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Abstract

The increasing core counts and architectural heterogeneity of modern processors make
performance optimization insufficient if energy consumption is not simultaneously con-
sidered. By providing a novel characterization of how the interaction between hybrid
architectures and system software disrupts the traditional correlation between execution
speed and energy efficiency, this research study analyzes the performance-energy trade-
offs of parallel LU matrix decomposition algorithms implemented in Java, focusing on the
Crout and Doolittle variants. This study is conducted on four different platforms, including
ARM-based, Hybrid x86, and many-core accelerators. Execution time and speedup are
evaluated for varying thread counts, while energy consumption is measured externally
to capture whole-system energy usage. Experimental results show that the configuration
yielding the maximum speedup does not necessarily minimize energy consumption. While
x86 systems showed energy savings exceeding 80% under optimal parallel configurations,
the ARM-based platform required distinct thread counts to minimize energy consump-
tion compared with maximizing speed. These findings demonstrate that energy-efficient
configurations represent a distinct optimization space that often contradicts traditional
performance metrics. In the era of hybrid computing, green software optimization must
transition from a simplistic “race-to-sleep” paradigm toward sophisticated, architecture-
aware strategies that account for the specific power profiles of heterogeneous cores to
achieve truly sustainable high-performance computing.

Keywords: LU decomposition; performance—energy trade-off; Multithreaded Java;
hybrid architectures; Green Computing

1. Introduction

Matrices are fundamental tools in modern science, as they provide a compact and
powerful way to represent and manipulate complex data. In computer science in partic-
ular, matrices are essential to tasks such as image processing, machine learning, graph
algorithms, and computer graphics. For instance, neural networks rely heavily on matrix
representations to model weights and activations, while graphics pipelines use matrices
to perform geometric transformations efficiently. By structuring data and operations in a
consistent mathematical framework, matrices enable algorithms to scale and generalize
across a wide range of scientific and engineering problems [1].
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However, as matrix sizes grow, the computational cost of operating on them increases
rapidly [2]. Common operations such as matrix multiplication, inversion, and solving
linear systems can become extremely expensive in both time and memory, especially for
large-scale applications like big data analytics and scientific simulations. The sheer number
of arithmetic operations required for large matrices can lead to performance bottlenecks,
making naive implementations impractical for real-time systems or high-performance
computing environments. This challenge drives the need for more efficient numerical
methods and optimized algorithms.

One such method is LU decomposition, which factors a matrix into the product of a
lower triangular matrix (L) and an upper triangular matrix (U). This decomposition signif-
icantly improves computational performance when solving systems of linear equations.
By transforming the original problem into simpler triangular systems, it allows solutions
to be computed efficiently through forward and backward substitution, rather than re-
peated costly direct methods. LU decomposition reduces overall computation time and
improves numerical stability, making it a cornerstone technique in efficient scientific com-
puting, while also enabling high-performance implementations that benefit from decades
of optimization research in the field [3].

Concurrent with algorithmic advancements, the hardware landscape is undergoing
a paradigm shift. While traditional processor design prioritized increasing the count
of identical cores with predictable scaling, the industry has pivoted towards heteroge-
neous architectures. This trend is most visible in modern hybrid designs that integrate
high-performance cores (P-cores) with energy-efficient cores (E-cores). These architectures
decouple the direct relationship between core count and throughput by introducing pro-
cessing units with distinct microarchitectures, instruction-level capabilities, and power
profiles. Consequently, algorithms that were originally optimized for homogeneous mul-
ticore environments require a fundamental re-evaluation to determine their behavioral
efficiency on this emerging class of hardware [4].

To fully assess the implications of this architectural movement, it is no longer sufficient
to evaluate algorithmic performance solely in terms of execution time [5]. The coexistence
of performance-oriented and energy-efficient cores in these modern processors introduces
new trade-offs between speed and power usage that directly impact overall system ef-
ficiency [6]. An algorithm may achieve lower execution times yet does so at the cost of
significantly higher energy consumption or, conversely, utilizes energy-efficient cores to
reduce power usage while increasing runtime. Therefore, studying energy consumption
alongside execution time is necessary to obtain a deep understanding of how algorithms
such as LU decomposition behave on different architectures. Only by analyzing both di-
mensions together, it is possible to capture the true performance-efficiency relationship and
determine whether modern processors deliver meaningful gains over their predecessors in
practical, real-world scenarios.

In this work, we address these challenges by analyzing parallel LU decomposition
algorithms implemented in Java. We focus on the Crout [7] and Doolittle [8] methods,
evaluating their behavior across different architectures, ranging from contemporary het-
erogeneous processors to traditional homogeneous multicore systems and even high-core-
count server-class systems. This evaluation also spans three different operating systems
to provide a comprehensive view of the software-hardware interaction stack. This study,
subsequently, aims to tackle the following research questions:

RQ1. How do heterogeneous architectures affect the runtime of the considered parallel
LU decomposition algorithms?

RQ2. How do heterogeneous architectures affect the energy consumption of the consid-
ered parallel LU decomposition algorithms?
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RQ3. What is the relationship between runtime and energy consumption for the con-
sidered parallel LU decomposition on heterogeneous architectures?

This work addresses the challenges mentioned above by analyzing parallel LU de-
composition algorithms implemented in Java. The main contributions of this paper are
summarized as follows:

1. A systematic evaluation of the Crout and Doolittle parallel LU variants, characterizing
their scalability and runtime behavior in modern managed-language environments.

2. Arigorous experimental framework spanning four architectural paradigms (Hybrid
ARM, