operations and hierarchy can become complex (with inodes, folders,
file names, access times, etc.), and they lack both metadata or extensions (e.g. versioning,
replication. .. ). These reasons have motivated researchers to look into alternative storage
systems such as the object store[54, 78]. The object store uses a more flexible interface
that provides a lot of merits. Object access is monolithic through get/put operations which
simplify sharing and multi-writer configurations. Object stores can easily have a scalable
architecture. In the cloud arena they have been strong agents for a long time, as we can
see by the success and ubiquity of S3 [5] —which comes from the Amazon ecosystem— which
has become a de facto object store standard. The OpenStack group has Swift [63] as their
in-house object store. MinIO[59] is another example of a distributed object storage compat-
ible with the S3 interface. Object stores have been penetrating into the HPC ecosystem for
a while now. Ceph[90, 10] is a distributed file system targeted for high-performance appli-
cations which includes RADOS[91], an object store interface. Intel has also contributed to
this field by publishing DAOS[15], an object store that has been “designed from the ground
up for massively distributed Non Volatile Memory” [1].

The proliferation of these storage stacks has been key in the viability of using object
stores in the HPC ecosystem. Their success proves that their flexibility is a valuable asset.
A key enabling technology for this thesis is dataClay[58], a distributed active object store.
It combines the strengths of the object store and extends the interface with some active
capabilities —a mechanism that improves data locality and overall performance during ap-
plication execution. In the following chapter we will discuss with more detail its features
and impact in the HPC context.

2.1.2 Task-based programming models

Task-based programming models have proven to be a robust and versatile way to ap-
proach development of applications for distributed environments. They provide natural
programming patterns and achieve a high degree of performance. However, execution on
this paradigm can be very sensitive to granularity —i.e., the quantity and execution length
of tasks. Granularity is often linked with the block size of the data, and finding the op-
timal block size has several challenges, as it requires inner knowledge of the computing
environment.

Dask[71] is an example of a task-based distributed framework. It self-describes as a
“flexible library for parallel computing in Python”. It has a very flat learning curve for
Python developers, as it draws inspiration from commonly used data structures (such as
NumPy Arrays and Pandas DataFrames). With those data structures in mind, Dask pro-
vides their distributed counterparts (e.g. Dask Array and Dask DataFrame) with a similar
interface. Its flexible task scheduling mechanism is outlined in Figure 2.1. Aside from all
the built-in algorithms (provided by Dask and by its machine learning library Dask-ML[27])
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Figure 2.1: Different methods for task scheduling, from Dask
documentation|[8]

it is possible to develop different applications through the lower-level task invocation and
make use of the APT of their data structures; Dask documentation[8] discusses all of that
and gives detail on the blocking applied to the data structures. Dask leverages the na-
tive Python representation of objects, and is able to exploit the in-memory data structures
during computation.

Another task-based programming model is PyCOMPSs[79, 26]. This programming
model tackles the burden of distributing tasks through a minimal set of annotations from
the developer (i.e., minimizing the burden on the developer’s shoulders). It is as flexible as
Dask (i.e. it is a Full Task Scheduling software, following the nomenclature shown in Fig-
ure 2.1). In addition to that schedule flexibility, it is fully capable of managing read-write
(i.e. INOUT) dependencies —a programming pattern that is full of caveats and outright dis-
courage while using Dask. The COMPSs framework can be used from within Java, Python
and C/C++.

Our contribution C1 will cover the design and architecture related to the integration
between dataClay and COMPSs (see Chapter 4). Contribution C2, which focuses on the
iteration and execution across distributed data, will be evaluated on top of both COMPSs
and Dask; this will be presented in Chapter 5.

2.1.3 Non-Volatile Memory Hardware

Aside from a continuous general growth found in the HPC environment (i.e. the progressive
milestones of faster computation, faster connectivity, bigger storage, higher bandwidth,
etc.), the hardware ecosystem has seen certain disruptive technologies that have changed
the storage architecture. We will focus on the non-volatile memory, and particularly, the
Intel Optane DC Persistent Memory devices[46]. In Figure 2.2 we can see the general outline
of the existing storage technologies. On the top we see the fastest and most expensive (in
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Figure 2.2: Memory hierarchy pyramid

terms of cost per byte) technologies. On the bottom, we see the cheapest solutions in terms
of storage density and cost, but is also the slowest in terms of latency.

The Persistent Memory sits right between the fastest drives (persistent storage, block
devices) and the slowest volatile memory (the DRAM). Comprehensive evaluations of the
Optane DC Persistent Memory Module have been conducted, like the work of Izraelevitz[47]
or the one by Weiland[92]. These kind of evaluations are key in order to understand the
behaviour and potential of this technology. We can also find an empirical guide evaluation
performed by Yang et al.[94]. Those evaluations show the often overlooked complexity of
the performance behaviour of the OptaneDC persistent memory. One can find extensive
information about the latency and bandwidth characterization in those documents.

This technology is able to unlock a lot of potential on object stores due to its perfor-
mance capabilities and scalability. We have also mentioned DAOSJ1], an object store that
can leverage Optane DC non-volatile memory resources, but our contribution C3 aims to
support this kind of memory by coordinating with the active capabilities of the object store.

2.2 Competing technologies

There are different technologies and existing projects that compete with one or several
aspects of our proposal. In this section, we will look at different aspects that directly relate
to our proposal and discuss the alternative technologies and pre-existing research for each
of those specific aspects.
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2.2.1 Active features in storage systems

One of the software pillars in this thesis is dataClay, which is a distributed active object
store. There are other storage systems that have active features and there is research related
to the active mechanism that is also relevant in this thesis.

We have already mentioned Ceph RADOS[91] as a distributed object store. However,
Ceph also has the concept of object classes [32], a feature that can be used during build/de-
ploy stage of the storage system. These shared object classes are able to improve data
locality by the execution of routines (previously deployed into the storage nodes, aka as
OSDs) within the storage infrastructure itself instead of the client ~which is an active fea-
ture of the storage system.

Another project that extends an object store with active features is Storlets [62], which
belongs to OpenStack. Its purpose is to “extend Swift with the ability to run user defined
computations —called storlets— near the data (...)”. This describes the active feature of an
object store as a means to improve data locality. This feature can be used during runtime,
but their trigger mechanism is limited to specific operations on the object store (get, put,
copy) and the executed code can only involve the object that is being accessed.

The aforementioned active features showcase the strengths of an active object store, but
they cannot be used for arbitrary application flows. For the Storlets project, the scope is
limited due to the trigger mechanisms. For the Ceph Object Classes, the classes must be
defined prior to deployment. These limitations hinder the versatility of those solutions.

In the context of DAOS, the work of Lofstead et al. [55] proposes an architecture for
a future exascale storage system, using DAOS as backend. It is relevant to mention the
Function and Analysis Shipping mechanisms described in that article. The main idea behind
those code shipping mechanisms is the avoidance of data transfers —which results in an
improvement on data locality. However, those mechanisms are not integrated into the
object store: DAOS is used for persistence (in I/O nodes) while execution is done in the
compute nodes on top of HDF5. The goal of improving data locality through the shipping
of code is shared with our objectives, but our design goes one step beyond and integrates
this code shipping and code execution into the object store, resulting in an active object
store.

We can see other storage systems that strive to improve performance by shipping code
where data is. The ActiveSpaces framework [30] is an example: a storage system capable of
moving (and executing) code where the data is being staged. Warren et al. [89] discuss an
object/array centric approach that is able to use shared libraries or application executables
in order to perform what we will be calling active operations. Those approaches show
the advantages of active strategies; however they provide a low-level interface and expect
extensive knowledge (from the application developer) regarding the architecture in terms
of network and computation resources.

Up until now we have discussed the active features from a software point of view. How-
ever, this goal can also be achieved from the hardware side, as shown in Intelligent Disks
(IDISKs [52]) and also discussed by Kannan et al. [50, 51]. That last line of research eval-
uates the active paradigm —on an architecture that includes additional hardware compute
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units— with NVRAM technologies. Nider et al. discuss Processing in Storage Class Mem-
ory [61], an article that shows promising results on this main idea of processing in NVM.
The data locality obtained during execution in those articles resembles the one that we will
be presenting, but our infrastructure will be based in a software storage system (an active
object store).

2.2.2 Distributed data and distributed execution

One of the interactions that we will discuss extensively during this thesis is the link between
the task-based programming model and the object store —always under the context of HPC.
This integration is the first contribution of this thesis (C1). However, different program-
ming models have similar goals regarding execution on distributed data. The most iconic
one would be the the map-reduce programming model (MapReduce[28]). An application
programmed following this programming model is divided into map tasks (which transform
blocks, and are applied to all input blocks of the input) and reduce operations (which ag-
glutinate multiple input blocks into single outputs). This general process is depicted in
Figure 2.1. When using this software stack, the framework is responsible of managing the
distribution of data and the data distribution, and has full jurisdiction regarding internal
runtime optimizations.

Spark[97] is a widely used software stack that aims to be a unified engine for large-
scale data analytics. It draws inspiration of the potential and benefits of the MapReduce
programming model but aims to be more flexible and improve its performance. Regarding
its storage counterpart, we can see that Apache HBase[88] is a distributed, scalable, big
data store that is tightly integrated with the Spark software stack.

However, using either Spark or MapReduce requires to adapt (and rewrite) existing
algorithms into using the explicit primitives and structures provided by the framework[26].
One of our contributions (C2) is to maintain the explicit iterations at the programming
model level and simultaneously offer an enhancement for the iteration control structures,
with a minimal impact on application programmability.

If we look at programming frameworks that expose lower level language primitives we
can find Charm++/[49], a parallel programming language based on C++. This object ori-
ented language offers all the elemental primitives that we could expect, including iteration
structures. This means that any enhancement that we discuss regarding iteration enhance-
ment could also be implemented on top of Charm-++. However, Charm-++ does not include
neither scheduling mechanisms nor dependency management comparable to the ones avail-
able in commonly used task-based workflows (such as COMPSs, the programming model
that we will be using in this article, or Dask as previously discussed in this section). This
implies a higher development effort for Charm++ applications; however, from the point of
view of the iteration structures and their enhancement, using lower level elemental primi-
tives yields no additional benefits.
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2.2.3 Loop parallelization

One of our goals is to leverage data distribution and the task-based programming model. We
tackle this (contribution C2) from the point of view of the storage system and its synergies
with the programming model. However, there is relevant previous work in parallelization of
loops and scheduling of work, looking at it from the point of view of the execution runtime.
A foundational article on this field was published by Hummel et al. with the Factoring[44]
method.

The work on Factoring has been extended with a focus on smarter and more complex
scheduling mechanisms, e.g. with adaptative weighted factoring[12] or by adding also dy-
namic load balancing[24]. All this research shows the relevance of the granularity of tasks,
an issue that we also aim to address. However, they tackle this issue for complex applica-
tions by discussing the method and its direct application into the application. Our focus
is on a more generic mechanism (which we will discuss and evaluate in Chapter 5) that
coordinates with the task-based programming model and is aware of the data placement.

We believe that certain existing research on the Factoring method could be used in
order to further improve the benefits of our proposal. The mechanism that we propose is
a foundation upon which could be augmented and refined with further improvements and
heuristics such as the ones shown in previous research.

2.2.4 Block size conditioning

Our contribution C2 proposes a design and mechanism that decouples granularity of data
from granularity of tasks. There are already certain research and approaches to achieve this
decoupling.

If we first look at the Spark ecosystem, we can find the Resilient Distributed Dataset
(RDD)[95]. This interface provides a higher level abstraction; the application does not
handle blocks but interacts with the whole RDD, and the distribution of data is managed
by the framework. With this mechanisms, Spark does address the issues of blocking and
data distribution, but restricts the application developer to their programming primitives
as well as to the data structures provided by the framework. This requires the application
developer to adapt their code to the new data interface and primitives.

Dask offers certain mechanisms to ease the management of chunk size, but does not
hide the blocks themselves. However, the documentation does acknowledge the performance
pitfalls due to the relationship between data granularity and overhead (Select a good chunk
size, on Dask documentation Array > Best Practices[7]):

A common performance problem among Dask Array users is that they have
chosen a chunk size that is either too small (leading to lots of overhead) or
poorly aligned with their data (leading to inefficient reading).

While optimal sizes and shapes are highly problem specific, it is rare to see
chunk sizes below 100 MB in size. If you are dealing with float64 data then this
is around (4000, 4000) in size for a 2D array or (100, 400, 400) for a 3D array.
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You want to choose a chunk size that is large in order to reduce the number
of chunks that Dask has to think about (which affects overhead) but also small
enough so that many of them can fit in memory at once. Dask will often have
as many chunks in memory as twice the number of active threads.

One of the main mechanisms offered by Dask for managing the data granularity is
the rechunking mechanism, usable through the rechunk method in the Dask Array data
structures. By reestructuring the data, it is possible to set up a more adequate block
size (however, note that the optimal block size will depend on a variety of factors such
as the algorithm complexity, the numerical implementation of the tasks and the available
computational resources during runtime). With this in mind, we can consider the rechunk
method a competitor of contribution C2; this competitor will be evaluated and compared
to our implementation in Chapter 5.

2.2.5 Multi-layered memory tiers

The presence (and abundance) of several different memory tiers is something that can be
exploited. Each memory tier has its strength and its weaknesses (typically, a trade-off
between cost, bandwidth, latency). The dataClay object store already leverages RAM
(for execution and caching) and disk (for persistence); our contribution C3 addresses the
additional non-volatile memory layer and how to use it efficiently.

When there are multiple memory tiers, it is possible to use multiple strategies for combin-
ing them. Even going so far as ignoring certain layers —an example of this is the RAMClouds
infrastructure [64]. This is a high performance storage system that achieves great scalability
and very low latency by only using the DRAM, ignoring the persistent storage tiers. This is
an approach that is made possible by the growth of available DRAM in storage hardware.

Data Elevator [31] is an example of a software library that attempts to address the
variety present in the storage hierarchy. The library performs the movement of data between
the different memory tiers, and it does so in an efficient way that is transparent from the
application point of view.

The appearance of non-volatile memory devices created new research lines and also
rejuvenated a whole lot of existing ones. For example, Fan et al. propose the Hibachi
cache [98] and discuss the improvements of a cooperative cache (which uses DRAM and
NVRAM) between different memory tiers. Hermes [53] is an example of a buffering system
which is aware (and takes advantage) of all the different tiers in the storage hierarchy —
including NVRAM. In the distributed file systems field there have also been some efforts
on improving distributed file systems thanks to the new NVM tier, a topic that has been
explored and evaluated by Herodotou and Kakoulli [43]. A theoretical approach combining
the three memory tiers (DRAM, NVM and SSD) for database systems is discussed by
Alexander van Renen et al. [85].

All those research topics focus on a low-level integration, with special highlights on the
caching policies of those systems and their performance from within the storage system. Our
main focus is on the higher level integration, specifically on how an active object store would
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be able to take advantage of, first of all, memory and disk, and optionally the NVM tier.
Ultimately, this increases data locality by reducing data movements to a strict minimum.
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Chapter 3

Software Foundation

This thesis describes a series of contributions with a focus on the object store. Note that
the ideas behind our contributions are not restricted to the dataClay object store. For
instance, in Chapter 5, the contribution discussed there is implemented and evaluated with
both dataClay and Dask.

In this chapter we will start by presenting the dataClay object store. All contributions
of this thesis have been implemented with and around dataClay in order to validate and
evaluate them. We will also introduce here the two execution frameworks (the ones that we
will use in the evaluation sections): COMPSs and Dask.

The first execution framework, COMPSs, is a task-based distributed framework. Part
of our first contribution C1 revolves around the integration of dataClay and COMPSs. Our
contribution on improving the iteration and execution across distributed datasets (contri-
bution C2) will be built upon the COMPSs & dataClay integration. The state of the art
integration between the two is presented in this chapter.

The other execution framework that we will present in this chapter is Dask. The contri-
bution C2 can also be applied unto Dask, which is a different infrastructure to COMPSs &
dataClay. This showcases that the design and contribution ideas are generic, and they can
be used with other software environments —not restricted to dataClay and COMPSs.

3.1 dataClay

The storage framework that we will be using in this thesis is dataClay, a distributed object-
oriented data store[57]. This object store leverages object-oriented paradigm philosophy;
that means that the notion of object follows the definition of the object-oriented program-
ming (i.e. an abstraction that encloses data and code) as opposed to the objects in object
stores (which are typically schema-less packs of binary data).

From the application point of view, the “database schema” (for a lack of better term)
can conceptually be described through an UML diagram as the example shown in Figure 3.1.

From the developer point of view, the data model is defined through regular classes.
Following the example in the Figure 3.1, the actual implementation would include code for



18 CHAPTER 3. Software Foundation

Dataset Transformation
Experiment -
i +points +apply(dataset: Dataset): Dataset
+observations: Dataset[1..n] L.n [y average() ﬁ R
Rotation Normalization
+angle

Figure 3.1: UML diagram of some sample classes

classes for Experiment, Dataset, Transformation, Rotation and Normalization. The
class definition would be done in the native language and dataClay would use that informa-
tion for the internal representation of the objects. The sample Java definitions are shown

in Listing 3.1.

import java.util.List;

class Dataset {

public List<Double> points;

public double average() {
// Implementation of the method

//
}

class Experiment {

public List<Dataset> observations;

//
}

abstract class Transformation {

abstract void apply();
}

class Rotation extends Transformation {

public double angle;

@0verride
void apply () {

// Implementation of the method

//

}

class Normalization extends Transformation {

@0verride
void apply () {

// Implementation of the method
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//

Listing 3.1: Java definition of the sample classes

3.1.1 Active features

A main feature of the chosen object store —a dataClay feature that is key for building our
contributions— is its active capabilities. This mechanism enables the execution of code from
inside the object store; that code will be able to access, modify and/or process objects
residing within the object store.

We will refer to the function being executed in the object store as the active method. In
order to have a flexible and versatile solution, those methods should be application-specific.
This implies that there should be some code-shipping mechanism that allows the application
developer to send the code for those active methods to the storage system space; we will
consider a registration mechanism that happens on application initialization. The afore-
mentioned strategy is not the only way of achieving our goal, but we believe that doing this
active method registration on application initialization is a reasonable approach: the active
method code definition /registration can be application-driven and this process is performed
outside the execution critical path —i.e., it does not impact application performance.

During application execution, after the active methods are registered, the application
can invoke those methods. This resembles a Remote Procedure Call mechanism; but the gist
of this execution (the active feature) is that the object store will have the objects directly
accessible and thus will be able to access them efficiently and execute the code on them,
and then return the result —this, in most cases, avoids the needless serialization, transfer
and deserialization of the whole object.

The active methods —the code executed by the active storage system— will typically be a
fairly precise and narrow data-centric code. Note that the characteristics of the shipped code
are merely a guideline, as the discussion in this thesis imposes no constraints regarding the
complexity and shipping of said code. As a rule-of-thumb, any function that is data intensive
is a good candidate to be run as an active method —as that results in an improvement due
to reducing the bandwidth usage. Or, focusing on execution time: if serialization and
data transfers is a high percentage of total time, it is beneficial to add locality improving
mechanisms —such as the active methods— into the application as to eliminate this portion
of execution time.

Example

Let’s consider a common and simple data intensive operation: an average over all points
from a dataset. The pseudocode for performing it is shown in Listing 3.2. In this snippet we
can see a certain dataset object containing a set of points. If dataset is a persistent object
(in any store platform) then the operation dataset->points results in a data transfer, as
the set of points must be transferred from the storage to the caller.
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dataset = new Dataset ()

foreach p in dataset->points:
roll_avg += p
n += 1

result = roll_avg / n

Listing 3.2: Performing an average over a dataset

This operation is a perfect candidate for an active method. The operation processes a
lot of data (it must go over the whole dataset) but it has no input and the output is small.
An average RPC operation will thus be small. With dataClay, we can easily achieve this
remote execution by including the average definition as a method into the data model,
i.e. the Dataset class. The result can be obtained through a dataset->average() call
—which, internally, would perform a RPC invocation, evaluate it remotely, and return the
final result.

There is no negative impact on programmability: the code is the same, but it is in
another place. In fact, having methods (such as this average example) in the class definition
result in a more cohesive object oriented programming pattern, which increases readability
and eases code maintenance.

3.2 COMPSs

COMPSs framework|[11] provides a task-based programming model that can be used for the
development of distributed applications. We have chosen it because it has a powerful and
versatile scheduler as well as a runtime that is able to exploit the parallelism of applications.

Applications developed with COMPSs resemble sequential applications. This is by de-
sign: sequential programming is easy and a programming model focused on sequential de-
velopment has a welcoming learning curve. In this thesis we will be using PyCOMPSs[79]
(the Python bindings) and the annotation of code is done as shown in Listing 3.3.

@task (datal=INOUT, data2=IN)
def add(datal, data?2):
datal.append(data2)

Listing 3.3: Use of @task decorator for defining PyCOMPSs tasks

We can see that adding the @task decorator to a user function converts it to a task.
Once the function is called, the information of the invocation is sent to the scheduler —which
results in an asynchronous operation from the point of view of the application. In addition
to the asynchronous invocation of tasks, COMPSs will also manage the dependencies be-
tween tasks. Additional information of the parameters is given by the application developer
through the decorator (as shown in the example snippet, with more details available in the
COMPSs documentation [22]).
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3.2.1 dislib

A relevant project, developed by the same research group as the one behind the COMPSs
framework, is the dislib[4] library. The applications shown in Chapter 4 and Chapter 5 will
use it. It is a distributed library implemented on top of the PyCOMPSs programming model.
In addition of it being already integrated with COMPSs, there are two main aspects that
have driven us to use this library: its data model (i.e. the dislib array) and the algorithms
that it implements.

First of all, let’s look at the data model: the dislib array data structure —a two-
dimensional array. In general, these data structures (two-dimensional arrays) are the most
widely used in scientific applications and machine learning. The dislib array has a set
of functions and facilities that eases working with them —without hiding the underlying
blocks. The interface of the dislib array resembles the interface offered by the commonly
used numpy array.

The other key aspect of dislib in the context of this thesis is the distributed algorithms
implemented in this library (like k-means, Cascade SVM or k-Nearest Neighbors, all of
them used for evaluation in later chapters). Its focus is on machine learning algorithms,
and it is greatly inspired by scikit-learn.

3.3 COMPSs & dataClay integration

The integration between COMPSs and dataClay has existed for a while, and its architecture
has been discussed in previous literature[58] (see also Marti’s thesis[57] and/or dataClay
source code[18] for more implementation details).

At a high level, the integration takes care of interacting with dataClay objects. Note that
COMPSs is a distributed execution framework with transparent dependency management
—including read and write dependencies. Managing dataClay objects means that dataClay
object dependencies should work seamlessly from the point of view of the developer.

To achieve the integration between the two frameworks a new interface was defined, the
Storage API. This architecture is shown in Figure 3.2. The depicted architecture shows
how the application can access the objects (just as it would do normally) but also shows
that COMPSs can interact with the storage layer on behalf of the application —and this
allows COMPSs to manage dependencies. The main example of this integration would
be the implementation of the renaming technique[56], which results in new versions to
be created before write operations as to avoid Write after Read (WAR) data hazards.
This implementation (in the COMPSs & dataClay context) is done through a newVersion
function in the Storage Runtime Interface. COMPSs calls this method when the dependency
management detects the data hazard and dataClay creates a copy of the object as to break
the anti dependency.

Other functions in the Storage Runtime Interface include location querying; these op-
erations are used by locality-aware COMPSs schedulers.
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Figure 3.2: Integration architecture with COMPSs through the Storage API

3.4 Dask

Dask is (as they self-describe) a flexible library for parallel computing in Python[8]. It
focuses on the data structures and primitives required to perform the parallel computing
(both intra-node with shared memory as well as inter-node with network communication
enabled by the Dask distributed library[6]. It has a flexible full task scheduling as shown
previously in Figure 2.1.

3.4.1 Storage layer

Dask framework is not a storage system and it does not provide any kind of object store
interface. It does provide some helper functions to stage-in and stage-out data from per-
sistent storage (for instance, it can transparently read datasets from Amazon S3 or Google
Cloud Storage, and it can also ingest HDF files). But Dask data structures are immutable
and their lifecycle is limited to a single application execution.

However, if we look at data distribution, we can observe that Dask does distribute
objects across its workers. This is done as means for performing distributed computation.

Internally, Dask leverages the native representation of its objects. This is satisfied as
long as there is no memory pressure; until then, objects are held on each worker in a buffer
referencing the objects in memory. When there is memory pressure, Dask spills the objects
unto disk. This general behavior is very similar to the one used by dataClay.
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3.4.2 Computation layer

Each Dask worker can be instantiated in a different node and each of them can have a set
of objects; this is synonym with having the dataset distributed across nodes. From this
starting point, Dask runtime can achieve data locality on computation stages by scheduling
the tasks to where data is.

Dask ecosystem includes commonly used algorithms; they are found either built-in (for
example in the Dask Array class) or in Dask-ML[27]. However, Dask also offers lower-level
primitives to achieve parallel computation. Application developers can use two different
programming interfaces, both supported by Dask: dask.delayed or (the more flexible and
less handholded) concurrent.futures.

From a high-level point of view, the two approaches are equivalent and can both be con-
sidered task-based programming models; they are also equivalent to the COMPSs program-
ming model. This does not mean that they are interchangeable from the implementation
point of view, but they are similar enough from the programming model perspective.

In general, the resulting execution flow that we get from Dask applications is very
similar to the approach that we get when executing COMPSs & dataClay. There are several
key differences (the more relevant ones, as already mentioned, are that Dask is limited to
immutable objects and that it does not address the persistence of data).
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Chapter 4

Conditioning dataClay for HPC

In this chapter, we will discuss the steps that were required in order to suit dataClay
software to the HPC ecosystem —what constitutes our first contribution C1. The original
Java implementation, albeit perfectly functional, proved to be impractical for certain HPC
use cases. One language that is being adopted by a lot of HPC applications and is very rich
in terms of libraries and ecosystem is Python. This situation, combined with the already
existing Python support in COMPSs side —i.e. PyCOMPSs[79], its Python bindings— made
using Python a natural course of action.

Once the final architectural design of the dataClay and PyCOMPSs has been discussed,
this chapter also includes an assessment of this result through three scientific applications.
The analysis is both qualitative —by discussing the source code modifications— and quanti-
tative —by evaluating performance and impact of the active features of the object store.

4.1 Python support

As already stated, adding support for Python —in the context of HPC— was a natural
decision:

e There is a large ecosystem of scientific Python code focusing on HPC —be it data
mining, big data analysis[77], artificial intelligence, machine learning[70], etc.

e COMPSs already had Python support.

In the previous chapter we mentioned dataClay, an object store with active features.
Storing objects is a language-agnostic process, but defining active methods is clearly language-
specific: the application developer must provide the source code (or shared object or inter-
mediate format. .. it must provide something) for the methods. With this in mind, we can
extend the general definition of a backend (which, in a storage system, means something
that holds/stores objects) into a concept with a broader sense (it also ezecutes the active
methods).
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The most robust approach is to have language specific backends. In the scenario we are
discussing, this means having a Python backend; such backend will trivially support Python
methods and Python objects. Of course this also means that there is the need to implement
the Python backend —instead of, say, a more lightweight language-specific binding for the
client. To sum up, having a Python backend has the following consequences:

1. The server leverages the native representation of objects.

2. The active methods are written in the native language and executed in dataClay
space.

And, in our case, this is implemented by having (on server side) Python objects in
memory and execute Python methods in a Python interpeter.

In this section we will give more insights in the synergies and constraints that we have
considered while designing and materializing the Python backend.

4.1.1 Third-party library support

It is not enough to simply “support Python”. We must support the ecosystem of code and
libraries that are used in Python and HPC —and that means supporting third party libraries.
The ecosystem of HPC libraries is very unique because Python is a “slow” interpreted
language —but that is not relevant for the HPC context: nobody in the Python community,
much less in the HPC community, expects to find a pure-Python implementation of, say,
a matrix multiplication. The third-party libraries will perform all the heavy-lifting, and
most of those libraries will be using optimized low-level implementations done in C, C++,
or Fortran.

Up until this point we have been referring to Python in a generalist way. If we wanted to
be precise, we should differentiate between Python (language reference[68] and standard
library[69]) and CPython (the reference implementation of a Python interpreter using the
C programming language[67]). Making this distinction is relevant at this point, as other
implementations may have advantages for certain scenarios; unfortunately, most third-party
libraries are implemented with CPython in mind, and other interpreter implementations
tend to have limited support for libraries that require external linked libraries and/or are
implemented in the C language.

With that in mind, CPython is the one that we will be supporting, and thus, dataClay
backend will be done with CPython in mind. From here on we will be using the term
Python in the broader sense (language, interpreter, implementation).

4.1.2 Multithreading

Another unique behavior of Python, when compared to other programming languages, hap-
pens during multithreaded operation. Python does have multithreading support; however,
the Python interpreter! cannot interpret in parallel. At the time of writing this document,

!Technically, that is specific to the CPython implementation, which is the one that we will be using.
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Python uses a GIL (Global Interpreter Lock). This GIL ensures that only one interpreter
thread is working at a time, and that lock is global (hence its name, Global Interpreter
Lock). The rationale behind the GIL is rooted in some implementation details, specially in
the reference counting style implementation of the garbage collector. An in-depth discussion
on the GIL, its implication, and the pitfalls of removing it has already been done by Larry
Hastings in PyCon 2016[42].

Fortunately, the GIL is not an issue for most critical paths in HPC. There are multiple
situations where having a GIL does not matter, and the ones that are relevant for dataClay
and HPC are:

All networking Any socket sending or receiving data will release the GIL. Any wait for
data on a socket will release the GIL. This means that using threads for networking
results in the parallelism one would expect.

All I/O Similarly to the network, all read and store operations will release the GIL. This
means that for I/O-heavy routines, multithreading will effectively parallelize those
operations.

Most C code For Python libraries that have C implementation, there are low-level direc-
tives to release and reacquire the GIL. We can assume that widely used libraries are
mostly well-coded and release the GIL in all the appropriate points.

The existence of the GIL is something that caused concern for implementing the data-
Clay backend in Python. Being aware of GIL issues is a burden that one must diligently
carry while benchmarking applications. All the design that we discuss in this thesis has
taken that into account, and all the evaluations have been done in such a way that the
impact of the GIL is nullified or minimized. Fortunately, most mainstream Python libraries
already do a good job on managing and sidestepping the GIL, so the applications shown in
this thesis did not require intervention in that regard (with a notable exception that will
be explicitly discussed later in 4.3.3).

4.1.3 Network library

A stable framework, widely used in Java applications, and originally used in the first dat-
aClay release, is Netty[81, 58]. However, when trying to port the communication protocol
to Python we observed that Python support was poor or nonexistent and reimplementing
it from scratch would result in a long and bug prone process with no benefit.

In the HPC arena there are specific network protocols that may be used instead.
Mercury[76] is one of such projects, a Remote Procedure Call framework self-described as
specifically designed for use in High-Performance. MPI 1/0 is another example of a data-
centric approach, a high-level interface that aims to standarize the parallel I/O operation
description (as its name suggest, in the context of an MPI application).

A different alternative, widely used in the cloud and microservices arena, is gRPC[41].
It has very good multi-language support (including both Java and Python) and has very
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clear semantics on the operations (the Remote Procedure Call itself) as well as on the
payloads (described through Protocol Buffers[38], a language-neutral syntax for describing
and serializing messages).

The final choice was to use this gRPC library; although it may not yield the most
performance amongst all the available options, its strengths are its robustness and its high
versatility. Moreover, its popularity (at least on the cloud arena) means that there is an
extensive quantity of documentation and development resources.

4.1.4 Schema and typing

Objects that are defined and stored in dataClay have schema. The schema used by dataClay
is, in general, very aligned with the object oriented paradigm of the underlying programming
language. From a database-centric point of view this is loosely defined, as there is not a set
of supported database types but instead an effort to support the types that the language
can define. From an object oriented point of view the explanation is straightforward: the
attributes of the class have types, and those are language types.

The starting point, the Java implementation of dataClay, comes naturally because Java
is a strong statically typed language. Python has strong types too, but it uses dynamic
typing. There is the need to augment the class definition to include static information
about the class attributes types —as this is needed for optimization related to serialization
and disk persistence of objects.

In this subsection we will discuss the “classic” approach, which is the one that we de-
signed and developed for the first dataClay Python bindings. This “classic” type declaration
has been the stable one for a while. Given that Python has evolved a lot in those years, we
also follow with a discussion on the main alternative (the “modern” approach) for including
typing information going forward.

Python 2.7 compatibility

Historically, Python did not include any mechanism to declare or define typing in the source
code. The language standard and the best practices changed a little bit with Python 3 and
certain language features (which we will discuss later) but first we have to consider Python
2.7 and the “legacy” solution to typing information.

Although Python does not need nor use static type information, developers do. Code
documentation would, typically, discuss types. For instance, the Google Python Style
Guide[36] (in 2012) recommended to include typing information in the documentation of
parameters and return values.

With that in mind, we can establish that even if type information is not mandatory,
having it is not an “anti-Pythonic” practice. However, in the Python 2.7 era, there was no
standardized mechanism for putting that information in the source code. Using comments
was ruled out; there are precedents of that in certain documentation styles, but dataClay
needs type information during runtime —and accessing comments from the runtime is not
a common idiom. We settled for using the docstring —this field purpose is documentation,
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so we propose to augment it. This field is easily accessed from runtime and is present in
classes. To ease parsing of this data, the @ClassField token was accorded and the final
syntax is shown in Listing 4.1.

class MyClass(DataClayObject):

@ClassField <name of variable> <type>

Listing 4.1: Syntax for including type information in the docstring field

Python 3+ and going forward

One of the breaking features of Python 3 is the function annotations syntax (PEP 3107[93]).
The immediate application for this new syntax was not defined; some years later it was pro-
posed to use it for including type hints. This PEP 484, the one to describe the usage of type
hints[86], gained traction amongst the community. An example of its impact can be seen in
the Google Python Style Guide, which at first recommended to put type information in the
description and documentation[36] while now recommends to familiarize oneself with the
PEP 484 instead[37]. Using type hints does not result in a statically typed language —Python
still uses dynamic typing— but they are appropriate for improving code documentation and
they can also be used by development environments in order to aid the programmer.

This new syntax opens the door to a community-approved way of including type infor-
mation. The catch is that the syntax is only compatible with Python 3. But it has been
several years since Python 2 has reached Enf-Of-Life, so using Python 3 and making use of
this feature is a good idea in order to move forward.

Listing 4.2 shows an example of the classic dataClay way of defining types in classes
and functions. The follow-up Listing 4.3 shows the same dataClay class but making use of
type annotations.

class Vehicle(DataClayObject):

@ClassField n_wheels int
@ClassField brand str

Listing 4.2: Classic typing information on a dataClay class

class Vehicle(DataClayObject):
n_wheels: int
brand: str

Listing 4.3: Modern (Python 3) typing information on a dataClay class

Both code snippets show a Vehicle class definition, and the “semantic amount of typing
information” is the same. In both cases, the programmer intent is clear. But there is a huge



30 CHAPTER 4. Conditioning dataClay for HPC

DataClayObject

#serialize()
#deserialize()

+make_persistent() \

TransformationStub

DatasetStub

ExperimentStub -
xpert Y +points +apply(dataset: DatasetStub): DatasetStub

+observations: DatasetStub[1..n]| 1..n +average() ﬁ [%

RotationStub | | NormalizationStub

+angle

Figure 4.1: UML diagram of the stubs of the sample classes

advantage of using the Python 3 type hint syntax: a lot of Python developers are already
using it and there is a lot of community effort towards it. Using the “classical” approach is
more of a technical debt.

This has become the official approach starting on the dataClay 3.0 release. This release,
besides dropping support for Python 2.x, focuses on bringing a more Python-friendly devel-
opment cycle —which includes the use of the “modern” Python 3 syntax. Among the benefits
of those changes we should mention the readability improvement, as well as an increase on
compatibility with existing code. From the performance standpoint it will have no further
repercussion, and the programming model impact is also negligible as the amount of typing
information remains constant.

The rest of this thesis is based on the stable dataClay 2.x.

4.1.5 Language-agnostic stubs

Stub classes can be described as follows[58]:

Stub classes (or stubs) implement the external schema representing the partic-
ular vision of a user for the classes registered in dataClay, having one stub per
accessible class (...)

[S]tub classes also contain the implementation of two private methods: serialize
and deserialize.

If we consider some sample classes as previously shown as an UML diagram in last
chapter (Figure 3.1), then we can consider the equivalent classes but in their stub form
(Figure 4.1).

Although we show the stub classes, this is a technical representation of the modus
operandi within dataClay. Philosophically speaking, the application developer cares about
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their original classes and the process of class registration should be as transparent as pos-
sible.

In the original implementation, everything was done through bytecode manipulation,
and the information about classes was done through the classes themselves (and, extra
metadata, private attributes). This is a good approach for Java, but is not versatile and
cannot be easily ported to other scenarios. To address those shortcomings we require a
different design, an approach that can be used by different languages with full semantic
support for all the use cases.

We call this final design the babelstubs. This design is based on having a meta stub
capable of containing all the metadata in a language agnostic way. That is a very funda-
mental but powerful abstraction. Moreover, making this abstraction layer tightly integrated
with the metadata management present in dataClay could result in seamless transition be-
tween class metadata (language-agnostic in nature) and the class implementation (language-
specific by definition).

There are several constraints in the language used in this babelstubs. They should be
able to represent at least a UML —because they should include all the information and
interaction between classes, methods and typing. This results in a non-trivial graph with
different node classes. And in addition to that, the stubs must contain extra information
about user information, visibility, access control and so on. The machine representation of
the babelstubs should be able to accomodate these restrictions, and for that babelstubs are
represented through YAML.

Dataset: |
!les.bsc.dataclay.util.management.stubs.StubInfo
applicantID: !!es.bsc.dataclay.util.ids.AccountID \

’44991d8e-1f7e-481a-a348-23fbaa%9d1390°’
classID: !!es.bsc.dataclay.util.ids.MetaClassID \
’8d088£80-308e-4ffa-9d72-4c8bal0f6abc2’
className: Dataset
contracts: !!set {...}
implementations:
average: &1d005
!les.bsc.dataclay.util.management.stubs.ImplementationStubInfo
className: Dataset

implementationsByID:
c72e6044-6b87-4924-b8ab-ad77a80a705¢c: *1d005

properties:
points: !!es.bsc.dataclay.util.management.stubs.PropertyStubInfo
Listing 4.4: Example of a (stripped down) babelstub YAML file

Listing 4.4 shows a sample extract of the content of the babelstubs file. YAML is a human-
friendly data serialization language for all programming languages. There are excellent and
stable libraries for both Python and Java, and the YAML files are relatively easy to read
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and understand —something handy during debugging. It supports anchors and references, so
it can express a non-trivial graph (a requirement, as it should represent a UML at the very
least). In the example: the ImplementationStubInfo described in lines 10-13 is then ref-
erenced in line 15. It supports user-defined tags, which allowed us to seamlessly integrate it
with the metadata management classes already defined in the Java codebase. The Java pack-
age that contains all the metadata classes is es.bsc.dataclay.util.management.stubs
and we can see how the YAML references the different types (lines 2, 3, 5, 11, 18).

4.2 COMPSs integration

The first step towards PyCOMPSs integration has already been discussed in the previous
chapter —in Section 3.3—: the integration between COMPSs and dataClay for Java appli-
cations. However, when developing Python applications, the integration required between
PyCOMPSs and dataClay varies and requires some additional attention.

The initial design for this integration was already established (prior to this thesis) for
PyCOMPSs as “Support for Big Data”[79]. This integration was established by defining an
interface, called the Storage API. COMPSs runtime uses that interface in order to support
a pluggable storage system. In this section we will review the relevant aspects that impact
the design and implementation of the Storage API from the point of view of the object
store.

4.2.1 Python translation

There are several routines that already existed in the dataClay Java codebase and now it
was required to translate them to Python. Two aspects warrant our attention:

Initialization and finalization mechanisms COMPSs has different software parts in-
teracting with dataClay, and they differ in their initialization requirements (from the point
of view of dataClay). The initialization methods should be tailored to (e.g. adaptation
to the multiple Python processes spawned in PyCOMPSs workers and to the main master
Python in the master node).

API bindings The API interface already defined has some methods that are called from
Java codebase (i.e. the methods that are used by the COMPSs scheduler) but there are
some of them that must be implemented in the dataClay Python codebase (i.e. the methods
that are called from the Python worker).

4.2.2 Interaction between decorators on methods

The @task decorator is used by COMPSs in order to define tasks. The @dclayMethod is
used by dataClay to define methods that can be executed remotely, in an active fashion.
Combining them should feel natural to the developer, and Listing 4.5 shows an example:
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class Vector (DataClayObject):

@ClassField values numpy.ndarray

Q@task (...)

@dclayMethod (...)

def eval_average(self):
return self.values.mean ()

# Main
for vector in matrix:
f = vector.eval_average ()

Listing 4.5: Simple application with a dataClay class containing a method
that is also a COMPSs task

From a semantic point of view, the meaning and interaction of @task and @dclayMethod
is quite clear: that method should be managed by COMPSs runtime and its execution should
be carried by the dataClay backend (avoiding serialization). In that order.

From a technical point of view, the first (outermost) decorator is @task and thus it is
PyCOMPSs that takes control and instantiates a task; the runtime is then responsible of
scheduling it. When a worker starts the execution of that task, it will enter into the inner
decorator, the @dclayMethod one. At this point, the dataClay library will perform a remote
execution of that method.

Once described, the natural and intuitive behavior (for the application developer) is
quite clear. The dataClay design requires that @task can be put on top of methods. Once
that is guaranteed (i.e., supported by PyCOMPSs) then the design of dataClay makes sure
that the decorators are compatible and the execution flow is, internally, the expected one
—and the implementation is done according to this design.

After designing the necessary architecture and implementing it on dataClay, the COMPSs-
dataClay integration is ready to be used for HPC Python applications. In the following
sections we will discuss a series of applications and their evaluation in order to validate
and characterize the performance of the dataClay conditioning and its integration with
COMPS:s.

4.3 Applications

This section will introduce three applications that will be used to evaluate the integration
and the active feature performance: Histogram, k-means and k-Nearest Neighbors. Those
applications showcase commonly used algorithms but, on top of that, their data access
patterns and implementation idioms can be seen in a whole lot of other different data
analytics, machine learning and scientific applications.

The source code for the applications discussed in this chapter is available on GitHub[21].

The main numerical library used in all of them is the NumPy library, which will be used
either directly on the implementation or indirectly through libraries (dislib or sklearn).
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The datasets for those applications are collections of n-dimensional points. The data
structure that will be used to hold them are dislib native Array objects, a blocked data
structure. Each block will represent a subset of points of the dataset and will, internally,
be represented by a numpy two-dimensional array (with as many rows as points in the block
and as many columns as dimensions per point). We will discuss the block size (the number
of points per block) individually for each application in the evaluation section (Section 4.5).

4.3.1 Histogram

We will start with a very iconic and fundamental application, an n-dimensional histogram
kernel. We have chosen this application because of its simplicity and because it is a good
representative of embarrassingly parallel applications that are very memory intensive —the
Histogram operation is able to ingest huge chunks of data and process them in a short
period of time. Examples of other kernels that share similar characteristics are filtering and
query operations.

The input dataset of this application (called experiment in the following code snippets)
is a dislib’s Array[23], a blocked structure in which each block is a set of points. The
embarrassingly parallel stage of the histogram evaluates a partial histogram for each block
(using the histogramdd function of the NumPy library), and then the reduction stage
merges those partial results into the final histogram result (with summation operations).

This application is memory intensive so data transfers play a key role on execution
performance. First of all, let’s show the baseline code (execution with COMPSs):

@task

def partial_histogram(block, ...):
return np.histogramdd(block, ...)

Qtask

def sum_partials(partials):
return np.sum(partials, axis=0)

# Main application

partials = 1list ()

for block in experiment._blocks:
partial = partial_histogram(block, ...)
partials.append(partial)

result = sum_partials(partials)

Listing 4.6: Original code for the Histogram application

With the use of active methods, the implementation source code moves a bit and be-
comes the following:

class PersistentBlock(DataClayObject):

Qtask (...)

@dclayMethod (...)

def partial_histogram(self, n_bins, n_dimensions):
return np.histogramdd(self.block_data, ...)
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# —==
Qtask (...)
def sum_partials(partials):
return np.sum(partials, axis=0)

2 # Main application

partials = 1list ()

for block in experiment._blocks:
partial = block.partial_histogram(...)
partials.append(partial)

7 result = sum_partials(partials)

Listing 4.7: Histogram application through the use of active methods

The code for performing the partial histogram (the most data-hungry operation) is
mostly unmodified, but now is declared as an active method. With this change, the task
will be executed in the dataClay backend and thus there will be no data transfers.

4.3.2 k-means

The next application is the k-means clustering. It is a widely used clustering algorithm,
either by itself or as a kernel within a bigger and more complex application. It is a good
representative of machine learning algorithms, both in its semantic usage (clustering) as
well as in its iterative implementation. We have chosen this application because it is based
on a simple memory intensive microkernel at its core but it has certain complexity due to
its reduction steps and overall iterative nature. This results in this application being a step
above —in terms of complexity— when compared to the previous Histogram, which shares
certain memory-intensive aspects but it is much more fundamental.

The input dataset of this application is the dislib’s Array, a blocked structure in
which each block is a set of points. For each iteration, new centroids are evaluated by using
the previous ones. This evaluation is done by aggregating points (which can be done in
an embarrassingly parallel fashion) and evaluating the mean per each centroid (the merge
stage).

This algorithm is called Lloyd’s algorithm (sometimes referred as standard algorithm).
Given its ubiquity and for the sake of brevity, we will refer to either the method, the
algorithm, and the implementation, as simply k-means. This implementation is the one in
the dislib library. It is shown in Listing 4.8. The main embarrassingly parallel task is the
_partial_sum function. The reduction stage is encapsulated in the _recompute_centers
call.

Qtask
def _partial_sum(row, old_centers):

5 class KMeans (BaseEstimator) :

def fit(self, x, y=Nomne):

while iterate:
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partials = 1list ()
for row_block in x:
p = _partial_sum(row_block, old_centers)
partials.append(p)
self. _recompute_centers(partials)
Listing 4.8: Relevant lines of the original k-means implementation (dislib

codebase)

In order to take advantage of active methods, we will move the _partial_sum imple-
mentation into a method of the block class, as shown in 4.9. With this structure, the
_partial_sum will have direct access to the block itself (i.e. in self). As in the previous
histogram application, the strategy is to address the most data-hungry operations and avoid
data transfers in their task execution.

class PersistentBlock(DataClayObject):

@dclayMethod (...)
def _partial_sum(self, old_centers):

Listing 4.9: Restructuring _partial_sum into an active method

4.3.3 k-Nearest Neighbors

The last application is the k-Nearest Neighbors, an implementation of the non-parametric
supervised learning method[33]. The core of the algorithm is based on finding the k elements
that are nearest a certain point p. The implementation has two distinct parts, named fit and
kneighbors respectively, each with its own data. For each point of the kneighbors dataset, its
k-Nearest Neighbors from the fit dataset are returned —hence the algorithm name. Typical
implementations (e.g. the one we are using from the dislib, which is directly using the
sklearn implementation) will generate tree lookup data structures during the fit stage and
those tree lookup data structures will be used to efficiently find neighbors during the second
kneighbors stage.

This algorithm is more specialized than previous ones, but even then, it is used in a
wide variety of applications. For instance, it can be used as a method of classification (for
labeled inputs) as well as a method of regression (for continuous inputs). It is also used in
the computer vision field.

The first fit procedure takes the fit dataset and generates the tree lookup data structures.
This general procedure is illustrated in Figure 4.2.

The latter kneighbors stage performs the lookup (for each input point on the kneighbors
dataset) against all the lookup trees. Figure 4.3 shows how a single block of the kneighbors
dataset is processed. The resulting number of tasks in this stage equals to the number of
blocks in the kneighbors dataset times the number of tree lookup structures we have.

A final merge operation combines the partial results of the lookups into the result of the
application.
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Figure 4.2: fit stage of the k-Nearest Neighbors application
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Figure 4.3: kneighbors stage of the k-Nearest Neighbors application (without
depicting the final merge operation)

Given the complexity increase for this application, we will look with more detail into the
implementation and the distribution of tasks. Let’s start with the original implementation,
the one available in the dislib library, shown in Listing 4.10.

class NearestNeighbors (BaseEstimator):
def fit(self, x):
for row_block in x:
sknnstruct = _compute_fit(row_block)
self._fit_data.append(sknnstruct)

def kneighbors(self, y):
indices = 1list ()
for q_row_b in y:
queries = list ()
for sknnstruct in self._fit_data:
q = _get_kneighbors (sknnstruct, q_row_b)
queries.append(q)
ind = _merge_kqueries (*xqueries)
indices.append(ind)
return indices

Listing 4.10: Abridged relevant code of the original NearestNeighbors
implementation (dislib codebase)

We have three distinct relevant tasks:
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1. compute_fit, i.e. the tree generation. Internally, this operation is performed by
calling NearestNeighbors.fit from the sklearn library.

2. _get_kneighbors, which evaluates a partial k-nearest neighbors through the previous
lookup trees.

3. _merge kqueries, which does the final merge stage by joining (sorting and picking)
partial results.

The main idea in this application is to make the fit data structures (the result of the
first stage) persistent. The data structure is equivalent to the NearestNeighbors. fit -
data elements seen in the original code, but now it is defined as follows:

class PersistentFitStructure(DataClayObject):

Qtask (...)

@dclayMethod (...)

def _compute_fit(self, row_block):
self.sknnstruct = sklearn.NearestNeighbors ()

@task (...)
Q@dclayMethod (...)
def _get_kneighbors(self, g_row_b):

Listing 4.11: Adaptation of the original NearestNeighbors implementation
with dataClay

As one can see, the compute_fit is now an active method and thus the lookup data
structures are populated within dataClay. Performing the lookup (what happens in the
_get_kneighbors task, which now is also an active method) avoids transfering the data
from the sknnstruct variable (attribute in the object oriented paradigm implementation
on dataClay).

Parallel tree traversal

We have already discussed the impact of the Python Global Interpreter Lock (GIL) in 4.1.2.
In general, its existence does not raise any issue in HPC applications.

However, this application is an exception to that rule due to the way read access is
performed to the tree lookup data structures. Technically, it could be possible to implement
the sklearn’s KD'Tree implementation to be reentrant. However, this is not the current state,
and concurrent access to the structure is executed in a sequential manner —something that
we need to avoid for performance reasons.

To address that and be able to exploit parallelism, the implementations will include
the snippet shown in Listing 4.12 inside the get_kneighbors task (during the kneighbors
stage). The solution consists of duplicating the iteration data structure (not the full tree)



V]

4.4. Hardware platform 39

and that is achieved by performing a shallow copy of the NearestNeighbors data structure
followed by a copy of its _tree attribute (which is a KDTree instance).

# nn is sklearn.neighbors.NearestNeighbors
original = nn

3 nn = copy(original)

# nn._tree is a KDTree object

5 nn._tree = copy(original._tree)

Listing 4.12: Shallow copy of sklearn data structure to allow parallel
execution

4.4 Hardware platform

All the experiments are executed in the MareNostrum 4 HPC cluster [16]. The nodes in
this cluster have the following technical specs:

e 2xIntel® Xeon®) Platinum 8160L CPU @ 2.10GHz
e 96GB of DRAM (12x8GB 2667MHz DIMM)
e 100 Gb/s Intel Omni-Path (between computing nodes)

e 10 Gb Ethernet (storage and management)

Each node contains a total of 48 (2 x 24) cores. The experiments in this chapter will
be run in multiple nodes. The largest experiments will be done on a total of 16 computing
nodes.

4.5 FEvaluation

In this section we will be evaluating the performance of COMPSs & dataClay. The baseline
is the COMPSs execution. This comparison will allow us to observe the effects of the active
methods in different configurations. The evaluation for these applications will show the
performance and scalability of the storage system through weak scaling experiments.

There is prior work evaluating COMPSs & dataClay against a COMPSs baseline (Marti
et al.[58, 57]). This preexisting evaluation showed good results, but the focus was on the
Java implementation of two applications: Wordcount and k-means. This thesis focuses on
the COMPSs & dataClay integration for the Python version —once it has been conditioned
for HPC, as described in this chapter— and this is the software stack that will be evaluated
here.
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Figure 4.4: Histogram weak scaling from 1 node to 16 nodes, with 48 blocks
per node (one per core)

4.5.1 Histogram

The first evaluation is on the Histogram, the most fundamental application that we will
be discussing. We have to remind that Histogram is a memory intensive application (very
fast execution times with a huge ingestion of data). Because of these characteristics, a big
dataset size is used ~however, the size has been set as for it to fit in RAM. The total memory
footprint is the sum of the dataset size plus the runtime application requirements plus the
framework (COMPSs in all scenarios, and dataClay is present when we are evaluating it).
A size that could accommodate all our executions in all their different configurations was
880 million points (5 dimensions) per node. This results in a raw size of 33GB per node.

The scalability will consist on distributing the data and performing a weak scaling from
1 to 16 nodes. The data is divided as to have a block per core. The execution results for
this settings are shown in Figure 4.4.

We can observe that COMPSs & dataClay shows good results, with a flat (ideal) scala-
bility behavior. On the other hand, COMPSs is slower with worse scalability characteristics.
The performance loss that we observe in the COMPSs executions is due to the additional
data transfers and data serialization that happens on each task execution. The COMPSs
implementation uses GPFS, and that degrades its performance when dataset increases (glob-
ally, a bigger dataset results in less caching and more transfers between nodes, which we
observe as a degradation in scalability). In addition to that, each task requires to dese-
rialize its input data structure, and that is a big cost for a memory-intensive kernel such
as the histogram operation (which explains the performance gap that exists across all the
configurations).
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Figure 4.5: k-means weak scaling from 1 node to 16 nodes, with 48 blocks
per node (one per core)

For this application we can see that avoiding data transfers is beneficial and that this
improvement is more apparent as we increase the number of nodes and blocks. Due to the
fast absolute execution time (around 10 seconds), the performance penalty is even more
noticeable.

4.5.2 k-means

The next application is k-means, a memory bound application that is based on an iterative
approach. The dataset, when compared to the previous application, is a little smaller: 11GB
of raw data per node (74 million points of 20-dimensional points per node). We detected
that the implementation used by the dislib library —in fact, the underlying pairwise_-
distances function of the sklearn library— is a memory hungry implementation which
caused issues at bigger dataset sizes. We settled for this dataset sizes which ensures that
all executions are consistent.

Once again, the evaluation will be performed from 1 to 16 nodes. Data distribution is
set up to be a block per core, as to have it perfectly balanced across the available resources.
The execution times are shown in Figure 4.5.

The difference between COMPSs & dataClay and dataClay execution is, more or less, 2x
across all the executions. This application, albeit data-intensive, has more computation than
the previous Histogram one. Another difference is the iterative nature of the application.
Having several iterations increases the effect of the data locality —as the active methods are
effectively eliminating the need of data transfers for all and every iteration.

The performance penalties that we observe in COMPSs executions are very similar
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Figure 4.6: Nearest neighbors scaling from 1 node to 16 nodes

as to the ones discussed in the previous Histogram application. Once again, COMPSs is
depending on the GPFS performance and is performing data deserialization for each task;
we observe that this causes a degradation in scalability (COMPSs & dataClay is flatter
than COMPSs). Moreover, the deserialization penalty is amplified due to the 10 iterations,
which result in a high performance gap across all executions.

4.5.3 k-Nearest Neighbors

This application has two different datasets, both used as inputs: the fit dataset and the
kneighbors dataset. In our executions, each block contains 500 thousand three-dimensional
points —a manageable size, but big enough to result in over one second long single tasks.
Using three-dimensional points is a natural choice for point clouds, but the implementation
and our conclusions are generic and applicable also for higher dimensional points (that may
be used in classification or regression).

Just as in the previous experiments, we proceed to execute this algorithm and analyze
its weak-scaling performance. Figure 4.6 shows the execution time for this experiment.

The performance degradation of dataClay executions is substantial, growing up to more
than 3x the execution time of the COMPSs baseline. Having smaller data structures reduces
the potential improvements of dataClay, while having tasks that access two separate data
structures benefits the COMPSs internal flow. To delve deeper into this behavior, the
following paragraph provides a more in-depth analysis.

Each block of the second dataset is evaluated against each lookup tree from the first
stage. This results in a high reuse of data. The way COMPSs is configured in the cluster,
those data structures are stored in GPFS and shared amongst the different nodes, which
results in them being cached most times and being deserialized (effectively: replicated) in
memory during task execution. When executing with dataClay, most accesses to this dataset
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results in a remote RPC and a serialization. The reason is the many-to-many data pattern:
both lookup trees and blocks are distributed amongst the nodes, and the probability of a
task resulting in same-node communication (i.e. a lookup tree and the block being in the
same dataClay backend) diminishes when the number of node increases. This can be seen
in the Figure with the increasing performance gap between dataClay executions and the
COMPSs baseline.

This application shows the nuances when improving data locality: the best locality for
complex interactions is not straightforwardly defined (at least, not necessarily a priori). In
this case, dataClay implementation incurred in certain bottleneck due to the interactions
between the intermediate data structures (lookup trees) and the kneighbors dataset. We see
that the bottleneck becomes more and more apparent when the number of node increases,
given that the number of data transfers explodes with the scaling.

The results for this last application are not ideal, but this same application will be
useful to discuss the improvements of other contributions of this thesis, as we will see in
the following Chapter 5.

4.6 Summary

Both the design —explained in this chapter— and its subsequent implementation constitute
the contribution C1. The reference implementation can be found in GitHub[19] (which
showcases the architecture and technical design) while the Python package is available on
the public “Python Package Index” (PyPI)[20].

The evaluation shown in this chapter explores and analyzes the impact of the active
methods across a variety of data-intensive scientific applications. In this kind of applications,
data locality improvements are very important and the active features of dataClay are
able to take advantage of data distribution during the execution thanks to the integration
between COMPSs and dataClay.

We have obtained significant benefits for both Histogram and k-means, showing the
potential of the active methods. Avoiding data transfers and being able to execute tasks
where data is can reduce serialization costs and overall improve performance significantly.
The good results in this applications justify the interest and potential of contribution C1.

However, we have also analyzed an application that degraded its performance while
using active methods exclusively (the k-Nearest Neighbors). In this application, the specific
data access pattern ended up degrading the dataClay performance when compared to the
COMPSs baseline. This is due to a combination of the smaller data structures and the
simultaneous data access from a single task to two separate data structures. The results
suggest that just minimizing serialization and data transfers is not a silver bullet. In order to
fully take advantage of the object store, the following chapters will show other improvements
(contributions) that can be achieved with an object store for these and other scientific
applications.

Generally, memory-intensive procedures with straightforward memory access patterns
will benefit from data locality and thus they are perfect candidates for being executed inside
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active methods —which is expected, as active methods are effectively avoiding data transfers
and serialization, executing the method where data is. More complex data access patterns
—patterns that require memory transfers— can decrease the active method effectiveness.
Similarly, increasing the computation cost of the procedures will reduce the impact of the
storage system. A procedure that consumes minuscule data while being very complex in
execution should not be executed where data is, it should be executed where fast processors
are.
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Chapter 5

Software Improvements:
Enhanced Iteration

Working with distributed datasets and performing distributed execution is one of the cor-
nerstone of HPC applications. Being able to efficiently perform this process can have a
tremendous impact on overall performance. For this reason, there are a number of well-
established approaches that address this —projects and research that we have briefly dis-
cussed in Chapter 2.

In all these prior work we see how the block granularity of data is an important factor
—along its relationship with distribution of work. In this chapter we propose a mechanism
that decouples the data distribution from the task granularity, all this while improving
performance and maintaining good programmability. This is done by combining runtime
knowledge on data placement with the execution scheduling. Being able to do this with-
out having to reinvent the programming model (i.e., without requiring a full rewrite of
applications nor a steep learning curve) is a novelty and constitutes contribution C2.

5.1 Distribution of data and computation

When using a distributed execution environment there is the need of dividing the dataset
into parts (i.e. blocks). This is required in order to distribute computation across nodes.
Figure 5.1 shows a simplified diagram where we can see the meaning of the block distribu-
tion. The distribution may have additional requirements, or the data structure may carry
more nuisances, but the main idea is the distribution of those blocks.

This block concept may be called with a variety of terms, and may be more or less
transparent to the developer —for instance, the Resilient Distributed Dataset or RDD|[95]
is a Spark data structure that transparently addresses the blocking needs of a distributed
dataset and its distributed execution. The dislib array and the Dask array both use blocks
and have a configurable and user-defined chunk size.

In task-based programming models, a usual scenario is to have a task for each block,
as shown in Figure 5.2. Tasks may be more complex than that —e.g. by having multiple
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Figure 5.2: Diagram of a regular one-to-one execution of tasks to blocks
(one task per block)

inputs. But, at a high level, we want to highlight the fact that the tasks will be using the
blocks directly; this implies that the granularity of tasks depends on the block size. This is
indeed what happens in both Dask and dislib algorithms.

Thus, applications need to define a block size, which is not trivially determined performance-
wise. The level of fragmentation of the dataset will impact the scheduler overhead as well as
the potential parallelism of the application. The optimal will depend on the implementation
and the capabilities of the computing environment. Having a block per core is a good rule
of thumb, but even that depends on the executing infrastructure (both on the number of
nodes as well as on the CPU model in said nodes). The system memory and the algorithm
requirements will also have an impact on the optimal block size; for instance, a memory
hungry routine may result in starvation if blocks are too large. Those parameters are not
necessarily known during application development time. And even if everything is known
beforehand, different stages of the application may have a different optimal block sizes (due
to different numerical routines, elasticity of computing nodes, latency, etc.).

5.2 Spllter

Our proposal consists on maintaining the blocks and enhancing the iteration with the
Spllter, a software runtime mechanism that adapts both to the data placement of such
blocks and to the computing capabilities of the environment. The Spllter works as follows:
gather all the blocks that are located in a single node and yield partitions. A diagram
showing this procedure is shown in Figure 5.3. Each partition is located in a single node,
ensuring data locality, and the number of partitions (i.e. the number of tasks) is related to
the computing capabilities of the environment.
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Figure 5.3: Diagram of Spllter interactions and task invocation
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In the COMPSs & dataClay stack, the Spllter cooperates with dataClay in order to
retrieve the location of objects and generate the partition objects (which will be also data-
Clay objects, linked to the same backend as the objects it represents). For Dask, we have
implemented Spllter through the use of the different client methods. The Spllter im-
plementation queries data location information to Dask and uses that information to both
build partitions and to schedule the tasks according to the location of said partitions.

We will discuss the specific usage of Spllter for each application in the following Sec-
tion 5.3. But before that, we want to illustrate the fundamental usage of the Spllter and
the codebase changes that it requires. We will be using here the Histogram as a sample
application. The pseudo-code for the original implementation is shown in Listing 5.1. That
implementation shows an embarrassingly parallel stage, called partial histogram, anno-
tated with the task decorator; it also shows a merge stage —the sum_partials, a direct
addition— annotated with the task. The pseudo-code used follows the general syntax of the
COMPSs programming model (as shown in previous chapters), but the general idea behind
this code will also be applied to Dask.

@task

def partial_histogram(block, ...):
return np.histogramdd(block, ...)

Qtask

; def sum_partials(partials):

return np.sum(partials, axis=0)

# Main application

partials = 1list ()

for block in experiment._blocks:
partial = partial_histogram(block, ...)
partials.append(partial)

result = sum_partials(partials)

Listing 5.1: Sample of the original code —Histogram application

The next Listing 5.2 shows the changes required in order to make use of Spllter. Note
that the merge (sum_partials function) remains unmodified; also the partial histogram
remains the same —albeit it is not a task now but simply a function. What has been added is
the compute_partition, a task that processes all the blocks in a partition. The code in this
inner loop (Listing 5.2 lines 12-14) is the same as the code in the original loop (Listing 5.1
lines 12-14). By design, adding the Spllter results in an extra loop nesting as there is now
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an additional iteration per partitions (lines 19-21). The number of tasks (the number of
compute_partition invocations) is equal to the outer loop size (i.e. number of partitions).

1 def partial_histogram(block, ...):
2 return np.histogramdd(block, ...)
1 Q@task

5 def sum_partials(partials):
6 return np.sum(partials, axis=0)

s @task

9 def compute_partition(partition):

10 part_results = list ()

11 for block in partition:

12 partial = partial_histogram(block, ...)
13 part_results.append(partial)

14 return np.sum(part_results, axis=0)

15

16 # Main application

17 partials = list ()

18 for partition in spliter (experiment):

19 partial = compute_partition(partition)
20 partials.append(partial)

21 result = sum_partials(partials)

Listing 5.2: Minimal changes on sample code to include the usage of Spllter

As can be seen, using Spllter does introduce some additional complexity, in the form of
an additional loop. However, this pattern is simple enough and follows a clear semantics of
the underlying abstractions: a loop for the partitions and a loop for the blocks that form
the partition.

5.2.1 Tracking collection order

Up until this point we have explained the foundation of the Spliter. However, the mechanism
that we have outlined so far loses the original ordering of the collection.

When the original collection ordering is relevant for the algorithm, we propose two dif-
ferent methods: get_indexes and get_item indexes. The first one, get_indexes, returns
the block index —so, in the example shown in Figure 5.3, it would return [1, 3]. There
are scenarios where the application requires the global element indexing; for those scenarios
the get_item_indexes returns the individual item indexes.

By embedding index information into the partition, the algorithm can leverage the
information of global block position and global item indexes. Some of the applications
presented in this chapter will make use of those methods; we will mention the details
for each application discussion —i.e. for the Cascade SVM (5.3.3) and for the k-Nearest
Neighbors (5.3.4).
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5.2.2 Comparison with rechunk

There are several differences between the Spllter and the rechunk —what can be considered
a direct competitor. The key difference is the fact that rechunk generates a new array: once
the rechunk has finished, it has generated a new data structure with a different block size
than the original. This contrasts with the Spllter, which produces logical groups of blocks
(the partitions). Using the rechunk is simpler from the application point of view, as the
result is a “standalone” array —same interface as the original dataset. But its simplicity
comes with a penalty —when compared to the Spllter— in the form of additional transfers
and data transformations.

Additionally, the Spilter is able to leverage the data locality by producing partitions
with worker-local blocks. This additional indirection (the partition) does not preserve the
order, but this is addressed as described in the previous subsection 5.2.1.

5.2.3 Implementation

In this subsection we will review the general implementation steps that are required in order
to recreate the Spllter and we will discuss how these modifications have been introduced
into COMPSs & dataClay and Dask.

First of all, the Spllter requires the data to be divided in blocks and distributed across
nodes. The block subdivision is something that is already provided by the Dask Array and
dislib Array data structures. The distribution of data across nodes is provided by Dask on
one side and by dataClay in the other.

The Spllter implementation will query the data location of the blocks and yield the
partitions. This procedure depends on the software stack and we will discuss them sepa-
rately below. After the partitions have been assembled, we can proceed to the distributed
execution step. In both frameworks (COMPSs and Dask) this will be done by invoking a
task for each partition.

COMPSs & dataClay

The Spllter requires location information for distributed data, which is a feature provided by
dataClay —the data blocks are dataClay objects. Given those persistent objects (blocks), we
can use dataClay to query the location of said objects. This is the beginning of the Spllter
implementation. With that information, the partitions are created. Those partitions are
implemented as dataClay objects too —the partition is created in the same backend as its
constituent blocks. This partition contains, fundamentally, the list of blocks (as node-local
references, just as dataClay object references). Additionally, for the features explained
in 5.2.1, the partition contains the list of indexes (index for each block), and the list of
item indexes (index for each element in each block). This information is populated during
partition creation.

Finally, a task that accepts the partition will be in charge of execution —task which
will be invoked several times, as many as total partitions. Each task will iterate all the
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blocks in the partitions. This task is application-specific code. Note that Spllter requires
no modifications in the COMPSs framework.

The partition data model (including logic and index tracking) is about 50 lines of source
code. The other modification required for implementing the Spllter is the spliter function
which amounts to less than 100 lines.

Dask

The Dask array is already a blocked data structure distributed across nodes —something that
Spllter requires. Moreover, the Dask API already provides a who_has call which returns
the location for a batch of objects in an efficient manner. As these features are already
present in Dask, the Spllter implementation has the appropriate data structure and the
query mechanism.

From this starting point, the Spllter implementation uses these features in order to
generate the partitions. The partitions are, once again, built with the location query in-
formation. In this case, the partition references the blocks by the Dask identifier string.
Each partition will contain the identifier of its objects. If indexing information is needed
(as explained in 5.2.1) it is generated along the partition.

When the execution is on the worker —i.e., when the task that processes a partition is
being executed— the actual object can be retrieved by using the identifier and the worker
cache. More specifically, the worker cache is a dictionary of Python objects indexed by
the Dask Future identifiers —the same identifiers that the partitions contain. This process
(which is Dask specific) guarantees no data movements and also guarantees locality among
tasks, partitions and blocks.

This implementation of the Spllter is built with a minimal partition structure (a 15 lines
long class definition) but requires accommodating certain Dask scheduling aspects, which
adds 30-40 lines of source code. The spliter function is only 5 lines long, but once again,
30-40 additional lines of source code are required for managing the objects within the task.

5.3 Applications

Three applications that we will be using in this chapter (Histogram, k-means and k-Nearest
Neighbors) have been explained and evaluated in the previous Chapter 4. In this section,
we will introduce an additional application (Cascade SVM) and review for each of them the
aspects that are relevant for the Spllter evaluation.

The source code for the applications discussed in this chapter is available on GitHub[21].

All applications are implemented in Python. The main numerical library used in all
of them is the NumPy library, which will be used either directly on the implementation
or indirectly through higher-level abstractions. The datasets for all those applications are
collections of n-dimensional points. The data structure that will be used to hold them are
either dislib native array objects or Dask native Dask Array structures.
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5.3.1 Histogram

For this application, we want to showcase the main advantages of the Spllter mechanism and
the effect on locality —which should be a key aspect on execution times due to the memory
bandwidth bottleneck of the application. This is a memory intensive application and as such
we will be using active methods as shown previously (4.3.1). The active implementation
has already been shown. In order to address the Spllter modifications we have to consider
the different parts of the implementation:

e The main iteration across all the blocks —that is the main loop.

e The embarrassingly parallel task —the function partial histogram which processes
a single block.

e The reduction task —called sum_partials, which processes the partial results.

class PersistentBlock(DataClayObject):
# unmodified

class Partition(DataClayObject):

Q@task (...)
@dclayMethod (...)
def compute_partition(self):
part_results = list ()
for block in self.blocks:
partial = block.partial_histogram(...)
part_results.append(partial)
return np.sum(part_results, axis=0)

5 # Main application

partials = list ()

7 for partition in spliter (experiment):

partial = partition.compute_partition ()
partials.append(partial)
result = sum_partials(partials)

Listing 5.3: Implementation of Histogram application with active methods
and Spllter

With this, we can look into the modifications required to include Spllter into the im-
plementation (shown in Listing 5.3). The summation operation done inside this compute_-
partition is the same operation done in sum_partials; doing it within the compute -
partition task guarantees data locality on this first merge operation. The sum_partials
function is omitted given that it has no changes; the same happens to the PersistentBlock
that suffered no modifications.
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5.3.2 k-means

For this application, we want to follow-up on the advantages of the Spllter mechanism on
memory intensive applications. The added complexity on the numerical procedures (the
iterative nature of the algorithms, paired with a more costly reduction stage, compared to
the previous application) will affect the execution times and the Spllter contribution.

class Partition(DataClayObject):

@task (...)
@dclayMethod (...)
def compute_partition(self):
part_results = list ()
for block in self.blocks:
partial = block.partial_sum(...)
part_result.append(partial)
return _merge (xsubresults)

class KMeans (BaseEstimator):
def fit(self, x, y=None):

spl = spliter(x)
while iterate:
partials=1list ()
for partition in spl:
p = partition.compute_partition ()
partials.append (p)
self. _recompute_centers (partials)

Listing 5.4: Implementation of k-means application with active methods
and Spllter

As discussed in Section 5.2, and similarly to the previous application, we can see the
addition of a nested loop. In the inner loop (within the compute_partition method) we
see, once again, a partial merge call (the merge invocation). This function is already being
used by _recompute_centers, and now we can see its explicit invocation within the inner
loop —an invocation with guaranteed locality.

5.3.3 Cascade SVM

The next application that we will consider is a distributed SVM, or more precisely, the
distributed training procedure of a support vector machine following the Cascade SVM
algorithm. We have chosen this application because of its relevance as a data analyt-
ics algorithm as well as its importance in the machine learning ecosystem. The distributed
implementation takes advantage of fundamental kernels (SVC) and globally it is a compute-
bound algorithm. The evaluation and discussion for this application can be extrapolated
to other applications with high computation requirements that start with an embarrass-
ingly parallel stage and then have non trivial reduction procedures (e.g. mesh refinements
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algorithms, iterative optimization strategies, etc.).

The main microkernel of this application is an SVM itself. More specifically, the actual
implementation of the dislib library uses the sklearn[65] C-Support Vector Classification
(SVC). This method has a very high computation cost, with a low memory footprint. Using
active methods has no significance, as there is little potential gains due to locality in the
first stage of the application. Thus, no active evaluation is presented in this application;
this is the reason that this application was not presented in the previous chapter.

In this chapter and for this application, we want to showcase the main advantages of
the Spllter mechanism when applied to such a compute-bound application. This is also an
application where the item ordering is relevant for the result. The implementation that we
will be using (the one in the dislib[4] library) is based on the algorithm described by Graf
et al.[39].

The input dataset data structure is the dislib’s Array, a blocked structure in which
each block is a set of points (this structure is called x later on in the code snippets). Along
this array there is another one (called y in the pseudo-code), with the same cardinality,
containing the labels (or categories) of those points —the SVM is a supervised classifier. The
Cascade SVM is an iterative algorithm, with each iteration starting by an embarrassingly
parallel stage where a SVM is run in each block. The merge also consists on an SVM.

Let us discuss the original source code of the CascadeSVM shown on Listing 5.5 —as
implemented in the dislib library. In that snippet we can see the two arrays, one with
points (parameter x) and the other with labels (parameter y).

| @task
> def _train(...)

5 class CascadeSVM(BaseEstimator):

6 def _do_iteration(self, x, y, ...):

7 for blockset in zip(...):

8 x_data = blockset [0]._blocks

9 y_data = blockset[1]._blocks

10 _tmp = _train(x_data, y_data, ...)

Listing 5.5: Relevant lines of the original CascadeSVM implementation
(dislib codebase)

The modifications introduced in the Spllter implementation are shown Listing 5.6. The
ordering within the collection matters, because the labels (parameter y) are linked to the
points (parameter x). This is handled by using the get_indexes mechanism, explained in
subsection 5.2.1. The main task _train is unmodified.

1 @task
2 def _train(...)

5 class CascadeSVM(BaseEstimator):
6 def _do_iteration(self, x, y, ...):
7 for partition in spliter(x._blocks):
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split_indexes = partition.get_indexes ()
x_data = partition._chunks
y_data = [y[idx]._blocks [0]
for idx in split_indexes]
_tmp = _train(x_data, y_data, ...)
Listing 5.6: Relevant modifications for the Spllter implementation on the
CascadeSVM application

5.3.4 k-Nearest Neighbors

This algorithm depends on the item ordering of the input, something that the Spllter has to
take into account. The support comes through the get_item_indexes primitive offered by
our Spllter proposal and discussed in subsection 5.2.1. The explicit code will not be shown
in the snippets here (for the sake of brevity and simplicity) but the final implementation
and the evaluation include it.

For this application, we want to show the full potential of the Spllter mechanism when
applied to more complex data structures and algorithms. There will be more changes on
the application —at least compared to the minimal ones shown in previous applications.
However this will also unlock certain opportunities —as we will explain here and later on
discuss during the evaluation, in subsection 5.5.4.

The original implementation was previously seen in Listing 4.10, and we already dis-
cussed the three relevant tasks: compute fit, get kneighbors, and merge kqueries. In
order to use the Spllter in this application we include the modifications outlined in List-
ing 5.7. The general flow of the application is the same, with a difference in the compute -
fit_partition, which now applies to a whole partition.
class NearestNeighbors (BaseEstimator):

def fit(self, x):
for partition in spliter(x):

nn = _compute_fit_partition(partition)
self._fit_data.append(nn)

def kneighbors (self, y):
indices = list ()
for q_row_b in y:
queries = list ()
for persistent_nn in self._fit_data:
q = persistent_nn.get_kneighbors(q_row_b)
queries.append(q)
ind = _merge_kqueries (*xqueries)
return indices

Listing 5.7: Implementation of NearestNeighbors with Spilter mechanism

In the original compute fit, that task receives a block (conceptually, a set of points);
on the other hand, compute_fit_partition processes a whole partition (which is a set of
blocks, each block being a set of points, so at the end, a partition is also a set of points).
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Figure 5.4: Diagram of the tree generation on the fit (original implementa-
tion)

This change seems minimal in the source code, but has an interesting implication: instead of
generating a tree lookup data structure per input block (see Figure 5.4), we are generating
a single tree lookup data structure per partition —decoupling the number of intermediate
data structures from the number of blocks in the input dataset. Figure 5.5 shows the data
structures resulting in the Spllter version of the application. Using Spllter in this fashion
is done for two main reasons. First, it allows the implementation to exploit locality, as
each tree is generated without requiring any serialization nor data transfer between nodes.
Secondly, it generates more efficient lookup data structures, as having a single but bigger
tree is more efficient on look-ups than having several smaller trees. Our evaluation in 5.5.4
will explore the impact of the tree sizes on number of tasks and total execution time. This
efficiency increase due to different intermediate data structures show an advantages that the
Spllter can bring us: by using partitions, the intermediate data structures can be combined
and generated in a more sensible way.

Using Spllter is not the only way to achieve bigger trees and the evaluation will con-
sider the rechunk approach as an alternative. The application developer could manage it
with either hard-coding an optimal block size (which requires knowledge of the computing
resources and lots of ugly hard-coding and platform-dependent code) or they could query
manually the object store for the placement of objects and perform the partitions manually.
The first option is an anti-pattern, and loses a lot of portability —negating the advantages
of a task-based programming model. The second option is effectively reimplementing the
Spllter ad-hoc for each application, which is less efficient and yields no advantages over hav-
ing it tightly integrated into the programming model —~which is exactly what we propose.

5.4 Hardware platform

The hardware configuration is the same as the one used in 4.4:
All the experiments are executed in the MareNostrum 4 HPC cluster [16]. The nodes
in this cluster have the following technical specs:

e 2xIntel®) Xeon®) Platinum 8160L CPU @ 2.10GHz
o 96GB of DRAM (12x8GB 2667MHz DIMM)
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Figure 5.5: Diagram of the tree generation on the fit (implementation with
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e 100 Gb/s Intel Omni-Path (between computing nodes)

e 10 Gb Ethernet (storage and management)

Each node contains a total of 48 (2 x 24) cores. The experiments in this chapter will
be run in multiple nodes. The largest experiments will be done on a total of 16 computing
nodes.

5.5 Evaluation

In this section we will be evaluating Spllter performance for the different proposed applica-
tions. There will be two baseline executions, one per each framework; we will call the first
one “COMPSs & dataClay” and the other one is called “Dask”. These executions will be
done without any mechanism to tackle granularity issues on the data —neither Spllter nor
rechunk.

Besides these baselines, we will include both Spllter executions (one on top of COMPSs &
dataClay and the other one on top of Dask). An extra additional execution “Dask +
rechunk” is included in the evaluation; this configuration will issue a rechunk operation (see
subsection 5.2.2). This configuration is used as the main competitor of the Splilter.

5.5.1 Histogram

The first experiments that we will discuss are performed with the Histogram application.
This application was already evaluated with dataClay in the previous chapter (see 4.5.1);
in this section we will be doing an evaluation using the same dataset size as in the previous
chapter (880 million 5-dimensional points per node, roughly 33GB/node).

Scalability for highly fragmented datasets

We will start with a dataset divided into a large number of blocks. Our goal is to showcase
the benefits of the Spllter in an environment where locality and data transfers are critical
—i.e. during a memory intensive application execution, such as the Histogram. The block
size is chosen in order to attain 48 blocks per core.
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Figure 5.6: Histogram weak scaling from 1 node to 16 nodes, with 2304
blocks per node (48 per core)

The execution times are shown in Figure 5.6. The figure shows the good behavior of the
Spllter and its satisfactory scalability. Both Spllter executions show similar execution times
(meaning that the “quantity of work” done is similar, which means that both algorithm
implementations are equivalent and the Spllter approach is equally effective regardless the
execution framework). These executions outperform their respective baselines for any num-
ber of nodes (and the difference grows with the number of nodes). This shows us that
Spllter is successfully reducing the scheduler and execution overhead, and the improvement
increases with the number of blocks.

If we look into the scalability of the two baseline executions, we can observe that
COMPSs & dataClay presents a good but not ideal scalability (i.e., the performance differ-
ence with Spllter grows when the number of nodes and thus tasks grows). The performance
degradation is due to the scheduling and invocation costs. The scalability of the Dask
baseline is much worse. This suggests that the COMPSs scheduler is able to behave better
under heavy pressure.

The competitor approach, Dask + rechunk, is a mechanism that reduces the number
of tasks and improves the inadequate granularity issues. However, we can see in the figure
that the execution times when using rechunk are the worst. This happens in this kind
of application due to the steep cost in terms of data transfers —a cost that shadows any
improvement. The data transfers constitute a high expense in this application because the
dataset size is large and the execution time is very low, meaning that data transfers become
the main bottleneck instead of the computation or the scheduler overhead.
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Figure 5.7: Histogram weak scaling from 1 node to 16 nodes, with 48 blocks
per node (one per core)

Overhead for perfectly balanced datasets

Now we move the evaluation to the scenario were the dataset is perfectly balanced; this
means that there will be a single task per core. The total dataset size remains constant
(880 millions points per node) so the change from the previous experiment is the number of
blocks and the block size. Now the blocks are 18432 thousand points (48 times more than
the previous experiment).

This experiment presents a worst-case scenario for the Spllter, as a perfectly balanced
dataset means that there is no room for improvement. Moreover, given that we are evaluat-
ing an application that has small absolute execution times, any penalty or additional noise
will be conspicuous.

The execution times for this experiment are shown in Figure 5.7 where we can see a
weak scaling from 1 to 16 nodes.

Excluding the COMPSs & dataClay + Spllter execution, we see that all the other ones
have close execution times between them. Both the baseline and the Spllter are effec-
tively performing the same Histogram operation unto the same data, and data is perfectly
balanced.

In this specific scenario, the Spllter implementation on Dask is able to exploit data
locality a bit better; the Spllter execution is able to exploit data locality during its kernel
(just as its baseline) but the partitions are arranged divided in workers, which are able to
exploit locality during the first reduction step (when partial results are merged together).
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Given that executions are so fast, being able to exploit this extra of data locality is able to
give some additional benefit —a surprising result, given that this is designed to be a worst
case scenario for Spllter.

There is a slight difference among the two Spllter, as we can see that the Spllter imple-
mented on top of Dask behaves much more consistently than the COMPSs & dataClay +
Spllter one. Of course, we have to take into account that this execution is very fast (just
a few seconds long) but still, the overhead of the Spilter on dataClay adds a fair amount
of noise and an additional couple of seconds on average. Assembling the partition requires
to retrieve location of blocks, and the overhead of that query will be different between dat-
aClay and Dask. These results suggest that dataClay could be improved to have a faster
query operation, and that would reduce the Spllter overhead. Dask already offered a sin-
gle operation to query the location of multiple objects, which —seeing the results— is more
efficient and consistent than the one we implemented on top of dataClay.

This worst-case scenario shows us that the overhead of the Spllter —an overhead that
depends on the number of blocks— can be low. A higher number of blocks should result in
a more laborious partition preparation, but the overhead can be minimal as demonstrated
by the Dask execution.

Sensitivity to fragmentation

After discussing a favorable scenario for Spllter and an unfavorable one, we want to discuss
what happens across this spectrum. This experiment will sweep the number of blocks from
1 per core (worst Spllter scenario, which matches the previous experiment) to 48 blocks per
core (best scenario, which matches the first experiment on this application). The experiment
is evaluated in 8 nodes and the dataset size is constant and the same as in previous scenarios:
7 billion points in total. The execution times are shown in Figure 5.8.

The Spllter behavior is quite flat, showing that it is a tool that desensitizes application
execution performance from task granularity —the positive outcome that we expected. As
we discussed for the worst-case scenario, the Spllter implementation on top of dataClay has
some room for improvement (the leftmost second bar, which stands out a little bit), but it
shows good and steady performance everywhere else.

Once again we see that the baseline executions degrade a little bit (starting on the left
being as fast as Spllter and degrading progressively when the number of tasks increases.
The COMPSs scheduler is much more robust against bad granularity scenarios (increasing
from 5s to 10s) while the Dask scheduler suffers much more and increases its execution time
from 5s to more than one hundred.

The rechunk is still a very expensive operation. When there is a single block per core,
the rechunk operation is a no-op. However, as soon as the rechunk operation performs its
duties (which happens at 4 blocks per core, when the rechunk is expected to redistribute
data between workers) the huge amount of data that must be transferred between nodes
results in hundreds of seconds of execution overhead.

We can see some slight inconsistencies between 1 and 4 blocks per core (the COMPSs &
dataClay + Spllter implementation improves, while baseline executions are sitting very
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Figure 5.8: Histogram on 8 computing nodes. The X axis show variation
on the total number of blocks per core. Block size changes in order for the
total dataset size to remain constant.

1.0 4.0 16.0 48.0

blocks per core

still). There is a performance variation that contributes to this: the special behavior of the
microkernel (the numpy.histogramdd implementation that we are using in all scenarios) on
big block sizes. The numerical implementation of the numpy histogramdd benefits from
having smaller blocks: for instance, it is 20% faster to perform 16 histograms of block sizes
equal to 1152 thousand points instead of doing a single histogram of 18432 thousand points.
This is taking into account reduction and independently of parallelism, just saturating all
the cores and memory of a single socket. Discussing this application in this level of detail is
outside the scope of this thesis, as it is related to the actual implementation on the numpy
library and is also related to the intra-node architecture.

Insights

In this kind of memory intensive application, the Spllter shows a good behavior, with big
improvements on favorable scenarios and low-to-no overhead for unfavorable ones. This
kind of application also renders the rechunk approach impractical —using it results in an
excess of data transfers. Also, the single-pass (as opposed to an iterative algorithm) negates
the reuse potential of both rechunk and Spllter operations.

The Spllter has shown that it is able to address the task granularity of the data while
maintaining the data locality benefits; this is not achieved by the rechunk for this kind of
applications.
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Figure 5.9: k-means weak scaling from 1 node to 16 nodes, with 2304 blocks
per node (48 per core)

5.5.2 k-means

The next application is k-means. This application was already evaluated with dataClay in
the previous chapter (see 4.5.2); in this section we will be doing an evaluation using the
same dataset size as in the previous chapter (74 million points, with 20 features).

Scalability for highly fragmented datasets

Our goal for this experiment is to showcase the benefits of the Spllter for another quite
memory intensive application. This application has an iterative approach and more complex
numerical procedures (when compared to the previous one). This first experiment is done
with a highly fragmented dataset in which each block contains 64 thousand points and it is
divided into 2304 blocks per node (which equals to 48 blocks per core).

The iterative approach should reduce the overall impact of both the rechunk and the
Spllter approaches: the burden of those mechanisms are “shared” amongst all iterations,
reducing its relative penalty. Moreover, the longer execution times will make the overheads
less visible. The more complex reduction will have additional data locality benefits that the
Spllter can leverage during the reduction step.

We will be evaluating this scenario by performing a weak scaling, starting from 1 node
up to 16. The experiment scales up to 36864 blocks for the 16-node execution.

The execution times are shown in Figure 5.9. Once again we can observe that Spllter
executions have good scalability, showing very flat results and resulting in a very stable
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weak scaling behavior. Both implementations (COMPSs & dataClay + Spllter and Dask +
Spllter) have results that are very close between them, showing that the amount of compu-
tation that they do is the same and the implementations are equivalent.

The baseline executions have a much worse scalability than the Spllter counterparts.
We already saw in the previous application (Histogram) that the scalability for highly
fragmented datasets results in a degradation of performance due to the big amount of
tasks. Given that we are evaluating an iterative application (10 loops in this evaluation),
the overhead is amplified 10 times. The execution times of Dask end up being one order of
magnitude slower, which shows that the COMPSs scheduler is more robust to being stressed
with lots of tasks; however, even in that case the COMPSs & dataClay ends up being one
order of magnitude slower than the Spllter configuration.

An alternative to the Spllter would be to use the rechunk. This can be seen in the
Dask + rechunk execution, which shows good results. Its scalability is not as good as the
Spllter and we can see a clear uptrend in the execution times when the number of nodes
(and thus, the number of blocks) increases. This overhead is due to the rechunk cost, which
requires to move data between workers (a cost that increases when the number of nodes
increases). However, this cost is only payed once, not for every iteration (just as the Spllter
cost that is payed once).

Overhead for perfectly balanced datasets

The second experiment for this application will show what happens if the dataset is already
perfectly balanced. Balanced means the same as in the previous experiment: the dataset is
divided in such a way that there is one block per core. Once again, we want to focus on the
overhead and general behaviour of the Spllter on a worst-case scenario, one where there is
no room for improvement for any enhanced iteration mechanism.

This scenario will also be conducted through a weak scaling. The dataset size will be
identical to the previous scenario, but each block will be bigger: 3 million points per block
(48x bigger than the previous scenario). Figure 5.10 shows the execution times for this
scenario.

We expected to see the pure overhead on the Spllter executions. That is the case for
COMPSs & dataClay + Spllter execution; the execution time grows with the number of
nodes (i.e. blocks). However we see a much better behavior for the Dask + Spllter execution.
As seen in the Histogram application, the overhead of Spllter is lower in Dask. Moreover,
the data locality achieved by the Dask workers during the reduction steps is higher than
the one warranted by COMPSs.

In fact, the data locality achieved by the Dask + Spllter combination goes one step
further. Because how the partitions are being generated (as detailed in Section 5.2), the
first step of the reduction is able to exploit data locality too. This is not achieved by the
baseline, and thus the Dask performance is slightly worse than the Spllter one —specially
for a high number of nodes as the reduction cost increases.

The rechunk has no impact on execution times, as it is effectively a no-operation.
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Figure 5.10: k-means weak scaling from 1 node to 16 nodes, with 48 blocks
per node (one per core)

Sensitivity to fragmentation

We will follow with an experiment that should highlight the sensitivity of dataset frag-
mentation. The previous two experiments for this application have showcased a good case
scenario and a worst case scenario for the Spliter. Now we will explore this spectrum and
find the tipping point where the benefits of the Spllter are greater than its overhead.

In order to do so we will once again fix the number of nodes to 8 and change the number
of blocks per core. The number of blocks per core will go from 1 (worst case scenario for
the Spllter, as done in the previous experiment) up to 48 (which is the highly fragmented
dataset discussed in the first experiment for this application). The results can be seen in
Figure 5.11.

We have already discussed the leftmost and rightmost configurations (see the two pre-
vious experiments).

The Spllter executions are very stable, almost flat, showing that this mechanism reduces
sensitivity to fragmentation.

The baseline executions are sensitive to fragmentation and their execution performance
decreases when the number of tasks increases —i.e. when the scheduler is under pressure
and there are a lot of invocations of small tasks. COMPSs scheduler is able to “resist” a
bit longer (it starts degrading significantly between 16 and 48 blocks per core) while Dask
starts to increase at 4 blocks per core and quickly becomes orders of magnitude slower than
any other execution.
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Figure 5.11: k-means on 8 computing nodes. The X axis show variation on
the total number of blocks per core. Block size changes in order for the total
dataset size to remain constant.

The rechunk shows an overall good behavior. It does reduce sensitivity to the dataset
fragmentation, but not as effectively as Spllter. Its performance can be orders of magnitude
better than the baseline but is still slower than the Spllter execution.

Insights

When handling an iterative application such as the k-means, including any mechanism
to address the dataset fragmentation will result in substantial performance benefits. The
overhead of Spllter or rechunk are diluted among the iterations and their benefits can be
extremely large. Still, Spllter outperforms the rechunk because it is able to avoid data
transfers (a cost that can grow for data intensive applications such as k-means) as well as
to maximize data locality.

5.5.3 Cascade SVM

The next application is the Cascade SVM, a compute bound algorithm. The sizing of
the dataset has been set in order to obtain reasonable execution times. Having a big
dataset proved impractical for computation exploration as it required too many computing
resources (i.e. for a statistically significant discussion). We have chosen a dataset size of
300 thousand points per computing node, which yields a good variety of execution times
across all scenarios.
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Figure 5.12: Cascade SVM weak scaling from 1 node to 16 nodes, with 384
blocks per node (8 per core)

Scalability for highly fragmented datasets

As with previous applications, we will start with a highly fragmented dataset. Our goal is
to showcase the benefits of the Spliter for a compute-bound application. This means that
the improvements due to locality will be lessened in comparison to previous applications.
However, we do expect improvements due to the decrease in the number of tasks. By having
less tasks we expect to increase responsiveness on the scheduler (it has less work to do) and
a lower invocation overhead (due to the lower number of tasks). This is an ideal scenario for
rechunk, as the quantity of data that needs to be moved for a rechunking operation is small,
while the improvements should be substantial due to the computation being the bottleneck.

The dataset is 300 thousand points per node. The evaluation will be performed by a
weak scaling up to 16 nodes. The execution is performed with a block size of 128 points.
This results in 8 blocks per core, or 384 blocks per node. The execution times for this
scenario are shown in Figure 5.12.

Before analyzing the behavior of the Spllter against the baseline and the rechunk, we
should mention that there is a considerable difference between COMPSs and Dask. This
difference is related to the baseline implementations and not to the Spllter or to the data
granularity. The current execution (highly fragmented dataset) has several factors that
make this comparison complex, so we will discuss this in the next configuration with a
perfectly balanced dataset.

The Spllter executions outperform their respective baselines substantially. The improve-
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Figure 5.13: Cascade SVM weak scaling from 1 node to 16 nodes, with 48
blocks per node (one per core)

ment introduced by the Spllter is apparent, once again, for a highly fragmented dataset.

For this application, we see how the rechunk outperforms the Spllter. As discussed
in 5.2.2, the rechunk materializes a new array, while the Spllter does not. In previous
applications, the data transfer was bigger and resulted in faster execution times for Spllter.
In this application, however, the data transfers are small enough to be almost invisible,
while having the array materialized results in faster execution times.

Overhead for perfectly balanced datasets

We will now show an evaluation for a perfectly balanced dataset —with as many blocks as
there are cores. In that scenario, once again, there should be no improvement for the Spllter
or the rechunk —there is already a one-to-one relationship between computing resources
(cores) and tasks (blocks), so there is nothing to improve in that regard. This evaluation
will help us evaluate and characterize the overhead in extreme cases where no potential
benefit exists from the point of view of the enhanced iteration mechanism.

This experiment will maintain the same dataset size (300 thousand points). When
comparing to the previous scenario, the block size is increased from from 128 to 1024, and
the number of blocks per core is reduced from 8 (the previous ratio) to 1 (i.e. perfectly
balanced).

Figure 5.13 shows the execution times for this scenario.

Before discussing the Spllter, we can clearly see the different performance between
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COMPSs and Dask. Up until now, prior application performances have been very close
between COMPSs and Dask, as we have made an effort to compare equivalent implementa-
tions. In this case, however, some details of the implementation have resulted in a disparity
of performance; both algorithms are effectively doing the same operations (we used the
dislib implementation as the reference, and implemented that in Dask) but the general
data management of intermediate results and the internal serializations are causing this
difference. To address that we could try to improve the dislib implementation —which
may prove difficult and is outside the scope of this thesis. Even if the current results hinder
simultaneous comparisons across COMPSs and Dask, we can discuss the Spllter impact
separately for both frameworks.

Both Spllter executions follow closely their respective baselines. The Dask 4 rechunk
is almost exactly the same as Dask. The overhead on the COMPSs & dataClay executions
is more visible, and we can observe how the overhead depends on the number of blocks
—i.e. the difference between the baseline and the Spllter increases when the number of
nodes increases. This overhead is smaller in Dask (a phenomenon that we have already
seen in previous applications) which suggests that the mechanism to query location and
build partitions is more efficient in Dask than in dataClay.

The rechunk is effectively a no-operation and its performance is identical to the regular
Dask.

Sensitivity to fragmentation

We have shown a relatively beneficial scenario as well as a worst-case scenario from the
point of view of the Spllter and rechunk mechanisms. In the following experiment we will
showcase what happens across this spectrum, and specifically we will discuss how sensitive
are the enhanced iteration techniques to the quantity of blocks and fragmentation of the
dataset.

This experiment will fix the dataset size, fix the number of computation nodes, and
vary the number of blocks. More tasks results in a more saturated scheduler and more
runtime overheads —which translates to more opportunities for mechanisms that addresses
granularity such as the Spllter or the rechunk.

The execution is spread across 8 computing nodes. The execution times can be seen
in Figure 5.14. The leftmost group of bars show the execution times when the dataset is
perfectly balanced (i.e., previous experiment); the rightmost group of bars show the other
end of the spectrum (i.e., the second to last experiment, which corresponds to 8 blocks per
core).

The Spllter executions are almost flat, showing that the Spllter is reducing the sensi-
tivity to the task granularity. The execution times for 1 block per core (the worst case for
the Spllter) is almost the same as the execution time for 8 blocks per core.

On the other hand, we see that both COMPSs & dataClay and Dask are quite sensitive
to fragmented datasets. Their execution times are equal to Spllter for 1 block per core
and grow to more than double when the fragmentation increases to 8 blocks per core. All
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Figure 5.14: Cascade SVM on 8 computing nodes. The X axis show variation
on the total number of blocks per core. Block size changes in order for the
total dataset size to remain constant.

this overhead is due to the stress on the scheduler and the high number of task invocation,
which become the bottleneck of execution.

This application is perfect for rechunk. As soon as there is more than one block per
core, rechunk becomes the fastest configuration. The relatively small dataset results in
a fast rechunk operation —meaning that the overhead of performing a rechunk is almost
irrelevant— while having a materialized collection results in faster execution times when
compared to the unmaterialized collection —the partitions yielded by the Spllter.

Insights

This is the first compute bound application that we have discussed and, once again, we have
seen that there is the need to address dataset fragmentation. In this application, rechunk
yields better performance than Spllter. The two previous applications where memory in-
tensive and Spllter outperformed rechunk; this application, a CPU intensive one, shows
that rechunk can beat the Spllter in certain scenarios. Even in these scenarios much more
favorable to the rechunk, the difference between the two mechanisms is small.

