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Abstract

Modern HPC applications compute and analyze massive amounts of data. The data volume
is growing faster than memory capabilities and storage improvements leading to performance bottle-
necks. An example of this is pySDC, a framework for solving collocation problems iteratively using
parallel-in-time methods. These methods require storing and exchanging 3D volume data for each
parallel point in time. If a simulation consists of M parallel-in-time stages, where the full spatial
problem has to be stored for the next iteration, the memory demand for a single state variable is
M x N, x Ny x N, per time-step. For an application simulation with many state variables or stages,
the memory requirement is considerable.

Data compression helps alleviate the overhead in memory by reducing the size of data and
keeping it in compressed format. Inline compression compresses and decompresses the application’s
working set as it moves in and out of main memory. Thus, it provides the system with the appearance
of more main memory. Naive compressed arrays require a compression or decompression operation
for each store or load and therefore hurt the performance of the application. By incorporating a
software cache and storing decompressed values of the array, we limit the number of compression
and decompression operations for the stores and loads, thereby improving performance overall.

In this thesis, we build a compression manager and software cache manager for the pySDC
framework to reduce the memory requirements and computational overhead. The compression man-
ager wraps around LibPressio, a C4++ compression library that abstracts all compressors. We utilize
blosc, a lossless compressor for our compression manager, and build a software cache manager with
various cache configurations and cache policies to work in cohesion with the compression manager.
We build a performance model which evaluates the compression manager and cache manager’s per-
formance on different metrics such as compression ratio and compression/decompression time. We

test our framework on two different pySDC applications — e.g., Allen-Cahn and Heat-diffusion.
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Results show that incorporating compression and increasing the cache size for our applica-
tions inflates the total compressed size in bytes for the arrays and therefore reduces the compression
ratio, in contrast to our expectations. However, incorporating the cache and a greater cache size
reduces the number of compression/decompression calls to LibPressio as well as cache evictions,
significantly reducing the computational overhead for pySDC. Thus, overall, our compression and
cache manager help reduce the memory footprint in pySDC.

Future work involves looking at improving the compression ratio and using lossy compression

to achieve significant reduction in memory footprint.
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Chapter 1

Introduction

High Performance Computing (HPC) is the ability to “process data and perform complex
calculations at high speeds” [35]. HPC systems comprise compute nodes and storage nodes which
are connected by a shared network infrastructure [57]. These nodes form a cluster and leverage par-
allel processing and clustering techniques to perform numerous tasks concurrently. HPC frameworks
create conducive environments for large-scale processing and by integrating parallel programming
techniques, they greatly assist in the task of accelerating computations and solving large-scale prob-
lems [28].

Scientific applications such as climatic applications, legacy code applications are compute
intensive. They simulate complex natural phenomena and require large datasets to analyze and
compute. In this era of big data, these applications also see an exponential growth in their results
and data. Therefore, the scientific community is increasingly reliant on HPC systems and frameworks
to handle their data resources and considers these systems to be of paramount importance.

While HPC has enabled significant advancements across all fields of science and engineering
by allowing researchers to simulate complex phenomena that are difficult, if not impossible, in a
normal laboratory setting, the computational speed far exceeds the speed of data movement. HPC
applications are generating data to the size of exascale computing, making it a reality [54]. However,
the current HPC storage architecture would not scale to the emerging exascale computing systems
as discovered in the simulation work in [51], [56]. The ratio of I/O bandwidth to bytes of memory
capacity on Titan (the 27 petaflops (PF) system at Oak Ridge Leadership Computing Facility,
OLCF) is 0.0016 and the ratio on Summit (the 200 PF system at OLCF) is 0.0001. Data generation



rates are increasing faster than traditional parallel file system (PFS) ingestion capabilities [26]. Thus,
data storage requirement for extreme scale HPC applications creates a memory bottleneck where
the data required will not all fit in main memory and random access memory (RAM). Thus, data
movement and memory bottleneck limit application performance and system throughput.

Moreover, despite improvements and innovations in processor and memory speeds, memory
I/0 is a performance bottleneck. This is because CPU clock speeds have improved to 100MHz and
beyond 1GHz to 5.6GHz today [3]. However, memory read and write speeds have not improved at
the same rate. Therefore, memory access time for read and write operations creates a bottleneck
in application performances. Reducing the memory and memory I/O bottlenecks is essential to
HPC and scientific applications as the scientific and engineering community advances research and
discoveries in various fields.

Dimensionality reduction is a method where the number of features in a dataset are removed
while retaining most of the important features [24]. It transforms data from a high-dimensional
space into a low-dimensional space so that the low-dimensional representation retains meaningful
properties. It is used in machine learning for training datasets to reduce the number of input
variables, as machine learning applications have a large number of dimensions in feature space.
Reducing these input features reduces the number of dimensions of the feature space and accelerates
training and performance of machine learning applications [24]. Inter-network communications such
as Infiniband enable faster communication and reduce traffic in inter-node communication for large
clusters.

Dimensionality reduction, effective inter-network communication are common methodologies
to alleviate performance bottlenecks. However, these techniques focus on improving the runtime and
bandwidth of the application and the overall I/O performance. These techniques do not focus on
alleviating the memory requirements and memory bottlenecks that occur in large-scale applications.
Solid State Drives (SSDs) commonly referred to as flash storage are incorporated to reduce the
burden on hard disk drives (HDDs). SSDs provide faster read and write access due to no moving
parts. They help with faster file access and application acceleration. Similarly, Burst buffers (BBs)
which are a tier of intermediate, high-bandwidth flash-based storage devices between the compute
nodes and parallel file system (PFS) are increasingly exploited in contemporary supercomputers to
bridge the performance gap between compute and storage systems [26]. However, both SSDs and

burst buffers require physical upgrade to the system and are expensive.



Big Data frameworks such as MapReduce [52] have witnessed rapid development to cope
with the growing data challenge. MapReduce is a programming model and implementation for
processing and generating large datasets that is amenable to a broad variety of real-world tasks. The
framework divides the data computation in terms of a map and reduce function, and the underlying
runtime system automatically parallelizes the computation [12]. Spark and Hadoop are common
implementations of MapReduce framework, which through their key-value (Map) pairings and reduce
operations enable faster access to parallel file systems. Furthermore, while Hadoop Distributed File
System (HDFS), commonly utilized in HPC as distributed file system provides scalable and fault-
tolerant architecture to store and retrieve data required by MapReduce, it further runs into data
access and data movement bottlenecks that hurt the read and write operations of HDFS [22]. Thus,
we need an effective methodology that reduces the memory and storage requirements and alleviated
the memory bottleneck in extreme scale HPC systems.

Data compression is an effective tool for reducing memory and storage requirements [?]. It
is the art and science of representing information in a compact form using fewer bytes. In order
to compute on or analyze large data sets, applications need access to large amounts of memory.
Compressing large arrays stored in an application’s memory does not require hardware upgrades,
while enabling the appearance of more physical memory [39]. Data compression by keeping data
in compressed form helps improve the capacity of the memory system. It also reduces energy and
bandwidth demands [44].

Integrating compression inside an application to shrink the application’s footprint is called
inline compression [39]. Inline compression is a compression technique of compressing and decom-
pressing data in its working set as the application runs and reads or writes to arrays. In Memory
computing attempts to improve the performance and energy efficiency by reducing the data move-
ment in the conventional Von Neumann architecture.

Naive inline compression requires a compression and decompression operation for every store
and load (writes and reads) respectively. This hurts the performance of the application. Storing
the decompressed values for retrieval limits the number of operations and improves the performance
of the application. Caching is a method for reducing the impact of data movement by keeping
data needed for the computation in fast memory. The cache exists between the processor and main
memory and by being close to the processor, memory speed improves, which consequently improves

latency and bandwidth. However, caches have to be of small sizes to ensure the energy dissipation



is less since they run at fast speeds. The intuitive reason why caching works is that data accesses
in scientific domains exhibit a degree of locality [15]. This locality is either temporal locality, where
the data block is accessed repeatedly over a period of time or spatial locality, where the data block
is accessed sequentially from memory [3] in a contiguous region of the dataset. When a data block
is accessed, if it already exists in cache, it is called a cache hit, otherwise it is a cache miss [15]. For
a cache hit, the data is fetched directly from the cache, whereas for a cache miss the data block has
to be loaded from main memory into the cache and then accessed. Therefore, repeated access to a
data item stored in cache is much faster than fetching the data from its actual storage [15]. The
ratio between cache hits and total number of data accesses is called hit ratio, and the ratio between
cache misses and total accesses is known as the miss ratio. Therefore, if items kept in the cache are
most frequently accessed items, the cache yields a higher hit ratio [20].

For large-scale applications and exascale computing, an application might spend a consider-
able amount of time waiting on data. Hardware caches are physically implemented in the hardware
and help reduce the data movement bottleneck in the memory bus. Software caches are caches
managed and controlled by the operating system or specific software systems such as middleware,
file systems, storage systems and databases [14]. Software caches offer more flexibility in terms of
caching strategies and algorithms. The software can adapt caching behavior based on specific re-
quirements and workload characteristics, such as access pattern of the application. Software caches
can be larger in capacity compared to hardware caches because physical limitations do not constrain
them. However, their size is often limited by the available memory resources. The main difference
between hardware caches and software caches is that hardware caches are physically integrated into
the CPU and managed by the CPU hardware itself, while software caches are implemented in the
main memory and controlled by the operating system or software applications. While both types
of caches aim to reduce memory access latency and improve overall system performance, software
caches offer more flexibility and potentially larger capacity.

The software cache utilizes a cache management policy to determine what data should be
cached and when it should be fetched from or stored into the cache. For every initial compression or
decompression operation of an array, if it is stored in a software managed cache, every consequent
compression or decompression operation on the same array in the application is reduced as long as
the array exists in the cache. All compression operations are replaced with an update (write) of

the array in the cache, and decompression operations are replaced with loading (reading) the array



from the cache. The software cache has a capacity, and the main objective of the cache management
policy therefore is to maximize the hit ratio. This ensures that the number of compression and
decompression calls are minimal, which incurs minimum overhead. This policy focuses on identifying
access patterns of the application and utilizes the patterns to get the maximum hit ratio. Recency
and frequency are the most common signals utilized as signals by software cache management policies.
Recency looks at the probability of an array that was recently accessed will likely be accessed again in
the near future. Frequency looks at the likelihood that an array that has been accessed frequently will
be accessed again in the near future. Generally, frequency is measured as most applications arrays’
frequency changes over time [25] and a sliding window [32] or exponential decay [29] mechanism is
used to measure frequency. Therefore, choosing the optimal cache management policy and cache
parameters for a software cache improves the performance of inline compression. Consequently, this
improvement in performance enables applications to reduce the memory bottleneck and further see
an improvement in reducing performance overheads.

This research focuses on reducing the memory bottleneck of HPC applications by incorpo-
rating inline data compression, thereby improving the memory requirements of these applications.
The novelty in this work lies in the software caching mechanism leveraged by inline compression to
reduce the overhead incurred due to compression. We build a compression manager and a cache
manager which when embedded in an application enables the application to compress the data and
reduce the memory requirements of the application while leveraging the software cache for faster
access to decompressed arrays and improving the performance of the application.

The main contributions of this work are as follows:

e Explore the memory intensive nature of applications and how the memory footprint becomes

a bottleneck for applications.

e Built a compression manager that utilizes compression techniques to perform inline compres-

sion on arrays of an application.
e Explore software caching to alleviate the compression manager’s overhead.
e Built a cache manager that reduces the overhead of the compression manager.

e Built a performance model that assesses the performance of the compression and cache manager

and utilize this model as a baseline to improve upon.



Chapter 2

Background

In this section, we describe the background to understand the main ideas in this work.
The main component of this work is data compression and its impact on improving the storage
requirements of High Performance Computing (HPC) applications by reducing the memory footprint.
Therefore, we first describe a mathematical application framework and its characteristics which
lead to a memory bottleneck. We then describe how compression can be leveraged to reduce the
computational burden of the application. As naive inline compression incurs additional overhead
into the application, we describe the background on caching, which enables compression to reduce its
overhead and improve the performance of the application. We further delve into work done by other
researchers on the same problem (reducing memory bottleneck in HPC applications by incorporating

compression) and how our work builds on theirs while providing additional benefits of caching.

2.1 Differential Equations

Differential Equations are a powerful tool for modeling natural processes. All natural pro-
cesses are a function of time, therefore these processes can be represented with respect to time
and modeled as equations [9] as shown in equation 2.1. Natural phenomena such as heat diffusion,
are represented by ordinary differential equations (ODE) and partial differential equations (PDE).

Complex physical and chemical processes are also represented by ODE and PDEs.

dy
U=ty 1)



2.1.1 Solving Initial Value Problems using Spectral Deferred Correction

(SDC) Methods

Initial Value Problems (IVP) represent time-dependent differential equations for a time-

dependent ODE. It takes the form
u (t) = f(u(t),t) for t>tg (2.2)

with initial data (condition) provided

u(to) =1 (2.3)

Construction of efficient, stable, and high order methods for solving IVP using systems of
ODEs is a mature subject. Existing methods are divided into roughly two groups: Intrinsically
high-order discretization schemes (Runge-Kutta methods) and accelerating convergence low-order
schemes (Deferred Correction methods) [13]. While implicit Runge-Kutta methods are excellent
choice due to their stability properties, these methods are expensive to reach convergence.

The term spectral method refers to a numerical method that is capable (under suitable
smoothness conditions) of converging at a rate that is faster than a polynomial in a mesh width h.
A mesh is, by definition, a set of points and cells connected to form a network as shown in figure 2.1.
Each small rectangle represents a cell, and the vertices are nodes. A mesh is a fundamental element
of a simulation process in visualizing PDEs. It is used to solve PDEs where each cell represents an
individual solution of the equation and combining these individual solutions in the network results
in a solution of the entire mesh and equation. Meshes are referred to as grids as well, and meshing
(generating a 2D or 3D grid) helps discretize a PDE and analyze it with simulation. Therefore,
meshes enable dividing the problem domain of the PDE into multiple subdomains by discretizing
the equations and solve these discretized subdomains instead of solving the entire problem at once.

In the classical spectral method, the solution to the differential equation is approximated
by a function U(x) that is a linear combination of a finite set of orthogonal basis functions as shown

below,

N
U(w) =Y csos(@) (24)



and the coefficients are chosen to minimize an appropriate norm of the residual function.
This is sometimes called a Galerkin approach. The SDC method we discuss in this section takes a
different approach and is viewed as expressing U(x) as shown in equation 2.1.1 but then requiring
U//(xi) = f(z;) at N — 2 grid points, along with the two boundary conditions. The differential
equation will be exactly satisfied at the grid points by the function U(z), although in between the
grid points the ODE generally will not be satisfied. This is called collocation (collocation problem)
and is sometimes called spectral collocation [30]. Each of the points the ODE is not satisfied is called
a collocation node, and these collocation nodes and the dimension of the ODE system is solved for.

Deferred Corrections are defined as follows — instead of solving an equation for the solution
of the ODE, solve the equation for the error and refine the solution with the error calculated. This
leads to a cheap and simple scheme for solving for the error, giving a low order approximation of
the error. However, by further repeating and performing more iterations, we can solve for the error
and refine the solution. This allows to generate high-order solutions from a low-order base method.
SDC methods are generally aimed at solving ODEs. We can utilize it to solve PDEs by rewriting
the PDE as a system of ODEs using finite differences [30]. The reader is pointed to literature in
[13, 30, 10, 53] for further understanding of SDC.

Figure 2.1: A Simple Mesh

2.1.2 Parallelizing SDC

Solving initial value problems using collocation is ideal due to the convergence and stability

property [46]. Given a system of M collocation nodes and a N-dimensional system of ODEs, a
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system of size M N x M N has to be solved utilizing SDC. An iterative strategy here is preferred,
where instead of the full system, only M smaller systems of N x N need to be solved for each itera-
tion. This iterative structure of SDC has proven to be beneficial for algorithmic and mathematical
improvements, as convergence can be accelerated by GMRES [21] and efficiency of SDC can be
improved further [48]. SDC has been applied to gas dynamics and incompressible or reactive flows
[8, 34, 27] as well as fast-wave slow-wave problems [40].

This iterative approach enables time-stepping, which enables efficient parallel-in-time inte-
gration [46]. Furthermore, using SDC, the “parallel full approximations scheme in space and time”
(PFASST) by Emmett and Minion [16] integrates multiple time-steps simultaneously and uses SDC
sweeps or iterations on a space-time hierarchy. This allows for spatial parallelization or “paralleliza-
tion across the steps” of PDEs where parallelization in the temporal domain acts as a multiplier for
standard parallelization techniques in space. On the other hand, “parallelization across the method”
approaches parallelize the integration of each time-step individually. This leads to small-scale par-
allelization in the time-domain, yet parallel efficiency and applicability of these methods are more
favorable. Thus, parallelizing SDC across the method and allowing the computation and update of
collocation nodes concurrently is the optimal and efficient approach for solving IVPs of ODEs and

PDEs.

2.2 pySDC

pySDC is a python implementation of spectral deferred correction (SDC) methods. It is
a framework for simulating collocation problems faster. It allows the user to test various flavors
of SDC, PFASST methods and perform parallel-in-time integration over a wide range of problems.
This library is built by the scientists at Julich Supercomputing Center (JLS) [47]. For both SDC
and PFASST algorithms, there are various parameters to define such as the time-step size, type,
and number of collocation nodes and number of iterations for the residual (convergence condition).
Moreover, the spatial problem defining the system of ODEs has to be defined and the right-hand side
of the ODE has to be evaluated. pySDC as a library enables the user to choose from a multitude
of options for SDC, PFASST or any other solver of collocation problems and provides as much
flexibility as possible while exposing only few internals as absolutely necessary. The main website

for pySDC can be found at [2] and the GitHub repository at [1]. The pySDC package is divided into



seven subfolders containing various components of the framework:

e core: This folder contains the core components of pySDC, providing the basis for deriving
custom functionality such as sweepers, problem classes, and transfer operators, but also the

main structures level and step.

e implementations: In different subfolders, this part contains all implementations of pySDC’s
functionality. For example, problem classes, data types, collocation classes are defined and pro-
vided for further use. This folder should contain all implementations of relevance for multiple

examples or of general interest.

e projects: This folder consists of all larger projects leading to publications or suitable for further
demonstration. There are also specialized versions of the implementations which are used

exclusively for the purpose of a single project.
e playgrounds: The playgrounds are a loose collection of smaller projects and code snippets.

e tutorial: Seven tutorials are located to provide an easier access to the theory, the code, and its
functionality. The tutorials range from simple SDC runs to multi-level setups and MPI-parallel
PFASST studies. Each tutorial has a specified outcome, and the whole set of introductory codes

is tested each time before deployment.

e tests: This folder contains the tests to be run for the entire pySDC package. These consist of
simple executions of tutorials and parts of the projects, as well as more direct tests of the core

functionality of pySDC.

e helpers: Here, smaller tools and scripts are located, e.g., helping users to plot or evaluate

statistics.

2.2.1 Memory Intensive Nature of SDC and pySDC applications

SDC'’s process of simulating collocation problems iteratively using parallel-in-time methods
for arriving at the solution requires storing and exchanging of nth dimensional volume data for
each parallel point in time. The framework is not only parallel-in-time, but also parallel-in-space.
Therefore, for each time point and collocation node of the SDC problem, data is generated. If an ap-

plication’s simulation consists of M parallel-in-time stages (collocation nodes) and three-dimensional

10



data, where the full spatial problem has to be stored for the next iteration, the memory demand
for a single state variable is M x N, x N, x N, per time-step. For a simulation with many state
variables or stages, the memory requirement is considerable, making SDC and therefore pySDC
memory-intensive and the need to reduce the memory footprint. For pySDC’s memory footprint
to be reduced and further improve the memory requirements, data compression is the preferred
method. pySDC is an acceptable candidate for inline compression because a simulation requires the
full spatial problem to be stored for multiple parallel points in time. Due to the need for each of M
parallel-in-time stages to have Nx x Ny x Nz data for each time-step the data required for a large

simulation is massive [47].

2.3 Data Compression

Compression of scientific data is significant due to the ever-increasing volume of data gen-
erated by large-scale scientific applications. The volume of big data generated by High-Performance
Computing (HPC) applications as well as application frameworks like pySDC is massive. Hard-
ware/Hybrid Accelerated Cosmology Code (HACC) produces 40 terabytes of data in 500 snapshots
with 1 trillion particles. Exascale runs estimated to be 125 trillion particles and 5 petabytes per
snapshot. Data compression by representing information in a compact form enables data reduc-
tion which helps with optimal usage of storage bandwidth. There are mainly two types of data

compression techniques, as described below:

e Lossless Compression: results in a bit wise reproducible compression/decompression oper-
ation to the original data. There is no loss of information and the data is recovered easily.
Lossless compression is mainly used to compress images, sound, and text files. The amount
of compression as measured by the Compression Ratio described in section 2.3.2 is low. Loss-
less compression is important for applications where the accuracy and preserving the context
is significant, as here there is no loss in performing compression and the compressed data is

equivalent to the original data.

e Lossy Compression: results in an output from compression/decompression that is not bit-
wise reproducible to the original data compression. It is used to compress large text files, audio

and video files. The amount of compression as measured by the Compression Ratio described
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in section 2.3.2 is considerably high. If an application’s accuracy is not of utmost importance
and some amount of error under a threshold is allowed, lossy compression is favorable for its
higher compressed size and greater reduction of data than lossless compression. It trades in

accuracies for larger reductions in file sizes.

A compressor facilitates the data compression for the application. It enables the application to com-
press or encode data when required to be stored and decompress (decode) data when the compressed

data is to be operated upon by the application.

2.3.1 Inline Compression

Data capacity and bandwidth is a constraint in High-Performance Computing (HPC) ap-
plications. A new approach to perform compression and reduce the data and memory bottleneck
is performing compression and using compressed arrays throughout the application. The array is
stored in a compressed array and converted to IEEE-754 decompressed arrays when required to per-
form computation upon [18]. This is called inline compression. Inline compression compresses and
decompresses data needed by the application as it moves in and out of its working set that resides
in main memory or any other block in the memory hierarchy. Therefore, after every write and store,
the data is compressed and for every load, the data is decompressed. An important point to note
here is that the data is always stored in its compressed state and on loading, only the decompressed
values of the array are utilized, and the array still exists in its compressed state. Figure 2.2 displays

how the data will be compressed and stored in main memory in the memory hierarchy.

CPU
Registers

Cache Memory
(SRAMS)

Write/Store >
Compress

Main Memory
Read/Load > (DRAMS)

Decompress Magnetic Disk

(Di age)

Magnetic Tape

Figure 2.2: Inline Compression in Memory Hierarchy

2.3.2 Compression Metrics to Assess Performance

The compressors are assessed using the following metrics:
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e Compression Ratio is the ratio of the number of bits required to represent the data before

compression to the number of bits required to represent the data after compression.
e Rate: is the average number of bits required to represent a single data sample.
e Error: refers to the difference between the original data and the compressed data.
e Compressed Size: is the number of bits required to represent the data post compression.
e Uncompressed Size: is the number of bits required to represent the data before compression.
e Decompressed Size: is the number of bits required to represent the data post decompression.

e Absolute Error: is the absolute value of the error Lossy Compressors can be further assessed

through the following metrics:

e Distortion: is the difference between original data and reconstructed data after performing
lossy compression. It is also referred to as fidelity and quality, and high fidelity means that

the difference between the original and reconstructed data is small.

2.3.3 libpressio - Universal Compression library

libpressio [49] is a C++ library that abstracts all lossless and lossy compressors. It allows the
user to set the compressor, other parameters for compression such as the error bound and the error
bound method. libpressio also provides all metrics with respect to compression such as compression
ratio, compressed size, uncompressed size, decompressed size in bytes as well as the compression and
decompression time. The pressio class component of libpressio creates references to compressors,
handles errors, metrics, and IO modules. pressio data component handles the memory management,
compresses and decompresses data and pressio metrics measures the performance of compression
and the quality of compression.

We utilize lossless compressors in our compression methodology to preserve the accuracy of
applications and ensure there is no error in compressed data. We specifically utilize blosc described

below with Zstd algorithm to perform lossless compression inside the application.
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2.3.4 Blosc - Lossless Compressor

Blosc [7] is a high-performance computing lossless compression library that uses blocking,
shuffling and compression to improve the memory access speed of data. It has been designed to
transmit data to the processor cache faster than the traditional, non-compressed, direct memory
fetch approach via a memcpy() OS call. Blosc reduces the size of large datasets on-disk or in-memory
and accelerates memory-bound computations. It uses the blocking technique to reduce activity in
the memory bus. This technique works by dividing datasets in blocks that are small enough to fit
in caches of modern processors and perform compression / decompression there. It also leverages
multi-threading capabilities of CPUs, in order to accelerate the compression / decompression process
to a maximum.

libpressio allows incorporating Blosc’s lossless compression library for lossless compression
purposes. We utilize Zstandard (Zstd) compression algorithm in Blosc to preserve the fidelity of the

application.