5.5.4 k-Nearest Neighbors

This application (in contrast to the previous ones) behaves with more complex interac-
tions due to its two-part algorithm. For this reason we feel the need to include here a
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specific discussion on the two main microkernels that are used: the fit and the kneighbors
procedures.

After this characterization, we want to showcase how the Spllter and rechunk mecha-
nisms are able to provide a substantial benefit related to the intermediate data structures
that are generated (on fit stage) and used (on kneighbors stage). Our goal is to evaluate our
proposal in the context of a complex application, application which also contains non-trivial
data reuse. This will be shown through a general scalability series of experiments.

Finally, we will also analyze the speedup behavior when the fit dataset is scaled, as this
will magnify the effect of the intermediate data structures and show clearly the speedup
effect and full potential of the Spllter and rechunk mechanisms.

Kernel characterization

When discussing this application in 5.3.4 we discussed the impact that the size of the
tree data structures will have onto the algorithm. There are a lot of nuisances, but the
general intuition is that using big trees will result in less tasks, more efficiency and less
overall execution times. In this first experiment we will show the impact that the tree
size (which is directly related to the fit dataset block size) has onto the two main kernels
of the application (i.e. the fit stage and the kneighbors stage. Each stage purpose and
characteristics have been discussed in 4.3.3 and more specifically outlined in Figure 4.2 and
Figure 4.3.

The times that we will be evaluating correspond to the numerical execution time for
the payload of a single task (single block). In our scenario, this means executing the code
on sklearn library without parallelism, data transfers nor framework overhead. As both
stages are sensitive to the block size of the fit dataset, we will show the execution times
when varying the fit block size. Figure 5.15 shows the execution times of the fit kernel and
Figure 5.16 shows the execution times for the kneighbors kernel.

For the fit kernel (Figure 5.15) we can see how, when the input block increases, so does
the processing time —in an almost linearly fashion. We are seeing here the cost of building
the tree data structures and the cost is as expected.

The behavior of the kneighbors kernel (Figure 5.16) is much flatter. We already expected
this because tree lookup operations do not increase linearly.

Table 5.1 explores microkernel execution time for four different block sizes. The first
column shows the block size of the fit dataset (ranging from 3000k points for the biggest
one down to 500k for the smallest). The second column shows the number of blocks in
the fit dataset (equivalent to the number of tasks). This is a parametric value, which will
depend on the size of the fit dataset. Decreasing the block size results in a bigger number
of blocks; e.g. given a starting dataset of n blocks with a block size of 3000k points, that
same dataset will yield 3n blocks when the block size equals 1000k points. The fit total
time (meaning the sum of all kernel execution times, sequentially) also depends on n and
varies depending on the block size. The kneighbors stage has its own dataset, which is why
the last column on the table shows the execution time per block; the time shown in the
table is the sum of all the kneighbors kernel executions (sequentially) for a single kneighbors
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Figure 5.15: Kernel processing time for the fit procedure of the k-Nearest
Neighbors application while increasing the fit block size
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Figure 5.16: Kernel processing time for the kneighbors procedure of the k-
Nearest Neighbors application while increasing the fit block size
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Fit #fit tasks fit kneighbors
block size (= #Dblocks) total time time per block
3000k n n- 5.38s n- 6.28s
1500k 2n n- 4.44s n- 11.42s
1000k 3n n- 4.17s n- 15.35s
500k 6n n- 3.66s n- 26.83s

Table 5.1: Combined execution times for k-Nearest Neighbors microkernels.

dataset block. To get the kneighbors total time we would need to mulitply that value per
the number of blocks in the kneighbors dataset.

The table shows how the kneighbors is the longest stage and also the most sensitive to
the block size (i.e. tree size). It is natural to consider beneficial configurations for it, and
those are found when the fit block size are big —i.e. when the tree data structures are big.
We must take into account this behavior, and that justifies our Spllter strategy for this
application. Moreover, the tree data structures generated during the fit may be used by a
lot of kneighbors blocks, and those trees may be used repeatedly during execution (e.g. for
iterative algorithms); these characteristics dilute the cost of the fit stage when compared to
the kneighbors stage.

With that in mind we will establish for the Spllter to build a single tree lookup data
structure per location. This prior analysis corroborates the intuition that bigger fit block
sizes increase the performance of the microkernel execution time. The last experiment for
this application (see 5.5.4) will revisit this same discussion on the kneighbors execution
time, evaluated in the complete stack environment (with COMPSs, with multiple nodes,
with parallelism, and with full datasets).

General scalability

The general scalability scenario will be evaluated by using the fit dataset at 6 blocks per
node, and 24 blocks per node for the kneighbors dataset. Consequently, the kneighbors
stage will consist of a total of 6 X 24 X n,.g4es tasks for baseline executions. Regarding
the other executions, we will follow the conclusions reached in the previous experiment
and use a single tree per location, i.e. per backend/worker. In our NUMA architecture
computing environment this means to have a single tree per socket. This results in a total
of 2 X 24 X Nyodes tasks for both Spllter and rechunk executions. The result of this first
experiment are shown in Figure 5.17.

The Spllter executions are very close among them, showing that they perform the same
computations and the Spllter performance is similar in both frameworks. The k-Nearest
Neighbor cost increases when the problem size increases (i.e. when the number of nodes
increases), which results in an increase in execution times in the Spllter executions.

The baseline executions increase faster, showing a quicker degradation of performance.
In previous applications we have seen that the COMPSs framework is more robust against
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Figure 5.17: k-Nearest Neighbors scaling from 1 node to 16 nodes

scheduler pressure. However, the number of tasks is not as big in this application, and
the data locality is more relevant —a feature that Dask is able to leverage more efficiently
than COMPSs, due how Dask manages in-memory Python objects. This explains why the
COMPSs & dataClay baseline is slower than Dask.

The rechunk execution is virtually identical to the Spllter; this was expected given that
the final tree data structures should be equivalent (meaning equally large) in both scenarios.

Speedup for fit dataset scaling

In this experiment we will be scaling the training dataset (the first one, the one that is fed
to the fit stage). The number of nodes is fixed to 8 and the size of the second dataset is
also fixed to 24 blocks per worker, which is a total of 192 blocks.

Our goal is to observe the impact of both the Spllter and the rechunk, and how well
they scale when the data structures generated in the fit stage grow. In these experiments,
the non-baseline executions will generate a tree lookup data structure per location (i.e. one
per backend/worker, or one per socket, which equals to a total of 16).

Figure 5.18 shows the ratio of number of blocks divided by the execution time. The plot
starts at two blocks per core (the point where the baseline execution, the rechunk and the
Spllter executions are all equivalent among them) and scales up to 12x which is a total of
96 blocks for the training dataset.

We see how the Dask baseline is flat, meaning that the speed at which blocks are
processed depends proportionally on the training dataset size. When the training dataset
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Figure 5.18: Evolution of the ratio number of blocks by execution time when
increasing the number of blocks per node (higher is better).

size is doubled, so is the execution time. We can see that the ratio is quite flat across all
the execution meaning that this trend is present from 2 blocks per node up to 12 blocks
per node (in that last execution the execution is 6 times bigger than the first one, and thus
the execution is also 6 times longer). COMPSs & dataClay execution shows a bit more
degradation, but follows the same general trend. This degradation was already detected
previously on 4.5.3, but what is important now is to realize that execution times is roughly
proportional to the training dataset size too.

On the other hand, the ratio for all other executions increases linearly. The speed at
which the Spllter execution processes blocks is not proportional on the training dataset
size, but better —i.e., when the training dataset size is doubled, the execution time is much
less than twice. The root cause is the internal lookup trees. The kneighbors stage is using
the lookup trees generated during training; lookup operations on those trees are not O(n)
(linear) but O(logn). The complexity of lookup trees explain the good behavior of Spllter
and rechunk: duplicating the size of the tree does not duplicate the lookup time.

To summarize this comparison: generating trees directly from the block data results
in a linear behavior while consolidating blocks (either with Spilter or rechunk) results in
executions that are able to perform closer to the theoretical logarithmic complexity.

Insights

This application shows how addressing the fragmentation and granularity issues of the data
can give benefits that go beyond serialization and scheduler overhead. For this specific
application, we started from a O(logn) theoretical complexity (the tree lookup stage) but
observed it degrading into a O(n) due to blocking (the baselines). Thanks to the use of
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either Spllter or rechunk we were able to greatly improve the performance —the execution
time approaches once again the O(logn).

This improvement requires an understanding of the algorithm. At this moment, rechunk
has no direct semantic to relate the size to the computing resources or number of nodes,
so using it requires knowledge on the runtime computing resources. The Spllter has the
semantics related to data locality and computing resources, which results in a simpler
programming model interface which is able to reach the same performance benefits as the
rechunk while avoiding data transfers.

5.6 Summary

In this chapter we have discussed and shown the Spllter proposal, which constitutes contri-
bution C2 in this thesis. At its core, the Spllter is able to leverage iteration optimizations
and data locality with minimal impact on programmability.

In addition to designing and implementing the Spilter, we provide the behavior of this
contribution across a variety of scientific applications, from several science domains (iter-
ative or non-iterative applications, memory intensive applications, CPU intensive applica-
tions, machine learning, data analytics, etc.). The Spllter is able to reduce the performance
sensitivity to the block size. Given that the application developer may not know the com-
puting environment, decoupling the application performance from the block size is a huge
benefit in terms of programmability[66] and performance portability[48, 9] from the pro-
gramming model perspective.

The Spliter has been evaluated upon two different frameworks: COMPSs & dataClay
and Dask. In general, the main idea behind the Spllter could be applied to any task-based
programming model (more generally: to any programming model with direct access to the
blocks and the iteration code structures). The evaluation has shown that the Spllter is able
to compete and (in most situations) outperform the Dask rechunk.

We observed an application where rechunk outperformed the Spllter due to its very
compute-intensive nature; this suggests that a new extension of the Spllter may consist on
providing materialized partitions. A materialized partition would be a new data structure,
generated with memory copies but without inter-node transfers. For iterative algorithms
that have a high computation to data ratio a materialized partition should be able to achieve
same execution speeds as the rechunk while avoiding all the inter-worker data transfers.
Still, the performance difference between rechunk and Spllter was minor.

Complex applications can have multiple stages and iterations. In certain scenarios, the
benefit of using Spliter can also be observed at an algorithmic level: the quantity and shape
of intermediate results may depend on the block size and that shape may have an important
performance impact —we have seen this behavior in the k-Nearest Neighbors, but having
some kind of intermediate data structures is not an exclusive trait of this application. Using
the Spllter allows the application developer to exert their (domain-specific) expertise and
greatly improve the performance in a portable way, without requiring prior knowledge from
distribution techniques nor any insight of the hardware infrastructure topology.
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Chapter 6

Hardware Improvements:
Non-Volatile Memory

There is a long-existing chasm between system memory (byte addressable, volatile, fast,
scarce) and storage (composed of persistent but slow block devices, with huge latencies
and a smaller bandwidth). In the State of the Art we discussed this gap and the memory
hierarchy of the different technologies (Section 2.1.3, Figure 2.2).

Regarding the NVM layer, it can be used through two different approaches. First it
can be used as a “fast storage device”. Alternatively, it can be used as an “extension of
system memory” and perform in-place execution —thanks to the byte-addressable nature of
the NVM. Being able to execute in-place, without copying data into DRAM, can have a
great impact on data locality and thus performance.

In this chapter we propose how to integrate NVM devices into dataClay, and discuss the
benefits and synergies between the NVM presence and the active capabilities of the object
store. This constitutes contribution C3.

6.1 Active execution and NVM

During the previous chapters we have discussed the active capabilities of dataClay. In this
chapter we will explore how these active method mechanism interacts with the persistent
memory space provided by NVM devices.

First of all, let’s introduce the two main motivations for using NVM devices in the active
storage system:

e They have much better performance than drives, available at a fraction of the price-
per-byte cost of DRAM. This allows the object store to manage big datasets —datasets
that would not fit in DRAM- without incurring in the high performance penalties of
storing and accessing them to/from drives.

e They are byte-addressable, which enables in-place execution (i.e., direct load/store
accesses are possible and efficient, without moving data to DRAM). Being able to
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Figure 6.1: Configuration modes for the Optane DC NVM

execute code in-place can boost the data locality; this perfectly combines with the
idea of an active storage system that is itself improving data locality.

The NVM devices that we will be using for the evaluation are Intel Optane DC devices,
which have two main operating modes [45]: Memory Mode and App Direct.

The first operation mode (called Memory Mode, Figure 6.1(a)) presents a big (but
volatile) system memory address space, transparently accessible by all software. This is
achieved by the aggregation of the Optane DC memory into a single flat memory space.
This memory space is transparent to the object store and any software being run in the
system. The DRAM of the system is used as cache for this memory space. The hardware
will be the one responsible of moving data back and forth between DRAM and NVM. This
mode of operation does not require any software adaptation to the Optane DC devices.

Note that under Memory Mode configuration the memory space remains volatile in
nature; if persistence is desired, it should be managed outside the Memory Mode bound
devices.

When the system is configured in App Direct (Figure 6.1(b)), the system memory is
unchanged and the Optane DC devices memory is persistent and independent from the main
system memory. This is the canonical way of using any NVM device: an additional memory
tier that can be accessed from the application/middleware. Under this configuration the
object store is able to access data both in the DRAM and in the NVM, in a byte-addressable
fashion. In order to use that memory space, applications can take advantage of the Direct
Access (dax) feature which allows applications direct load/store access to persistent memory
by memory-mapping files on a persistent memory aware file system [82, 2].

The assignment of persistent memory into one or the other operation mode is a static
parameter and changing the configuration of the Optane DC devices will require a reboot
of the machine. It is also possible to segregate the memory into two regions and use a
different mode in each one, and thus each region will behave according to its configuration.
In this article we will evaluate and discuss each mode separately, which will allow us to
characterize them properly.

Both Memory Mode and App Direct will be evaluated in this chapter. Under the Memory
Mode configuration, dataClay requires no changes given the transparent nature of the MM.
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The design we propose is thus focused in the App Direct mode. However, the evaluation
also includes the Memory Mode in order to compare and provide a comprehensive analysis
on execution performance.

The evaluation will also include execution with a NVM-native non-active storage system:
DAOS [1]. The DAOS storage system has a proven good performance, as shown in the I0500
ranking results [87]. This configuration is the baseline for non-active execution.

6.2 dataClay integration with NVM

As stated before, using NVM explicitly (which can be achieved under the App Direct con-
figuration) requires runtime support. This means that certain code injections are required.
The implementation we propose uses the PMDK [83, 82] libraries (version 1.5), and its
pynvm Python bindings [84] of PMDK (version: 0.3.1). The numerical structures used
in the applications are numpy arrays, represented as contiguous in-memory buffers —their
canonical representation. Generally, any data structure could be used as long as its in-
memory representation was known —e.g., based on contiguous memory buffers.

To understand the changes required, let’s start with a very fundamental snippet of a
one-dimensional Histogram using numpy library and dataClay active methods. This code
is shown in Listing 6.1. Note that this sample code will work regardless of the self.values
nature —meaning that if the values attribute is in NVM, the execution will work and the
numpy library will perform in-place execution on the NVM.

class PersistentBlock(DataClayObject):

@dclayMethod (...)
def histogram(self):
return np.histogram(self.values, bins)

Listing 6.1: Active method for a Histogram

Following this train of thought, the core idea of our proposal is to have the numpy
structures in the NVM. The big picture for this procedure is shown in Listing 6.2. Note that
the code is simplified and lacks all kind of metadata, numpy types, data alignment, array
shape, etc. It shows the two crucial steps: the memory map (line 1, storage initialization
of NVM region) and the buffer feature of numpy (lines 5-7).

reg = pmem.map_file(...)

3 def np_persist(np_array):

"""Usage: a = np_persist(a)"""

b = np_array.tobytes ()

reg.write (b)

return np.frombuffer(reg.buffer, ...)

Listing 6.2: Procedure to move numpy structure to NVM

The first key aspect here is the memory map. Note that this is supported through the
DAX flag —the Direct Access for files feature of Linux kernel[80]. Otherwise, the Memory



CHAPTER 6. Hardware Improvements:
78 Non-Volatile Memory

Map would result in additional data copies between persistent memory and DRAM. With
this first step we have reg which is a byte-addressable region of amorphous space.

The second key aspect is putting the numpy data into the persistent memory device.
Note that by design, numpy structures are memory-contiguous and can work from arbitrary
buffers. A memory map is a typical example of such a configuration, where data can be
read from and written to. In the barebone example shown, the data from a regular in-
DRAM numpy array is read and written into persistent memory. Then, a new numpy
array is constructed, one that is backed by the persistent memory —taking advantage of its
byte-addressability and unlocking the capability to perform in-place execution.

Our contribution explores taking this main idea (the union of the two key aspects just
discussed) and combining it with dataClay. By performing this np_persist procedure —
shown in the code snippet— inside the backend, dataClay can control the lifecycle of the
data structure while leveraging in-place (in-NVM) execution of active methods.

6.3 Applications

In this chapter we will dive deeper into the memory hierarchy and the synergies between
active methods, DRAM memory and NVM space. For this reason, we will look into a
different set of scientific applications and we will evaluate them in a single node with no
parallelism (i.e., no distributed execution framework). The final goal of our evaluation is
to show how data locality plays an important role on the performance of applications. The
applications we propose are: Histogram (single dimension), k-means, matrix addition and
matrix multiplication. They are well-known kernels of more complex real-life applications.
And not only they are widely used but their behavior is representative of a much larger set
of applications; this will be discussed on a per-application basis in the next subsections.

The source code for the applications discussed in this chapter is available on GitHub[17].

The exact memory layout of the application data was not a performance-critical aspect
on the previous evaluations. For this reason the data structures were not discussed in-
depth on previous chapters (doing so would have needlessly convoluted prior Applications
and Fwvaluation sections). However, in this chapter we will need to discuss in more detail
the exact read and write patterns of the applications and their numerical routines because
the memory will behave differently and data layout is relevant for understanding all this.
Even for applications that have been already introduced, it is necessary to review the exact
layout in order to understand the results and the evaluation, and this will be done in this
section.

For the non-active evaluation (DAOS executions), the method will be executed in the
application itself and the object store will transfer the dataset on demand —just as we would
naturally do with an object store, in the absence of active features. The division of the
dataset and the computation hardware remain the same in both the active and non-active
evaluations.

All the evaluations will be performed with two different dataset sizes: small dataset
(which fits in DRAM) and big dataset (which does not fit in DRAM). The dataset is
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Figure 6.2: Object data structure for histogram input dataset

divided onto objects, for which we will consider two different sizes: (a) big objects and (b)
small objects. The dataset size has no impact on the object size, only on the number of
objects. In the latter —small objects scenario—, the objects are shaped to be roughly the size
of the CPU cache (about a dozen megabytes) while the former —big objects— are an order
of magnitude bigger.

6.3.1 Histogram

The first application is, once again, a Histogram. In this case, it will be a one-dimensional
Histogram; this means that the input is an array of floating point numbers. The mem-
ory access pattern of the Histogram is shared amongst many applications (e.g. filtering,
max/min finding, linear searches...). Our results and discussion can be extrapolated to all
applications that read a big dataset once with no sizeable write operations.

The input dataset is an array of floating point values. This data structure is split
into blocks, each block becoming an object in the object store —as shown in Figure 6.2.
Those objects are numpy arrays of floating point values. The output data is a numpy array
containing integers —the aggregates associated to the bins. This result is of small size and
is returned by the method —it is not stored in the object store. The output size is several
order of magnitudes smaller than the input, and it is constant in size.

The method computes the histogram. The return is the evaluation a partial histogram
and —afterwards, outside the method— all the results are merged onto the final histogram.

6.3.2 k-means

The next application is one that we have already extensively discussed. The memory access
patterns are identical for each iteration. The number of iterations is once again fixed and
no convergence criteria is applied.