2.3.4.1 Zstandard (Zstd) — Lossless Compression Algorithm

Zstandard (Zstd) [17] is a fast lossless real-time compression algorithm, providing high
compression ratios. It also offers a special mode for small data, called dictionary compression, where
the compressor represents repeated data by their position in the dictionary. Zstd trades compression
speed for stronger compression ratios. It is configurable by small increment. Decompression speed
is preserved and remain roughly the same at all settings. We incorporate Zstd due to its lossless
nature and providing fast compression speeds and high compression ratio.

While compression and decompression operations enable the application to optimally utilize
memory resources, these operations incur an additional overhead. Decompression operations add to
access latency as to read an array, the array is decompressed and then read from. Therefore, storing
the decompressed values in a software managed cache, reduces the number of operations for future

accesses to the values and further improves the latency for the arrays.

2.4 Software Caching

This section describes the background on software caching. A software cache operates at

the application and system software level and provides fast access or minimal latency to operate
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on arrays (read or write). As naive inline compression and decompression incurs an additional
overhead into an application, caching the decompressed values in a software cache limits the number
of compression and decompression operations which enables the application to reduce the overhead

while reducing the memory requirements, thereby improving the performance of the application.

2.4.1 Cache Parameters Affecting Performance

The configuration of a cache affects its performance. It therefore is essential to choose the
optimal cache parameters that optimize the cache performance and maximize the hit ratio. The

different parameters affecting the cache performance and are as follows:

1. Cache Size: is defined as the amount of main memory data that exists in the cache. It is the

number of bytes in each data block times the number of cache block or cache line.
2. Block Size: is defined as the number of bytes stored in each data block of the cache.

3. Associativity: If a cache has multiple cache blocks k at each location, k is the associativity

of the cache where each location or cache line is called a set.
Caches are of different types based on the associativity. The two popular types of caches are:

1. Direct Mapped Cache: In these caches, an address maps exactly to one location. To
determine if a value is present, the address is hashed, yielding a location inside the cache.
Provided the entry is valid and the address tag matches, the value is found in the cache.
Storing a single value in each cache block enables many dispirit addresses to be stored in the
cache. If two addresses map to the same location, an eviction occurs and the evicted block is

replaced by a new block containing the address of the load/store [39].

2. Set Associative Cache: Improves over a direct mapped cache by allowing multiple cache
blocks at each location (set). A k-way set associative cache has k blocks in each set. To
determine if a value is present in the cache, the address is partitioned into 3 bit fields: tag,
index, and offset. The index determines what set the address maps to. The tag along with a
dirty bit is used to determine if the address is within any block in the set. Finally, the offset

is used to locate the address location inside the identified block [39].

15



2.4.2 Cache Policy

An important aspect of cache design is the cache replacement policy or eviction policy when
the cache is full and arrays have to be evicted. Effective caching requires careful analysis of access
pattern of the application and exploiting either temporal, spatial or popularity locality. Depending
on the access pattern of the application’s datasets and locality of data, the optimal cache insertion
and deletion (eviction) policy is determined. Two of the most commonly used cache policies are as

follows:

1. Least Recently Used (LRU): Based on the cache log history, the cache line containing the data
block that was least recently used is evicted and replaced with the new data block. It is based
on the assumption that since this data has been accessed recently, it is likely to be accessed
again in the future. It tracks individual arrays and the recency of their access. Therefore,
applications with good temporal locality will benefit from this policy. LRU caches have O(1)

runtime complexity for insertion, access, and deletion operations.

2. Least Frequently Used (LFU): This cache policy tracks the frequency of the array and replaces
the one with the least frequency. LFU caches have the highest hit-ratio for applications with
constant spatial locality and have O(log n) access time for insertion, access, and deletion
operation [32]. The two main limitations of LFU however are that it requires maintaining
large, complex meta-data and access frequency changes over time. While various alternatives
to LFU’s have been developed, utilizing time locality or recency is the most popular alternative.
However, [32] has developed an O(1) run-time complexity for insertion, access, and deletion
operations for LFU caches which is preferable over LRU for applications with good spatial

locality.

Two other common cache eviction policies are Most Recently Used (MRU) and Most Frequently
Used (MFU).

For writing to a cache, there are two main policies - write-back cache policy and write-
through cache policy. In a write-back cache, data is written and updated in the cache every
time it is rewritten to and is updated in the main memory only when the cache is evicted. In a
write-back cache, however, data is updated in the cache and main memory every time the data

block is updated (written to) [45].
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2.5 Novelty

Based on literature, we build a compression and cache manager that reduces the overall
memory bottleneck for extreme-scale applications. This thesis therefore attempts to answer the

following research questions:
1. How does inline compression reduce the memory footprint inside large-scale HPC applications?

2. How can software caching be leveraged to reduce overhead incurred by compression operations

and improve the performance of HPC applications?

3. How do we measure the storage improvement and performance improvement in the applica-

tions?
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Chapter 3

Related Work

The two main pivotal ideas in this thesis are data compression and software caching to
alleviate memory bottlenecks in applications. Here we discuss work in literature similar to our work
in compression and software caching. This forms the basis to build our compression and cache
managers and the performance model to assess them.

Previous work has explored the use of hardware compression to expand the size of hardware
caches and main-memory [5, 37, 11, 33, 23]. In [43], they propose a decoupled compressed cache
(DCC), which exploits the spatial locality of an application and improves the performance and
energy-efficiency of cache compression. In this mechanism, the focus is on improving the effective
cache capacity by compressing the cache blocks, therefore the cache misses reduce. Greater number
of data blocks are accommodated, the performance improves and the energy of the system reduces.
DCC increases maximum effective capacity to four times the uncompressed capacity. This is done
at the hardware cache level for last-level caches and while it incurs area overheads, it proves how
reducing the memory requirements helps improve the performance of applications and leads to
optimum utilization of resources. Sardashti, Seznec and Wood in [41] build on this DCC and
focus on lowering the overheads and improving the performance by utilizing skewed compressed
caches (SCC). SCC compacts the blocks into a variable number of sub-blocks to reduce internal
fragmentation and reduces the tag overhead. Sardashti, Seznec and Wood in [42] combine [43] and
[41] and build a simpler and practical design to utilize the benefits of DCC and SCC.

All these works focus on compression in hardware caches. The idea of software caches to

improve I/O performance has been explored in [38, 50, 44]. [31] looks at utilizing data compression
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and caching in communication networks. In order to minimize the latency in networks with large-
scale data generated at edge nodes of routing paths, data compression and caching decisions are
incorporated. They look at optimizing data compression ratios (maximizing the ratio) and cache
gains (maximum hit ratio) under an energy consumption constraint. They propose an algorithm
that optimizes the parameters for compression and caching to maximize the compression ratio and
hit ratio. The algorithm achieved near-optimal performance for a tree-structured network and
easily extends to a general network topology. While their work focuses on communication networks,
incorporating compression and caching minimized the latency in the routing path of the network and
proves to be beneficial in improving overall performance and optimal resource usage of applications.

Islam et al. and Bicer et al. in [22, 6] respectively explore software caching for distributed
applications. Caching input data for parallel tasks is explored in [52, 4]. Gok, Capello et al. in
[19] look at compressing and reducing the storage requirements in a quantum chemistry applica-
tion which has a space complexity of O(N*). Due to the calculations leading to massive memory
requirements, they leverage lossy compression to compress the integral’s data and store it on disk
to avoid recalculation and further computation. Since this application requires fast and effective
compression, they develop an algorithm, Pattern Scaling for Two-electron Repulsion Integrals (PaS-
TRI) inside the data compression package. This compression package is utilized by the application,
which analyzes the integral dataset and the patterns of the application and performs compression
using the algorithm for achieving maximum compression ratio. The algorithm leverages the latent
pattern features in the integral dataset and optimizes the calculation of the appropriate number of
bits required for the storage of the integral. The algorithm gives a good compression ratio (16.8)
while incurring minimal overhead. Our work uses a compression manager and embeds it inside the
application, similar to PaSTRI. However, we utilize a software cache as well to have faster access
to arrays and further reduce the overhead incurred during compression. The benefits of caching
as explained in works above enable the embedded compression manager to improve the memory

requirements and performance of the application.
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Chapter 4

Research Methodology of the

Compression and Cache Manager

This chapter focuses on the methodology and the working principle of incorporating com-
pression in this thesis to build the compression manager and cache manager. We first describe the
compression manager and the software cache manager built for reducing memory bottlenecks. We
delve into the design and the properties for the two managers. For the compression manager, we
describe the specific libraries and compressors utilized to perform compression. We further describe
the design choices made with respect to selection of compression methodology, caching methodology

and cache policy for replacement of a cache block and writing to the cache.

4.1 Compression Methodology
This section describes the compression methodology and tools incorporated to perform data

compression for memory intensive applications.

4.1.1 Inline Compression

High Performance Computing (HPC) applications and scientific applications run into large
scale memory requirements and memory bottlenecks. Ad-hoc compression while effective in reducing

the physical storage requirements of the applications still runs into memory bottlenecks while the
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application is running on the system. Based on the scale and size of the application, an upgrade of
physical storage is required to prevent running out of memory. Inline compression on the other hand
enables improving the effective storage and memory capacity as it compresses and decompresses data
accordingly while the application is running. Therefore, inline compression enables the application
to reduce its memory bottleneck and improve memory performance. We utilize inline compression
for the working set in main memory. We perform it in main memory specifically as the memory
performance improves and there is no dependency on secondary storage while running the application
and writing the data. Therefore, all compressed data blocks exist in their compressed state in main
memory and to read the data block, only the decompressed values of the block are utilized while

the data still exists in its compressed state in main memory.

4.2 The Compression Manager

This section describes the compression manager built to utilize compression in an applica-
tion. It describes the design choices and the compression libraries it utilizes to perform compression

inside an application.

4.2.1 Design of the Compression Manager

The memory intensive HPC applications need compression to alleviate the memory require-
ments. There are different compression libraries available which enable an application to select
compressors and incorporate compression inside the application. Therefore, the application needs a
pathway to be able to call upon the compression library’s functions and perform compression. Our
compression manager is thus a wrapper that wraps around the compression library by encapsulating
its functionalities within. It acts as an interface between the memory-intensive application and the
compressor (in a compression library) we utilize to reduce the memory footprint. In our experi-
ments, we utilize libpressio as the compression library as it provides us with a variety of compression
methodologies to choose from and abstracts all internal workings while providing the flexibility to
tune the parameters and metrics for performance assessment. The main focus of our compression
manager is to maintain the accuracy of the application and therefore we utilize lossless compression.
libpressio has the functionality to call upon Blosc, a lossless compression library and we specifically

utilize Blosc’s Zstandard (Zstd) algorithm to perform lossless compression. The interface is shown
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in Figure 4.1.
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Figure 4.1: Compression Manager as the Interface

The compression manager’s goals and design is displayed in Figure 4.2. The main objective
of this manager is to be able to compress arrays when storing them and decompress them with
minimum overhead when required for computation and operations within an application. Therefore,
from an application’s perspective the manager must know the array name, its data type, size and the
operation being performed on the array (read from or written to). These parameters are therefore
input parameters for the manager. It also takes input parameters for compression such as the
type of compressor. We do not need to know the parameters for zstd as we leverage libpressio
which handles the internal workings and parameters for zstd. For the software implementation, the
compression manager being a wrapper for multitude of compressors within the compression library
needs to be a template such that any compressor and its respective configurations are selected
while also allowing the flexibility to tune parameters for optimal compression metrics. Therefore,
the compression manager is implemented as a class manager which has the input parameters as
attributes as displayed in Figure 4.2. As we incorporate a software cache to assist the compression
manager’s operations and reduce its overhead, the manager has a cache attribute as well which
is a cacheManager class and has its attributes pertaining to the cache. These cache parameters
are tuned through this class which impact the compression manager’s overhead and optimize the

compression metrics further.

4.3 The Cache Manager

This section describes the design and workflow of the cache manager. The cache manager as

displayed in 4.3 aids the compression manager by providing access to the decompressed values of the
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Figure 4.2: Inline Compression Manager

array for loading or updating the array for storing. This reduces the number of calls for compression

and decompression thereby reducing the overhead.

4.3.1 Design of the Software Cache

The software cache stores decompressed values of the arrays and enables limited number of
compression and decompression calls to libpressio and consequently the operations. It is implemented
in software as a class cache M anager and is an attribute of the compression manager’s class manager.
This class implementation enables it to behave as a template and test different flavors of the cache by
tuning the parameters and analyzing its impact on the performance of the cache and the compression
manager. The cache manager needs the array name and decompressed values of the array as an
input. This is because the software cache only stores the decompressed values of the array and only
requires the array name and its values. Therefore, the compression manager provides it the required
inputs when it initializes the cache manager as an attribute and has to insert arrays into the cache.
The cacheManager has the software cache cache which is a key-value pair dictionary containing
all arrays varName as key and the decompressed values of the respective arrays as values. The
cache size impacts the number of decompressed arrays the cache can hold at a time. Therefore the
cacheManager has capacity as an attribute which determines the number of arrays the cache can
store. As the cache size capacity increases, the number of arrays stored increases, leading to an
increase in cache hits and fewer decompression calls. With a smaller cache, the number of cache
invalidates are high which reduce on increasing the cache size. To implement the cache policy

described in section 4.3.2, the cacheManager has dictionaries cacheFrequency and countCache

23



which enable it to implement the cache write and cache eviction policy.

Figure 4.3: Cache Manager

4.3.2 Cache Policy and Implementation

Once an array is decompressed, it has to be stored into the cache. Further, if it is to be
written to or updated, we have to update the cache block where the array is stored. We use a
write back cache since it has low latency [45] and it is written only at one place - the cache and
the I/O completion is confirmed. All large-scale applications have mixed workloads of reads and
writes. Therefore, a write-back cache is the optimal and best-performing cache write policy as read
and write I/O have similar response times [45].

Once the cache has reached its capacity and another array has to be inserted into the cache,
a cache block is evicted to be able to insert the new array into the cache. For example, if the cache
size (capcity) is 2 and two arrays A and B are to be added. A and B are first initialized and added
to the cache. Once the summation operation is performed and the result is stored in a third array
C, to insert C into the cache requires the eviction of one of the arrays already present in the cache
as the cache is full. This requires the need for a cache eviction policy which selects the block to
evict and inserts the new array block in its place. Least Frequently Used (LFU) eviction policy is
implemented for its maximal hit ratio for spatial locality applications and ease of implementation.
Here cacheFrequency for the class cacheManager stores the array and its frequency counter as a
key-value pair respectively leading to an O(1) access time. Another dictionary countCache stores
the frequency as the key and all array names with that frequency as a list of values. This enables

us to choose the array to evict based on recency of use of the array, when a conflict arises with
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multiple arrays having the same frequency counter. Based on the list, the array least recently used
is the head of the list corresponding to the frequency, and this array will be evicted. Having these
two dictionaries to implement the LFU cache eviction policy ensures the O(1) access time [32].
Consequently, we ensure that the eviction policy contributes the least possible overhead in terms of

time.

4.4 Implementation of Compression and Cache Manager

This section describes how the compression and cache manager work cohesively inside an
application to enable it to reduce its memory requirements while improving the memory performance

of the application.