In this chapter we will focus in how the k-means clustering algorithm performs several
sequential reads of the input data. This memory access patterns is shared with other scien-
tific and machine learning applications with similar patterns (genetic algorithms, time-step
simulations. .. ). The results and discussion can be extrapolated to any of those applications
that share this same memory access pattern —a big dataset that is read, whole, several times
during the application execution.

The input dataset representation is an array of n-dimensional points. This data structure
is split into blocks, each block becoming an object in the object store —as shown in Figure 6.3.
Those objects are numpy matrices, each of which represents a set of n-dimensional points.
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Figure 6.3: Object data structure for k-means input dataset

The output data is itself a numpy matrix, representing the centroids (which are n-dimensional
points). This centroids structure is quite small as the number of centroids will be orders of
magnitude smaller than the number of points, and thus the method will return the centroids
data structure by value —they will not be stored in the object store.

For each iteration, the main numerical method receives the last iteration centroids as
an input. This function is able to perform categorization for the points in a single object
(the current block) and also evaluate a partial summation for its points given the centroids.
All the partial summations can then be processed —outside the method— in order to obtain
the centroids for the next iteration. Note that both centroids and partial summations are
small data structures; their size is related to the number of centroids which is orders of
magnitude smaller than the number of points.

6.3.3 Matrix addition

The matrix addition implementation will use randomly generated matrices (two n X n
square matrices) and perform their addition (resulting in a third n x n square matrix). The
complexity of the matrix addition operation is O(n?).

The data access pattern for the addition operation is predictable and deterministic: a
single sweep is done to both input matrices; within this sweep the data is written to an
output matrix, without reusing the input blocks. The application presents a sequential data
access pattern, with no object reuse.

The memory access pattern of this application is shared with most map operations (from
map-reduce programming model applications) and also with most data transformations ker-
nels. All those applications are implemented by being applied to a big dataset, sequentially,
and yielding a similarly-sized output dataset.
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Figure 6.4: Object data structure for matrix data structures

The input dataset are two square n x n matrices. The output dataset is a single n x
n matrix. Each matrix is represented as a two-dimensional array of submatrices —each
submatrix is k x k. Those submatrices are stored as objects in the object store —as shown
in Figure 6.4. The size of the output matrix equals the size of either of the input matrices,
meaning that the output size is comparable (half) the input data.

The addition of two objects (two k x k submatrices) is what the method computes. The
output of that function is itself a new object (a submatrix) that may or may not be put
into the object store —i.e., persisted and/or put in NVM. We will specifically discuss the
placement of this output object in the evaluation.

6.3.4 Matrix multiplication

The matrix multiplication will use (just as in the matrix addition) randomly generated n xn
matrices. We will consider the iterative multiplication implementation with O(n3) complex-
ity. All previous applications have a computational complexity that matches their storage
requirements. But that is not satisfied by the matrix multiplication: the computational
complexity (O(n?)) has a substantially larger growth than its storage (O(n?)). That dif-
ference between storage and computation means that the storage access overhead becomes
less and less important (performance-wise) when the dataset is increased.

The data access pattern for matrix multiplication is more complex than the matrix
addition. In the discussed implementation, which uses “block matrices”, the computation
of the result is done by iteration of the output blocks. Each output block requires a certain
quantity of multiplications and additions of input blocks. Once those multiplications and
additions are finished, the output block can be stored and it won’t be reused again. Note
that there is reuse of the input blocks, as any block in the input matrices will be used
to compute more than one block of the output matrix. This makes this application have
much more data reuse than previous ones; and even though the reuse of data follows a
deterministic pattern, it is not a trivial one —e.g., it is not multiple full sweeps as we could
observe in the k-means. This application is a representative of non-sequential data access
pattern with object reuse —as well as having a method implementation with data reuse.
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We have chosen the matrix multiplication as an iconic and well-known numerical kernel,
although we can find other matrix algorithms that will follow similar memory access pattern
on input and output matrices —for example, matrix decomposition algorithms. One can
also expect this pattern of non-sequential reads onto big datasets in certain applications
like mesh-based simulations, data analytics, and others.

The data structure for this applications is the same as in 6.3.3 Matriz addition.

The numerical method is responsible of performing a multiply-accumulate operation.
This is used with the (initially zero-initialized) output objects (submatrices) in order to per-
form the matrix row-by-column multiplications and additions. Using multiply-accumulate
mechanisms —which are sometimes called fused mutiply-add or FMA in low-level jargon—
for matrix multiplication is a well-known approach and it is appropriate for a block matrix
multiplication algorithm.

6.4 Hardware platform

The hardware configuration used for the following experiments is different from the previous
chapters. We require a system equipped with Optane DC Persistent Memory Modules. The
technical specs of the node that we used for the experiments are the following:

e 2xIntel®) Xeon®) Platinum 8260L CPU @ 2.40GHz
e 192GB (12><16GB, 2666MHZ) of DRAM

e 6TB (12x512GB modules) of Intel@®) Optane™ DC Persistent Memory

This machine contains a total of 48 (2 x 24) usable cores. The machine supports both
the Memory Mode and App Direct execution modes; a reboot is required in order for its
mode to be changed.

All the experiments will be evaluated with the same single machine, both while using
dataClay (active object store) and while using DAOS (non-active object store). The exe-
cutions will be done sequentially, although the numerical libraries will be taking advantage
of the multiple cores through their internal multithreading capabilities. The availability of
two CPU sockets allows us to isolate the application and the object store by placing them
(by binding processes) to different sockets.

If we look into the hardware cost and compare the cost per gigabyte of DRAM versus
NVM we can expect the latter to be lower; for typical builds, Intel reports savings of up to
30%[46]. Persistent Memory also allows a system to dramatically increase the total available
memory. For starters, one can easily find 512GB Persistent Memory DIMM modules. We
also have the consider the cost, as the price of a DRAM DIMM can be 5 to 10 times higher
than a same-sized Optane Persistent Memory DIMM]3].

Moreover, the evolution of storage technologies has always led to increasing their per-
formance, enlarging their capacity, and becoming more affordable. This happened with
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consumer hard drives and the pattern repeated with the SSD technology. It is natural to
expect a similar evolution with NVM technology.

All datasets used for evaluation are tuned to be smaller than the available Persistent
Memory. There is no technical limitation behind this decision, as the object store is designed
to use the disk when required. However, doing so will incur in staging operations —just as
any storage system would. Those disk staging operations are completely orthogonal to the
active features and to the evaluation focus.

6.5 FEvaluation

In order to discuss the potential of an active object store —compared to a non-active storage
system— and the implications that data locality can have on the application execution
performance we will be evaluating the four applications explained before (Histogram, k-
means, matrix addition and matrix multiplication) under different configurations.

First and foremost, we will be focusing on the active behaviour of dataClay (the object
store) while comparing it to a non-active object store (DAOS). The evaluation will take
into account the different configuration alternatives of the Optane DC —the available NVM
devices.

With all that in mind, we will be evaluating two different dataset sizes. First, a small
dataset, where the whole data structures (both input and output) are smaller than the
available DRAM. The other one, the big dataset, is dimensioned to be at least twice as
big as the system memory, which ensures that the access to the NVM is realistic —smaller
datasets may take advantage of cache through the faster DRAM, which would result in
over-optimistic execution times. For each dataset size we will evaluate two different object
sizes. The object size does not impact the total dataset size; big objects will result in fewer
active method invocations but with a higher cost (due to the higher data per object).

The four different setups (three active ones with dataClay with different memory con-
figurations, and one non-active one with DAOS) are the following:

dC DRAM [dataClay, Active] Consists on an application execution where the object store
holds all the dataset in DRAM. This can only be evaluated for the small dataset as, by
design, the big dataset does not fit in DRAM. The application will invoke the active
method within dataClay. The NVM is not used in this scenario. The objective of this
configuration is to evaluate the active object store with the fastest memory.

dC NVM [dataClay, Active] In this configuration, the input dataset resides in the NVM.
The application will invoke the active method within dataClay. Said active method
will perform in-place execution. The objective of this configuration is to evaluate the
impact of the NVM performance and the potential of in-place execution on NVM.

dC MM [dataClay, Active] When the Memory Mode is configured, the object store holds
the dataset in the flat memory space of system memory —that combines the NVM as
main memory plus DRAM as a cache layer in a transparent fashion. The application
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Figure 6.5: Execution times of the histogram application for a small dataset
(n = 3.2 x 10%).  The dataClay (dC) executions use the active object
store in different configurations, while DAOS is the non-active one. The
DRAM execution uses no additional memory tier. The NVM execution is
done in-place on the persistent memory space. The MM execution uses the
transparent mode of the Optane DC called Memory Mode.

will invoke the active method within dataClay. The objective of this configuration
is for comparison when the NVM memory space is managed by the hardware with a
single memory space —as oposed to the previous configuration where the DRAM and
NVM memory spaces are separated and managed at the storage system level.

DAOS [DAOS, Non-active] The DAOS object store is used as the baseline non-active
storage system. In this configuration the dataset is held in NVM by the storage
stack. The application will retrieve the objects from the object store and execute the
(non-active) method within the application space (in DRAM).

6.5.1 Histogram

The execution times of the Histogram application can be seen in the following figures:
Figure 6.5 shows the execution times for the small dataset and Figure 6.6 shows times for
the big dataset. We will start by looking at the total execution times (the whole bar, ignoring
the lighter hatched portion for now) for each configuration —on upcoming paragraphs we
will discuss about the meaning and insights given by the method computational portion.
All the active execution times, regardless of the dataset size or the object size, are
roughly similar —within a 5% between one another. We can observe that the non-active
object store execution (DAOS) is between 10% and 20% slower. This shows the overhead
caused by the communication —memory transfers and data copies between the non-active
object store and the application— in comparison to the computation. A similar pattern



6.5. Evaluation 85

Big dataset

Hmm big objects
dc brRAM - N/A mmm small objects

method comp.

o
2 !
ks dC NVM -
: b
!

dC MM - {
o —
2
8l oros I

0 250 500 750 1000 1250 1500 1750
execution time (s)

Figure 6.6: Execution times of the histogram application for a big dataset
(n = 25.6 x 10%).  The dataClay (dC) executions use the active object
store in different configurations, while DAOS is the non-active one. The big
dataset does not fit in DRAM. The NVM execution is done in-place on the
persistent memory space, while the MM uses the Memory Mode transparent
behaviour available in the Optane DC devices.

would be shown by any similar application with no data reuse and high computation to
data ratio.

It is important to note that, when comparing the non-active DAOS executions, using
big objects is slower than using small objects. This shows that the performance toll for
the non-active case is not a consequence of the number of RPC calls. In this evaluation,
small objects are 8 times smaller than big objects which result in 8 times more RPC. It
may seem natural to expect better performance with less RPC calls. Instead, the cost of
object transfers —required for non-active execution and the responsibility of the object store—
increases with the object size, which results in slower execution times for bigger objects.
This happens under the DAOS non-active executions for both dataset sizes.

Upon closer inspection, it is surprising to observe how close all the active configuration
execution times are amongst them. In order to shed some light on this behaviour we have
included an evaluation of the execution time of the method itself —the piece of code that
is shipped to the active object store. Figure 6.7 shows the execution times of the method
itself when this piece of code is executed either in DRAM, in the NVM, or in the Memory
Mode Optane DC configuration. Given that the Memory Mode acts as a transparent cache,
we have evaluated this last mode in both a hot and a cold configuration. Note how for the
method execution evaluation under Memory Mode we are able to control the environment
and consider both hot and cold execution times. For the full application execution we are
considering the hot execution time for the small dataset, as we expect everything to fit in
DRAM and thus hot. The cold execution time is used as the estimator for the big dataset;
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Figure 6.7: Execution times for the histogram method. The DRAM execu-
tion is done with no assistance of other memory tiers. The NVM execution
is done in-place on the persistent memory space. The MM executions corre-
spond to the transparent Memory Mode available in the Optane DC devices,
which resembles a caching —hence the hot/cold executions.

it serves as a worst-case scenario, assuming that all accesses to the data miss the DRAM
and go to NVM. The lighter hatched bars in Figure 6.5 and Figure 6.6 are obtained by
extrapolating the execution times for the histogram method and are shown in order to give
an orientation of the execution time estimated to be due to the method execution.

Insights

We have seen how the active configuration —and the data locality it implies— introduces a
10% to 20% benefit to the overall execution times. This application showcases an scenario
with no data reuse and a high method computation index. Under those assumptions, the
application has low sensitivity to the exact memory configuration, meaning similar perfor-
mance for all NVM modes tested.

6.5.2 k-means

The execution times for the k-means application can be seen in Figure 6.8 (for the small
dataset) and Figure 6.9 (for the big dataset). At a first glance we can see how, once again,
there is a clear benefit on using an active storage system when compared to the non-active
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Figure 6.8: Execution times of the k-means application for a small dataset
(n = 6.4x105). The dataClay (dC) executions use the active object store in
different configurations, while DAOS is the non-active one. The DRAM exe-
cution uses no additional memory tier. The NVM execution is done in-place
on the persistent memory space. The MM execution uses the transparent
mode of the Optane DC called Memory Mode.
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Figure 6.9: Execution times of the k-means application for a big dataset
(n = 51.2 x 10%). The dataClay (dC) executions use the active object
store in different configurations, while DAOS is the non-active one. The big
dataset does not fit in DRAM. The NVM execution is done in-place on the
persistent memory space, while the MM uses the Memory Mode transparent
behaviour available in the Optane DC devices.
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Figure 6.10: Execution times for the k-means method. The DRAM execu-
tion is done with no assistance of other memory tiers. The NVM execution
is done in-place on the persistent memory space. The MM executions corre-
spond to the transparent Memory Mode available in the Optane DC devices,
which resembles a caching —hence the hot/cold executions.

object store. The non-active overhead goes from 30% —when comparing with the slowest
active configuration— up to a 300%. This increased gap between the active and non-active
setups is greater than on the previous application mainly due to the data reuse of the
application —all data is reused for each iteration for a total of 10 iterations. This showcases
how, in relative terms under this scenario, the computation time is less relevant and the
time consumed by data transfers is more prominent. However, it is also apparent that this
application has higher sensitivity to the object size as well as the memory configuration, as
shown by the higher spread on execution times across the different configurations.

The k-means method being used —mainly, the pairwise distances evaluation as imple-
mented in the numpy library— has a certain quirk: it reads input data several times. That
means that the method implementation is performing multiple read operations onto the
same object; that is a consequence of numpy’s numerical implementation.

For a better understanding of the method behaviour we have included the execution
times in Figure 6.10. The high execution times on the NVM memory configuration —i.e.,
when data is computed in-place in the NVM- suggest that the data reuse in the method
is amplifying the difference of speed between the DRAM memory tier and the NVM one.
The implementation sensitivity to memory speed also explains the high variability amongst
DRAM-based executions -DRAM and MM (hot).
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Figure 6.11: Execution times of the matrix addition application for a small
dataset (n = 42000). The dataClay (dC) executions use the active object
store in different configurations, while DAOS is the non-active one. The
DRAM execution uses no additional memory tier. The NVM execution is
done in-place on the persistent memory space. The MM execution uses the
transparent mode of the Optane DC called Memory Mode. The result may
be held in DRAM (wolatile result executions) or stored in the object store
(store result executions).

Insights

This application shows how algorithms that iterate over the input dataset multiple times
—or, more generally, that have certain reuse along their execution— will obtain great benefits
from being executed in an active environment. This is the consequence of the repeated
access to the data, which magnifies the gains introduced by the data locality of the active
object store. This application also reminds us the relevance of the numerical low-level
implementation; the multiple read operations done at the numpy library level has a huge
impact on execution times. Further improvements would require low-level knowledge on
the numerical library implementation and the development of specific strategies for the
application —something that only makes sense for heavily used microkernels which warrants
the resource investment.

6.5.3 Matrix addition

The next application used for the evaluation is the matrix addition. The execution times
for the application when run with a small dataset and a big dataset can be seen respectively
in Figure 6.11 and Figure 6.12.
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Figure 6.12: Execution times of the matrix addition application for a big
dataset (n = 84000). The dataClay (dC) executions use the active object
store in different configurations, while DAOS is the non-active one. The big
dataset does not fit in DRAM. The NVM execution is done in-place on the
persistent memory space, while the MM uses the Memory Mode transparent
behaviour available in the Optane DC devices. The result may be held in
DRAM (wvolatile result executions) or stored in the object store (store result
executions).
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This is the first application that has a sizeable output, so a distinction is being made
on both DAOS and dC NVM: the result may be stored in the object store (store result)
or kept as volatile (in the DRAM). This distinction is not applicable to neither the DRAM
executions nor the MM ones, as neither of those modes have different addressable memory
spaces. Also note that having the output result in DRAM is only possible if the resulting
data structure is smaller than the available DRAM.

The decisions on where to store the result will be driven by the amount and availability
of system memory —if there is no shortage of memory, then the object store could always
choose the fastest memory available, but there will typically be restrictions in-place: memory
footprint may be restricted or there may exist certain prioritization.

We will be doing a static decision for the volatile vs store. More complex applications
would require additional thoughts related to where to place result data structures. The
decision can be entirely developer driven, it can be decided by the software stack, or it
can be somewhat in-between by including annotations and reacting to them with runtime
information.

The active configurations have a much better performance than the non-active ones,
specially when the result is stored in DRAM (wvolatile result) —that active configuration is
15 times faster than the best non-active one. Given that the matrix addition is a memory-
bound application, this result could be expected: avoiding memory transfers is greatly
beneficial to the performance, something that the data locality exhibited by the active
object store is able to achieve. Moreover, having the result in DRAM while accessing the
input dataset through the NVM is a great way to optimize the available bandwidth: the
execution is performing all read operations from the NVM while performing write operations
to DRAM, avoiding the slower write operations on the NVM and avoiding contention in
both memories. That is why this execution mode (dC NVM (volatile result)) has the best
performance.

As done with previous applications, we include the method execution times in Fig-
ure 6.13. These results illustrate the high cost of write operations onto the NVM for the
following reason: the first three execution modes (DRAM, NVM, and MM (hot)) are very
similar in performance, but they read the input submatrices from different memory spaces
(DRAM reads them from system memory, NVM reads them from the NVM, and MM (hot)
is expected to use DRAM as it is running hot). However, they all have in common that
they write the output object to DRAM. The last mode, MM (cold), shows a much worse
performance due to the fact that it is writing the output object to NVM, which results in
a noticeable penalty.

Insights

There are two main ideas that can be drawn from this application, ideas that can be
interpolated to many memory-bound applications. First of all, data locality (and thus, an
active storage system) can bring great benefits to such kind of application thanks to the
reduction of data transfers and memory copies —memory operations that are the bottleneck
of memory-bound applications. Secondly, one can generally expect a trade-off between



92

CHAPTER 6. Hardware Improvements:
Non-Volatile Memory

big objects method execution time (s)
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

I big objects

DRAM [ small objects

NVM

MODE

MM (hot)

MM (cold)

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
small objects method execution time (s)

Figure 6.13: Execution times for the matrix addition method. The DRAM
execution is done with no assistance of other memory tiers. The NVM exe-
cution is done in-place on the persistent memory space. The MM executions
correspond to the transparent Memory Mode available in the Optane DC
devices, which resembles a caching —hence the hot/cold executions.
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Figure 6.14: Execution times of the matrix multiplication application for a
small dataset (n = 42000). The dataClay (dC) executions use the active
object store in different configurations, while DAOS is the non-active one.
The DRAM execution uses no additional memory tier. The NVM execution
is done in-place on the persistent memory space. The MM execution uses
the transparent mode of the Optane DC called Memory Mode. The result
may be held in DRAM (wvolatile result executions) or stored in the object
store (store result executions). The store result execution corresponds to an
execution which evaluates the output object in DRAM and, after the active
method invocation has finished, transfers it to the object store. The other
execution, in-place FMA, performs all the operation in-place in the NVM,
without having any input or output structure in DRAM.

the memory footprint and performance for such kind of applications. Given the NVM high
write cost, it is beneficial to perform all write operations onto fastest memory (in our specific
scenario, that means having the output dataset in DRAM). Just as already discussed in the
previous applications, we can observe how all active scenarios outperform the non-active
one. The active object store has some additional potential which, in this case, allows for
a further performance improvement by leveraging both memory tiers, which sidesteps the
bottleneck of write bandwidth.