4.4.1 Lifecycle of a Compressed Array

A compressed array represents the array of the application in compressed form, and through-
out the execution of the application is written to or read from. Therefore, to be able to perform
these operations, application arrays undergo a change from their uncompressed state to compressed

state to decompressed state to deletion. This entire lifecycle is described below:

e Register array in Main Memory: When an array is to be first written to, it is initialized
as a compressed array and registered in main memory mem_map of the compression manager.
The variable’s name var Name, compressor compressor, data type dtype, size size is added
to the compression manager’s (manager) main memory attribute mem_map. Within the
registration function, the compressor is initialized as well as the variable by calling libpressio’s

initialize and set configuration function.

e Write/Store array and Add to Cache: When a variable is first registered and written
to, it is compressed and added to main memory, while the variable’s decompressed values are
added to the cache cache through the cacheManager attribute of the compression manager
manager. Furthermore, after the registration for every subsequent write and store, manager
checks if the variable exists in cache, if it exists, it is updated. If the variable does not exist in
cache, the array has to be first decompressed by calling libpressio’s decompress function on the

array in main memory, and then its decompressed values are added to the cache. The respec-
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tive attributes and metrics for the cache manager such as cache dictionary, cache frequency
dictionary for the frequency counters and a cache history log is updated. Consequently, in the

compression manager, the metrics are updated by updating their respective attributes.

e Update array in Cache: While writing to a variable, if it exists in cache, it is an update
and therefore no compression is required since this is a write-back cache. Therefore, the
array’s decompressed values are written to the array in the cache while the array maintains
its unedited compressed state in main memory. The update time metric is updated and the

cache manager’s attributes and metrics are updated.

e Read/Load array: When an array is to be read or loaded, the manager first checks if it exists
in the cache. If the array exists in the cache, it is retrieved. If the array does not exist in the
cache, then it is first decompressed from main memory by calling libpressio and then added to
the cache. Once added to the cache, the array is retrieved. All the metrics for the compression
manager such as the number of decompression calls if decompressed, decompression time,

retrieval time are updated. Similarly, the cache manager’s attributes and metrics are updated.

e Evict array from Cache: If the array is to be added to cache (either to store or store
and load) and the cache size has reached its maximum capacity, the array with the least
frequency is first evicted and then the new array to be added is added to the cache. All the
frequency counters for the cache and its metrics are updated, while also updating the metrics
and attributes in the compression manager. Moreover, the evicted array’s values are now
updated in main memory and then compressed to ensure the array is up-to-date in accordance

with the write-back cache mechanism. The number of cache invalidates are updated.

e Deregister array from Main Memory: Once the array variable is deallocated, the variable
is deleted from cache if a cache exists. If it already exists in cache, it is deleted from main

memory to finally deregister it as a compressed array.

4.5 Metrics and Performance Modeling

The metrics help assess and quantify the impact of incorporating compression and caching

inside pySDC. They further provide insights on how the run-time and storage requirements of the
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Algorithm 1 Algorithm for Compressed Mesh Arrays Lifecycle

Require: varName, compressor, dtype, size, varOperation
Run application
Initialize manager
Initialize cache M anager
Get varOperation
if varOperation is Register then
Add varName, compressor, dtype, size, stage to mem_map dictionary in manager
Update registered variables and active registered variables in the hook*
else if varOperation is Write/Store var Name then
if var Name is in cache then
Update wvarName array’s decompressed values to the new array and update
cacheFrequency, countCache
else
if cacheSize is less than capacity then
Set var Name, compressor, call libpressio to compress and add it to mem_map
Add uncompressed var Name array to cache and update cacheFrequency, countCache,
cachelnvalidates
else
Evict array evict Array with the least frequency and least recency in cacheFrequency,
countCache
Update cacheFrequency, countCache and evictArray in mem_map and compress it
Add wvarName array to cache and update cacheFrequency, countCache,
cachelnvalidates
end if
end if
else if varOperation is Read/Load then
if var Name is in cache then
Update var Name in cacheFrequency, countCache
Return var Name array
else
Get var Name from mem_map and call libpressio to decompress var Name array
if cacheSize is less than capacity then
Add wvarName array to cache and update cacheFrequency, countCache,
cachelnvalidates
Return var Name array
else
Evict array evictArray with the least frequency and least recency in cacheFrequency,
countCache
Update cacheFrequency, countCache and evictArray in mem_map and compress it
Add wvarName array to cache and update cacheFrequency, countCache,
cachelInvalidates
Return var Name array
end if
end if
else if varOperation is Deregister then
Delete var Name from cache, cacheFrequency, countCache
Delete var Name from mem_map
Update number of active registered variables
end if
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applications are affected while incurring their respective overheads. We first delve into the metrics

and then describe how these can be used to build performance models for the managers.

4.5.1 Metrics for Evaluation

The primary metrics for the compression manager and cache manager are described below.

1. Number of Compression and Decompression Calls: is the number of calls to libpressio
to perform compression or decompression, respectively. By building our compression manager
and incorporating our software cache, we have faster access to decompressed values, which

should reduce the number of calls to libpressio.

2. Time taken to Compress/Decompress: The total time taken for the compression manager
to perform compression or decompression by calling upon libpressio’s encoder (compression)

or decoder (decompression) function.

3. Number of Cache Invalidates and Evictions: Cache Invalidation is the process of deeming
an array block in the cache as invalid and removing it, leading to cache eviction or updating
it. Number of cache invalidates is the frequency counter of the number of times an array is
deemed invalid and evicted. The number of cache invalidates equal the number of evictions in
our cache manager, as we remove the array every time it is deemed invalid. We only deem an
array invalid when the cache size is at its maximum capacity and an array has to be stored,

so one of the array will have to be evicted.

4. Compression Ratio: is defined as the ratio of the size of uncompressed data in main memory
in bytes to the sum total of the size of compressed data in main memory and size of decom-
pressed data in the cache. Equation 4.1 displays the Compression Ratio where CR is the
compression Ratio, nypcompirem is the size of uncompressed data in main memory, ncompmem
is the size of compressed data in main memory and ncgcpe is the size of decompressed data in

cache.

CR = NyUncompMem (41)
NCompMem + NCache
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4.5.2 Performance Model

The performance of the compression manager and cache manager are assessed through the
metrics described above. We use these metrics to design a performance model which helps understand
and quantify the impact of compression and caching on the memory-intensive applications. This
performance model will be used in chapter 6 to display the overall model for the compression and

cache manager and its impact on improving memory performance and storage of the application.

1. Compression Ratio with Cache Size: Equation 4.1 shows how compression ratio is cal-
culated for the compression manager. It is dependent not just on the uncompressed and
compressed size of arrays in main memory but also on the decompressed size of arrays in
cache. Therefore, as the cache size increases, the compression ratio will reduce as the increase
in cache size will add to the larger size of decompressed arrays in cache, thereby reducing the

overall compression ratio.

2. Compression/Decompression Time: The total amount of time incurred while performing
compression and decompression is an important overhead. On utilizing a cache since the
number of compression and decompression calls change and the cache eviction overhead comes
into the picture as well, we add the overhead time due to the cache as well in the compression
and decompression times. Therefore, this model enables us to use the metrics above and
know the total overhead in incorporating compression. Moreover, it helps know the optimal
parameters for the compression manager as well as the cache manager for the applications.

We model the total time for compression and total time for decompression as follows:

TC = TCompMainMem + TCacheUpdate (42)

Equation 4.2 where T is the total time for compression and comprises the time taken to
compress the array and add to main memory Tcompmainiem and the time taken to just
update (for all the writes/stores) the decompressed values of the array in cache if a cache
exists and the array exists in cache TcacheUpdate: 1CompMainiem is the time for compression
when a cache does not exist or if it does, the array is not present in the cache. This time can
be further sub-divided into time taken to call libpressio to compress the array and add to main

memory Tcomp and if a cache exists, time taken to put the uncompressed values of the array
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in the cache Tg.; and if the cache is full, time taken to evict and put the uncompressed array

in the cache TcucheEvict-

TCompMainMem = TComp + TSet + TCacheEvict (43)

If the array is found in the cache, the time taken for compression only involves updating the
uncompressed array and is therefore calculated with time Tcgchetrpdate Thus, the total time

for compression can be calculated by adding all the times.

TC = TComp + TSet + TCacheEvict + TCacheUpdate (44)

For total decompression time, equation 4.5 calculates it by adding the time taken to decompress
the compressed array in main memory T'pecompiainiem and the time taken to retrieve it from

the cache for all the loads Toucheqet-

TD = TDecomp]VIain]\/Iem + TCacheGet (45)

TbecompMainMem can be further subdivided into time taken to call libpressio’s decompress
function and decompress the array in main memory Tpecomp, then add these decompressed
values to the cache if a cache exists and return the decompressed array Ts.; and time taken

for cache evictions and retrieving the required array Tcoache Bvict

TDecompMainMem = TDecomp + TSet + TCacheEvict (46)

If the array is found in the cache, the time taken to retrieve the array is Togchecet- The total
time can be modeled as follows for the total time in performing compression and decompression

on the compressed mesh arrays.

TD = TDecomp + TSet + TCacheEvict + TCacheGet (47)

In chapter 6, based on the cache configurations the metrics - number of compression/decompression

calls, number of cache hits and number of cache invalidates will change and therefore the re-
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spective timings will change. Thus the performance model will help visualize and quanitfy the

overhead for each configuration and choose the optimal parameters for the applications.