6.5.4 Matrix multiplication

The different execution times can be seen in Figure 6.14 (small dataset) and Figure 6.15 (big
dataset). The data structures of matrix multiplication (input dataset, output dataset, and
objects) are identical to the previous application, matrix addition; however, the memory
access pattern and the computation requirements are completely different.
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Figure 6.15: Execution times of the matrix multiplication application for
a big dataset (n = 84000). The dataClay (dC) executions use the active
object store in different configurations, while DAOS is the non-active one.
The big dataset does not fit in DRAM. The NVM execution is done in-place
on the persistent memory space, while the MM uses the Memory Mode
transparent behaviour available in the Optane DC devices. = The result
may be held in DRAM (wolatile result executions) or stored in the object
store (store result executions). The store result execution corresponds to an
execution which evaluates the output object in DRAM and, after the active
method invocation has finished, transfers it to the object store. The other
execution, in-place FMA, performs all the operation in-place in the NVM,
without having any input or output structure in DRAM.
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We can see a consistent good behavior of the active object store, specially when using
big objects where active executions are 3 times faster than the non-active ones. The object
reuse is something that amplifies the costs of the non-active approach, an aspect that we
had already seen in the k-means application (Section 6.5.2).

There is a huge difference between executions with big objects and small objects: active
executions are almost 5 times slower when using small objects than the ones using big
objects. This is due to an increase on the active method invocation count and general
memory access: having more objects implies a superlinear increase on invocations and
object reuse (a behavior inherent to the matrix multiplication algorithm).

In the previous matrix addition application we had observed a big impact when having
the output dataset volatile or persisted in the NVM. This difference is softened and it
becomes almost inappreciable. In this case, the long computations required by the matrix
multiplication decreases the gap between the different memory configurations —they all are
within 15% between one another for the small objects, and only 10% for big objects. This
remains true even while doing a write-heavy multiply-and-add operation in-place in the
NVM (labeled in-place FMA); this configuration is more taxing regarding write operations
on the NVM but it yields a small overhead in relative terms.

We have already discussed the programming and development aspect of the volatile vs
store placement of the result (see matrix addition evaluation 6.5.3), and the same consid-
erations apply for the in-place FMA configuration.

The fastest memory configuration is to store the output matrix in DRAM (wvolatile
result). However, the decreased gap between executions implies that we can perform a huge
matrix multiplication with virtually zero DRAM footprint with a bearable performance
degradation, as shown by the in-place FMA execution times.

As in previous applications, we include the method execution time analysis in Fig-
ure 6.16. The method execution when done with big objects is almost the same (within
10%) across all configurations, something that matches the behavior of the application and
is explained due to the high computation to data ratio. For small objects, where the abso-
lute execution times are lower, the impact of the memory configuration is much more visible;
in both object sizes NVM (in-place FMA) and MM (cold) are the slower configurations, but
the relative difference is much more apparent when using small objects which are between
2x and 3x slower.

Insights

This application has shown how, for scenarios with high computation requirements and
significant data reuse, the data locality plays a main role in the overall performance while
the exact memory configuration is secondary. Even more important than the available
memory and its configuration is the object size, which will impact the quantity of active
method invocations and it can have a dramatic impact on overall performance.
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Figure 6.16: Execution times for the matrix multiplication method. The
DRAM execution is done with no assistance of other memory tiers. The
NVM execution is done in-place on the persistent memory space. The MM
executions correspond to the transparent Memory Mode available in the Op-
tane DC devices, which resembles a caching —hence the hot/cold executions.
The method may perform the fused-multiply-add operation in DRAM or
in-place on the NVM; this last execution corresponds to the in-place FMA
one in the figure.
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6.6 Summary

In this chapter we have shown a mechanism that leverages non-volatile memory within
the object store. This software stack has demonstrated very good performance results.
The evaluation has been conducted with different applications, representing a vast set of
applications in HPC, data analytics, and machine learning domains.

As the evaluation has shown, the benefits obtained by this design will vary depending on
the application. However, in all scenarios, we have observed that the active features provide
substantial gains. We have experiments that show 10% improvement for an application with
no data reuse and high computation data ratio (represented by the Histogram) and up to an
order of magnitude for a memory-bound application under the most appropriate memory
configuration (matrix addition with the result placed in DRAM).

On top of the aforementioned benefits, obtained through the active capabilities of the
object store, we have also shown different memory configurations and the impact that an
NVM device can have. The byte-addressable nature of this memory tier enables in-place
execution; we have demonstrated how the active object store is able to execute applications
with datasets bigger than system memory at near-DRAM speed.

After the evaluation we can conclude that there are two main data locality improvements
that are considered: on the one hand, the active capabilities avoid transfers between the
storage system and the application —that is regardless of the exact memory configuration
or the presence of NVM devices. On the other hand, the byte-addressable memory avoids
data copies between memory tiers (DRAM and NVM) within the storage system itself. This
last aspect shows a great potential but can also backfire, as it is a slower memory and for
instance the k-means has shown how an explicit memory copy can improve the performance
by a 2x factor.

As previously stated, memory-bound applications have great performance improvements
but there are also gains for compute-bound applications as well. An example of such kind
of application is showcased in the matrix multiplication application. Since the data locality
overall impact is reduced due to the higher computation cost, compute-bound applications
show lower sensitivity to memory speeds. We have seen how those kind of applications can
be run almost entirely from within the NVM (i.e., huge datasets, with minimal memory
footprint) while performance degradation is as little as 10% in our experiments —and still
more than 2x faster than non-active executions.

Having support for the persistent memory from the object store is a great benefit for
programmability. Not only we are able to showcase the benefits unlocked by using NVM
within the object store, but that can be managed and encapsulated by the objects and
interfaces on dataClay. We have to keep in mind that the alternative is either to manually
manage the App Direct mode or, alternatively, rely on a sub-par automatic cache provided
by the Memory Mode. Having dataClay as means to encapsulate that provides performance
portability to the application source code and maintains all the benefits, as we have shown
in this chapter.
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Chapter 7

Conclusions

In this thesis we have unfolded a software architecture based on an active object store that
can be used in the HPC ecosystem; we have shown that this proposed software stack is able
to yield good results and good performance in a variety of scenarios. Moreover, we show
how this main software infrastructure can be enriched, on the active object store part, with
several improvements to further increase its performance and unleash its potential.

The software stack in this thesis builds upon dataClay, an active object store heav-
ily rooted in the object oriented paradigm. Most scientific applications are already using
mainstream libraries which already embrace object encapsulation for their bindings and
interfaces; moreover, the semantics of object oriented paradigm result in cleaner code, clear
intentions and easier maintenance on the application developer side.

Conditioning dataClay for HPC along the integration of COMPSs and dataClay (as
discussed in Chapter 4) constitutes the first contribution of this thesis C1: Design the
integration between a Python object oriented storage system and a distributed task-based
programming model. The evaluation of this integration shows the potential across several
scientific applications. This is the tip of the iceberg regarding RQ1: How can object stores
be more efficiently used within HPC environments?, as most of this thesis show more con-
tributions that improve the object store; these contributions show that object stores can be
very suitable for HPC environments.

The active mechanism is, at its core, a software improvement. It is an example of what
kind of improvement can be integrated into the object store. This software improvement
is an item of the answer of RQ2: How can software improvements be supported by object
stores in order to improve performance?.

A novel improvement that we propose (also related to answering RQ2) is the Spllter
mechanism, a way to enhance iteration, which is contribution C2: Propose the programming
interface required to improve the iteration and erecution across distributed datasets through
object store cooperation. The design of this approach is explained in Chapter 5. This
proposal is able to break the dependency between data granularity and task granularity;
this reduces execution performance sensitivity to the block size of the data, which is specially
relevant in distributed environments and data-intensive applications.



100 CHAPTER 7. Conclusions

The object store can also take advantage of new hardware improvements. For instance,
in Chapter 6 we propose a mechanism that allows dataClay to use its active mechanism in
order to execute code directly unto non-volatile memory. This is a way to support a hard-
ware improvement from the object store —answering RQ3: How can hardware improvements
be supported by object stores in order to improve performance?— and constitues contribution
C3: Propose the mechanism to support non-volatile memory from an active object store.

Quantifying the improvement expected by maximizing data locality (the answer to RQ4:
How much of an improvement can we expect when maximizing data locality during the
execution of HPC applications?) is difficult to define precisely. We have seen —along the
evaluations from Chapters 4, 5, and 6— that increasing data locality can have a sizeable
impact in performance and execution times. With these different evaluations in mind, we
can conclude that data-intensive applications with fragmented datasets are the scenarios
where we will see bigger improvements (orders of magnitude better performance). On the
other side of the spectrum, compute-intensive applications tend to be less affected by the
data locality —which is obvious if we think of it in terms of Amdahl’s law, given that this
kind of configurations will be performing computation most of the application execution
time regardless of the software stack details.

7.1 Future work

This thesis establishes the groundwork for using object stores in HPC environments in a
suitable manner. With our contributions as the starting point, there are several lines of
future work that are worth exploring.

7.1.1 Flexible typing

There are certain schema requirements on dataClay, which are implemented through typing.
This was presented in section 4.1.4. That section already hints at certain aspects of future
work; said future work has already been incorporated into dataClay starting from version
3 onwards.

There has been an explosion of typing semantics on Python, both from the point of
view of code development (resulting in cleaner more maintainable code) and from the point
of view of runtime (allowing new automatic validation routines with unnoticeable develop-
ment overhead). Evaluating, from the point of view of dataClay, the different options and
establishing the comprehensive list of supported features and annotations is something that
is required in order to truly support Python 3.x typing mechanisms.

7.1.2 Comparison and synergies with COMPSs cache

Recent COMPSs versions (3.x) have an stable feature which is the object cache. This cache
exists at the worker nodes and is used in order to hold objects (parameters and returns).
By having that object cached, a subsequent task is able to reuse an object avoiding the
additional deserialization that would be needed without the cache.
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The merits that this cache provides has certain overlap with the benefits that one can
obtain by using persistent objects and cache. Namely, they both improve data locality by
avoiding data transfers and by reducing the need of data serialization/deserialization.

However, there are no efforts nor evaluation (yet) towards integrating the COMPSs
cache with dataClay. There might be synergies to be found by integrating the COMPSs
cache semantics with the Storage API, or they may be direct competitors. Further research
is needed in order to understand the relationship between the two approaches.

7.1.3 dataClay native dislib array

There is already some work towards a tighter integration between the dislib library and
dataClay. In fact, some work is already available in a public repository, a dislib fork[13].

This current fork has been used for the applications in chapters 4 and 5. However, there
is still some work to do towards standardizing the interfaces and making it seamless for the
application developer.

Having a dataClay array that is compatible with the dislib algorithms (and in general,
behaves identically to the dislib array built-in data structure) would lower the entry barriers
for application developers. Moreover, this dataClay array could already include the con-
tributions of this thesis; for instance, that means that application developers could benefit
from the Spllter mechanism without needing to change their codebase.

7.1.4 Contribute Spllter to Dask

In Chapter 5, we have used Dask as another distributed execution framework on which we
have evaluated the Spllter contribution. Because this was done as a proof of concept (and
to establish a baseline), all required modifications were embedded into the application code.

After the evaluation on that chapter, we concluded that Spllter has a significant merit
and is able to improve the performance of both Dask and COMPSs & dataClay. It is possible
to pack the required modifications and include them into the Dask codebase. Integrating
these kind of changes into a community project as widely used as Dask requires more in-
depth knowledge on Dask runtime and some polishing on the source code rough edges. This
is a technical implementation process, as the design is already completed.

7.1.5 Single process “truly multithreaded” backend implementation

In this thesis, we have introduced certain quirks related to multi-threading and the Global
Interpreter Lock. Those were relevant when conditioning dataClay for HPC and implement-
ing Python backends (introduced in Chapter 4, where the GIL mechanics were explained
on Section 4.1.2).

In recent developments, there have been some efforts towards relaxing the GIL con-
straints; the PEP 684[75] discusses the options and general roadmap required in order to
have a GIL per-interpreter. The key aspect of this change is that a single Python process can
have multiple Python interpreters, each with its own state. Having a GIL per-interpreter
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(instead of per-process) opens the door to leveraging multithreading (true multithreading)
at that level, which would increase performance through parallelism in pure-Python rou-
tines.

Having support for multi-interpreters requires a considerable engineering effort, so there
is a need to first understand the advantages of having multiple interpreters and the scope
of those: should we have a single interpreter per user? one interpreter per dataset? pre-
instantiate one interpreter per available core? dynamically create interpreter per each RPC?
It is imperative to understand the overhead and bottlenecks of the interpreters and the ben-
efits that can be expected with a “more multi-threaded” backend —although those benefits
will depend on the application implementation and the libraries used in each application.

An alternative approach is outlined in PEP 703[40], which proposes build options to
make the GIL entirely optional. This is synonymous to having a thread-safe interpreter.
This is something to keep an eye on, but its roadmap is a more long-term one: 2024 for the
first CPython version with the --disable-gil —which implies having two different ABIs—
and GIL disabled by default on 2030 —which may seem optimistic. Given that dataClay
does not use this ABI directly, having support for this no-GIL CPython interpreter seems
trivial; however, it remains an open question whether mainstream 3rd party libraries (such
as the numerical libraries that HPC applications use constantly) would be interested in
supporting this new ABI.

7.1.6 Replicas and scatter mechanisms for execution performance

The concept of doing replicas is already present on both dataClay and COMPSs. The
current Storage API has the mechanism for allowing the execution runtime to ask for
replicas unto the storage layer.

However, we can look at Dask[8] and see their scatter mechanism, a function that
distributes data in round-robin fashion. This is an easy solution to balance data and it can
be combined with its broadcast mode in which data is not distributed but replicated unto
several workers.

Having support for a similar feature from COMPSs would require more analysis in both
the COMPSs side and the dataClay side (dependencies are known by COMPSs, while data
distribution and replicas are carried out by dataClay). Offering this to the application
developer would need new semantics at the programming model level and special care on
mutable objects —a consideration that Dask does not require given that data is always
considered to be immutable, something that is not generally true under the object-oriented
programming paradigm.

7.1.7 Work stealing

The Spllter contribution C2 has been approached from a data-centric point of view; more
specifically, it maximizes locality and minimizes data transfers.

This approach has shown promising results, as discussed in Chapter 5. However, looking
it from a computational point of view, the Spllter (and the concept of partitions related to
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it) could be used in order to efficiently balance computation costs across clusters.

The concept of work stealing is born from the idea of transferring blocks of work from
one partition to another during runtime. This requires coordination between the partitions
(i.e. the active object store) and the computing framework. Ideally, this work stealing
happens between nodes that are saturated (givers) and nodes that have already finished
(takers).

The idea to perform work stealing is specially appealing when there is any kind of
unbalance. This may exist from the algorithm point of view —e.g. in a scenario where there
is a simulation grid and certain areas are more expensive to compute than other ones— or
from the computation point of view —e.g. certain nodes are less powerful or are more busy
than other ones.

Performing adaptative scheduling of data is not a new concept (as discussed in the State
of the Art, section 2.2.3) but doing it on top of the Spllter unlocks additional potential with
a low entry cost given that the logic partitioning is already done and proven to be effective
by this thesis.

7.1.8 Multi-tier and dynamic object placement

Initially, dataClay was designed focusing in two clear memory tiers: memory and disk.
Objects are held in memory when possible (and methods are executed in-memory) while
disk is used for both persistence and spill. This ensures that objects are persisted across
restarts and also that the system does not easily run out of memory.

In Chapter 6 we discussed the static placement into NVM. This can be seen as a new
tier. Still, there is future work on deciding placement dynamically; this can be complex
depending on which kind of inputs are used for the decision-making —runtime heuristic,
static information, user hints, etc.

In addition to placing the object dynamically, we could expand the number of tiers to
be used, both intranode and internode. For instance, a deep multi-tier environment could
be composed of (sorted by latency) memory, NVM, NVMe, local SSD, network file system,
cloud storage. There is work on managing those different memory tiers (discussed in the
State of the Art, section 2.2.5) but dataClay offers a unique storage system that can be
used as foundation for further work on this topic.

7.2 Results and dissemination
7.2.1 Publications
The following peer-reviewed publications are directly related to contributions of this thesis:

e Jonathan Marti, Anna Queralt, Daniel Gasull, Alex Barcelo, Juan José Costa, and
Toni Cortes. “dataClay: A distributed data store for effective inter-player data shar-
ing.” Journal of Systems and Software 131 (2017): 129-145.

Impact Factor: 2.28
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This is the most detailed early article describing dataClay, with a heavy focus on data-
sharing. The integration of dataClay and COMPSs is discussed and the performance
evaluation is performed within an HPC cluster. Those first evaluations are in Java.
The Python design and implementation presented in the article is contribution C1,
contribution that this thesis explains in much more detail in Chapter 4

e Alex Barcelo, Anna Queralt, and Toni Cortes. “Enhancing iteration performance on
distributed task-based workflows.” Future Generation Computer Systems 149 (2023):
359-375.

Impact Factor: 7.5

This article presents the Spllter, the programming interface for improving iteration
and execution across distributed datasets and shows its evaluation (contribution C2).
This corresponds to the Chapter 5.

e Alex Barcelo, Anna Queralt, and Toni Cortes. “Revisiting active object stores:
Bringing data locality to the limit with NVM.” Future Generation Computer Systems
129 (2022): 425-439.

Impact Factor: 7.5

This article presents the mechanism to support non-volatile memory and evaluates
and characterizes its performance benefits (contribution C3). This corresponds to
the Chapter 6.

7.2.2 Source code and implementation details

All source code is available under open source licenses. There are different aspects that
have been made publicly available for further research and/or as to provide implementation
details:

e pyclay repository: https://github.com/bsc-dom/pyclay/

The implementation of dataClay under Python (and adaptation for the PyCOMPSs
task-based programming model) is available in this GitHub repository under BSD
3-clause license. This is the contribution C1 (full architecture in addition to im-
plementation). The code available in that repository combines a certain engineering
effort (performed by us, the Distributed Objects Management group in BSC) with
design decisions discussed in Chapter 4.

e Spllter application repository:
https://github.com/bsc-dom/split-miniapps/

The different applications used in Chapter 5 are available in this GitHub repository,
and made available as public domain. There is a specific branch for the Dask im-
plementation as well as the main one for dataClay & COMPSs. The code contain
implementation details for the Spllter proposal (part of contribution C2) as well as
all the application code necessary to replicate the evaluation.


https://github.com/bsc-dom/pyclay/
https://github.com/bsc-dom/split-miniapps/
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e NumPy Persistence to Non-Volatile Memory
https://github.com/bsc-dom/npp2nvm

A Python package that encapsulates the procedure of persisting numpy arrays to
Optane DC (NVM). This code is published under the Apache 2.0 License and can

be used standalone (without dataClay). It can be used within dataClay, and that
configuration is the one used during the evaluation of Chapter 6. The npP2NVM
package is part of the implementation effort of contribution C3.

e Optane DC application repository:
https://github.com/bsc-dom/optanedc-miniapps

The different applications used in Chapter 6 are available in this GitHub repository,
and made available as public domain. This source code can be used in order to
replicate the evaluation shown there; it can also be used as reference implementation
for contribution C3.

7.2.3 Usage in national and European projects

Different parts and contributions of this thesis have been used and are part of the following
projects:

e BigStorage

e EXPERTISE

e NextGenlO

e mF2C

e CLASS

e ELASTIC

e cFlows4dHPC

e ADMIRE

e ICOS

The implementation details in each case can be found either in the project’s public

repository (open source) and/or they are already integrated in the repositories mentioned
in the previous subsection.


https://github.com/bsc-dom/npp2nvm
https://github.com/bsc-dom/optanedc-miniapps
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