Tiot = nCmp.Tc +nDemp.Tp (4.8)
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Chapter 5

Testing Methodology for the

Compression and Cache Manager

This chapter describes the applications and framework utilized for testing our compression
manager and cache manager. We describe the pySDC [47] framework utilized to test our manager
and the specific memory intensive applications inside pySDC used for testing. We then describe how
the manager is embedded inside the pySDC framework for reducing bottlenecks in memory and the
entire workflow of the manager and the applications. Finally, the performance modeling and metrics
to assess the performance of the compression and cache managers is described. We test reducing

the memory footprint inside pySDC as it runs into extreme-scale memory requirements.

5.1 pySDC Framework

pySDC solves the differential problem Au = f using the iterative, parallel-in-time approach
of Spectral Deferred Correction (SDC) and collocation. Therefore, for each of the M collocation
nodes of the n-th dimensional system, all state variables in © have to be stored within a time-step for
the next iteration. We compress u at all parallel-in-time stages in order to reduce per node memory

requirements, to avoid running out of memory.
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5.1.1 Compressed Mesh datatype

A mesh class is a class within pySDC that performs all the arithmetic operations on the
SDC application’s meshes. Meshes are the unit of computation in Ordinary Differential Equations
(ODEs) and Partial Differential Equations (PDEs). We create a class called Compressed Mesh which
inherits from the mesh class and is used by the compression manager to initialize arrays, perform
compression functionality and arithmetic operations.

The compressed mesh objects perform the same functionalities as a mesh object but on
compressed arrays. We create this class to create a datatype that enables us to perform arithmetic
operations on compressed arrays. The compressed mesh datatype overrides mesh arrays functionality
for arithmetic operations. The compressed mesh arrays are derived mesh arrays. The compression
manager is an attribute of a compressed mesh class. A compressed mesh object therefore has access
to the compression manager and cache manager’s functionality to compress when writing to an array
and decompress and retrieve the array when reading from an array. It further uses its own addition,

subtraction, and multiplication functions to perform these operations for the application’s arrays.

5.1.2 Hooks

Since pySDC applications are run in different stages and time steps, logging the metrics at
each time step while the application is running helps evaluate the metrics and performance model.
Hook classes are created for each of the metrics and at the end of each time step, the respective
functions for the metrics are called for evaluating the metrics. Figure 5.1 shows the different hook
classes created and at the end of each time step, the add_to_stats function for each of the classes
logs the metric and is used at the end of the application run to utilize the metrics for assessment

and building the performance model.

Figure 5.1: Hook Classes for Logging Metrics
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5.2 pySDC Applications

For developing the performance model and exploring the performance impact of the com-

pression manager and cache manager, we run pySDC for two applications:

1. Allen-Cahn equation: This application is a 2D reaction-diffusion equation of mathematical

physics. The application parameters run for the experiment are shown in Table 5.1a.

Figure 5.2: Allen-Cahn Simulation of Diffusion [36]

2. Heat Diffusion: is a physics application simulating heat traveling through a region. It is a

partial differential equation and the application parameters run are as shown in Table 5.1b.

Figure 5.3: Heat-Diffusion Application Simulation [55]

Parameter Value Parameter Value
Epsilon 0.4 Nu 1.0
Radius 0.25 Order 4
Spectral No Solver type CG
Problem Size 128 x 128 Problem Size 64 x 64 x 64
Residual Tolerance 5e — 07 Residual Tolerance le—04
Maximum iterations 50 Maximum iterations 50
Number of Sweeps 1 Number of Sweeps 1
Node Type Legendre Node Type Legendre
Quad Type Radau-Right Quad Type Radau-Right
Collocation Nodes (M) 3 Collocation Nodes (M) 3

(a) Allen-Cahn Parameters (b) Heat-Diffusion Parameters

Table 5.1: Application Parameters for pySDC

These applications are chosen as these are simple ordinary differential equations (ODEs) and

partial differential equations (PDEs) and their convergence is easy to simulate. These applications
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are great for testing with, being multidimensional enables to test the memory reduction performance
of our compression manager and cache manager.

Experiments are run on Clemson’s Palmetto Cluster, and we test direct-mapped caches
for the cache manager with LFU eviction policy. The compression manager and cache manager’s
parameters are displayed in Table 5.2. The cache size ranges from 1 to 16 in powers of 2 and
the baseline is no cache being utilized. The performance metrics and the performance models are

compared with this baseline.

Parameter Value
Compressor Blosc - Zstd
Compression Type Lossless

Cache Size 1,2,4,8,16
Associativity Direct-Mapped
Cache Replacement Policy LFU

Cache Writing Policy Write-back

Table 5.2: Compression and Cache Manager’s Parameters

5.3 Workflow of the Compression and Cache Manager for
Compressed Meshes

The workflow of the entire compression manager and cache manager can be explained with
the help of an example of two compressed mesh arrays undergoing vector addition, as shown in figure
5.4. Initially, the two arrays of float datatype and size 100 x 100 are initialized as compressed arrays
and registered in main memory. As they are registered and written to, in the register operation,
the manager calls libpressio’s encode function to compress the two meshes and store them in main
memory. To perform the addition, the compressed arrays have to be first read from. Based on
the lifecycle for the load operation the manager checks if the array exists in cache, since this is the
first time these arrays are being read, the arrays are not found in the cache. Therefore, they have
to be first retrieved from main memory and decompressed, for which the manager calls libpressio’s
decode function to decompress. During the manager’s load operation and reading arrays, since the
arrays were not in the cache, it adds the decompressed values to the cache and retrieves these for the
vector addition. Once the vector addition is performed, a new array is initialized as a compressed

array and registered in main memory. The manager performs compression on the array and adds
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Figure 5.4: Workflow of the Manager — Compressed Mesh example

the compressed array to main memory. Therefore, at the end of this vector addition operation, the
three compressed arrays exist in main memory in compressed state. The decompressed values of the
two arrays added are in the cache, and the corresponding metrics are updated based on the state of
the array.

At the end of this application, the arrays are deleted (removed) from the cache and main
memory to deregister the arrays. An important point to note here is that if no cache is used, the
arrays are compressed and decompressed as per the operation from main memory itself. Furthermore,
the cache configuration adds overhead in terms of cache evictions and write-back mechanism. If the
cache size is 1 and the cache is full, array A will first be evicted before B is added to the cache. In
doing so, A’s values will be updated and compressed in main memory, and this incurs considerable

overhead.
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Chapter 6

Experimental Results and

Discussion

This chapter describes the results and performance modeling for the compression manager
and cache manager. It further delves into explaining the performance implications of the metrics

and the model.

6.1 FEvaluation of Performance Metrics

We evaluate the two scientific applications - Allen-Cahn equation and Heat-diffusion equa-
tion by running it on the Palmetto Cluster and analyze the results using data frames. The different

metrics assessed for the compression manager and cache manager are described below.

6.1.1 Number of Compression/Decompression Calls Metric

The metric number of compression and decompression calls helps understand the overhead
incurred by incorporating compression through our compression manager. The number of compres-
sion calls are a considerable factor, as every compression call requires the compression manager to
call upon libpressio and the specific compressor (Zstandard (Zstd) in our experiments). Therefore,
the number of compression and decompression calls help assess the performance of the compression

manager by showing how much overhead is incurred inside the application.
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Figure 6.2: Number of Compression and Decompression Calls for Heat-Diffusion

Figures 6.1 and 6.2 show the number of compression and decompression calls for Allen-Cahn
(AC) and Heat-diffusion, respectively. As the cache size increases, the number of compression and
decompression calls reduce. This is because with an increase in cache size, the number of cache hits
increase and the decompressed arrays can be retrieved for loading the array or updated for storing
the array. Therefore, there is no need to call libpressio’s functions to compress or decompress for
updating or retrieving the array, respectively. The reduction in number of calls helps reduce the
overhead incurred by the application in incorporating compression.

A hook class is created for logging the number of active registered arrays at each time step
to understand the number of variables in main memory and how the cache manages all the arrays
as described in section 5.1.2. Table 6.1 shows the number of active registered variables for both
the applications for all the time steps. In both the applications, the first time step has 14 active

registered arrays and all the following time steps have 15 active registered arrays. At every time step
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Time Step Allen-Cahn Heat-Diffusion
1 14 14
2-10 15 15

Table 6.1: Number of Active Registered Variables for all Time Steps

14 arrays are active, however in the first time step one array is registered and active throughout the
entire run, it is never deleted from main memory. Therefore, it resides throughout and 15 actively
registered variables exist.

When the applications are run with the baseline which is the no cache manager, all 14 or
15 arrays have to be compressed and decompressed for every store and load respectively, leading to
the maximum number of compression and decompression calls. On incorporating small cache sizes
of 1, 2 and 4, we see a decrease in number of compression and decompression calls. This is because
the arrays that exist in cache can be easily retrieved and updated and do not require corresponding
decompression and compression calls. However, these small cache sizes have very similar number
of compression calls and decompression calls and this alludes to the fact that the number of active
registered variables are significantly larger than the cache size, leading to large number of cache
evictions. As the cache size increases to 8, a significant reduction is observed, while with a cache
size of 16 the minimum number of compression and decompression calls is observed as the entire
working set fits in the cache. Once the entire working set fits in the cache, there are no more calls
required to libpressio as no cache evictions occur and all the stores and loads happen directly in the

cache itself.

6.1.2 Compression/Decompression Time Metric

On incorporating the cache, we see the number of compression calls and decompression calls
decrease, thereby reducing the overhead of the compression manager and libpressio. This should
therefore translate into reducing the time taken to compress and decompress arrays. However, the
compression and decompression time does not reduce for small cache sizes and incurs a significant
overhead as displayed in figures 6.3, 6.4, 6.5 and 6.6 for both the applications. On increasing the
cache size to 8 and 16, the overhead barrier is broken and the compression and decompression time
are less than the baseline test. This is because small cache sizes lead to large number of cache
evictions, and this is explained below with the help of the number of cache invalidates metric. This

metric was logged through another hook class, calculated based on the number of cache evictions
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Figure 6.3: Allen-Cahn Application Compression Times

and Least Frequently Used (LFU) policy when the cache size was at its maximum. The compression
time corresponds to the total compression time, nC'mp x T and the decompression time corresponds
to the total decompression time, nDcmp X Tp described in the performance model in chapter 4.

This enables us to discuss the performance implications in section 6.2.

6.1.2.1 Number of Cache Invalidates Metric

Figures 6.7a and 6.7b display the number of cache invalidates for both the applications.
For the baseline test, there are zero cache invalidates as there is no cache. For the same cache
size, at different time steps we see an increase in cache invalidates and this is because for certain
time steps, the application took higher number of iterations in that time step to converge and thus
the number of cache invalidations increased. On incorporating small cache sizes of 1, 2 and 4, the
cache invalidates are considerably high as the number of cache evictions are high. These high cache
evictions can be attributed to the working set having comparatively higher number of arrays to be
written to or read from, and using the LFU cache eviction policy leads to the least counter array
data being invalidated and evicted once the cache is full.

As the cache size increases to 8 and 16, the number of cache invalidates reduce as more

arrays fit into the cache and cache evictions are less. When the cache size is 16, after all the arrays
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Figure 6.6: Heat Diffusion Application Decompression Times

have been added to the cache, there are no evictions as the entire working set fits into the cache
leading to no more evictions and cache invalidations.

Once an array is deemed invalid and evicted, it is updated and written to its most recent
values in main memory as we use the write-back cache policy. However, every eviction garners
writing back to main memory and calling the compression manager to compress the data and store
it in a compressed mesh array. For small cache sizes, this incurs a significantly large overhead as
the cache evictions are high and the arrays are constantly written back to and compressed. This
number of cache invalidates lead to the corresponding number of write-backs in main memory and
from figures 6.7a and 6.7b, this is significantly high. This is the main reason we see that the small
cache sizes have higher times for compression and decompression than the baseline, despite the
number of calls for compression and decompression being less.

Therefore, once the cache size is large to have a larger subset of working set arrays stored in
the cache, the cache evictions reduce. The lesser number of cache invalidates lead to less write-backs
to main memory and therefore reduce the overhead considerably due to eviction and compression
for the write-back to main memory. Therefore, these cache sizes have lower times for compres-
sion and decompression and benefit the application performance by reducing the compression and

decompression time.
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6.1.3 Compression Ratio Metric

Table 6.2 displays the compression ratio achieved by the Zstd compressor for all the cache
sizes for both the applications. The compressor is configured by libpressio and Blosc and our man-
ager utilizes this configuration. The Compression Ratio is calculated as per equation 4.1. Therefore,
increasing the cache size increases the number of decompressed arrays and the total size of decom-
pressed arrays, eventually decreasing the compression ratio. We believe the reason for not seeing
a compression ratio greater than 1 is the nature of the data (floating point) and the metadata.
However, as the cache size increases, the decompressed values are readily available and the cost to
compress and decompress by calling libpressio is reduced. However, the main point of incorporating
compression into the applications is to reduce the memory footprint, and the compression ratio is
an important indicator of the memory footprint reduced. The next steps involve working on im-
proving the compression ratio by utilizing lossy compression techniques, which due to their nature
of introducing error within a certain threshold help compress a greater amount of data and increase

the compression ratio. This is discussed further in the next steps and conclusion in chapter 7.

Cache Size Allen-Cahn CR  Heat-Diffusion CR

No Cache  0.9998 0.9999
1 0.9332 0.9333
2 0.8749 0.8749
4 0.7777 0.7777
8 0.6363 0.6666
16 0.5832 0.5599

Table 6.2: Compression Ratio for pySDC applications
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6.2 Performance Implications

The metrics above help build the performance model as described in the methodology in
chapter 4. The compression and decompression times are modeled based on the number of com-
pression calls and decompression calls. These compression and decompression times are added for
all the compression calls and decompression calls respectively, and the break-up of each of the times
based on the performance model equations in section 4.5.2 are adhered too. One can see that the
cache evictions are high for small cache sizes and therefore take up the major proportion of the time
as well. As the cache size increases, the overall compression and decompression times reduce due
to the reduction in cache invalidations and cache evictions. Therefore, a cache size encapsulating
the entire working set helps the manager have minimum time overhead and further improves the

memory performance of the application.
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Chapter 7

Conclusions and Discussion

This chapter summarizes the objective and results obtained while paving the path for the

next steps and future work.

7.1 Discussion of Results

High-Performance Computing (HPC) applications are memory intensive due to the extreme
scale nature, and simulations required for these applications. An example is pySDC, a framework
implementing spectral deferred correction (SDC) methods for ordinary differential equations and
partial differential equations. These applications run into memory bottlenecks due to its iterative
strategy using parallel-in-time methods, and with respect to the volume of data being stored and
exchanged. Reducing the memory bottleneck enables the application to have optimal usage of
memory resources and improves the memory performance of the application, which further improves
the performance of the overall application. We therefore incorporate compression to reduce the
memory bottleneck by building a compression manager. This compression manager abstracts all
compression functionalities by utilizing compression library as libpressio and helps the application
store data in compressed form. We further aid the compression manager using a cache manager
that reduces the number of compression and decompression calls by keeping decompressed values
of arrays for instant access. It minimizes the latency incurred by the compression manager to read
and write to arrays, and therefore helps keep the time overhead to a minimum for the compression

manager.
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Incorporating our compression manager and cache manager enables the application being
less memory intensive and improves the storage requirement as well as optimum usage of resources.
The optimal parameters for the compression manager and cache manager are determined through
our performance model and also vary from application to application based on the access patterns
for the application. Overall, we see that a cache size of 16 or one that fits the entire working
set of the application have minimum compression and decompression calls by leveraging minimum
cache evictions. This considerably reduces the total time overhead as per the performance model.
However, we can further improve the compression ratio by changing our compression parameters,
as the cache does inflate the decompressed sizes in bytes. This is discussed in our next steps and

future work below.

7.2 Future Work

For the purposes of this thesis and for preserving the accuracy of the data, we tested our
compression manager with lossless compressors in our compression manager utilizing the library
libpressio, specifically Blosc library for lossless compressors and the Zstd algorithm. While the results
with respect to the number of compression calls, compression/decompression time and number
of iterations the solution took to converge were preserved, the compression ratio and the overall
application runtime were not optimal. To further improve the compression ratio and memory storage
performance, introducing lossy compression is ideal. Lossy compression by introducing error and
not preserving the accuracy of the data is able to compress greater amount of data, which helps get
greater compression ratio and memory performance for an application.

Thus, our next steps involve introducing and running experiments with different lossy com-
pressors such as SZ, ZFP and their configurations through libpressio. In introducing lossy compres-
sors, parameters such as error Bound, error BoundM ethod will be introduced and the configurations
of the compressor will affect the compression metrics.

We would also look at partial inline compression for certain stages of the application in
the background while the other stages are running in parallel, and therefore reduce the memory

bottleneck with minimal overhead and further performance improvement of the application.
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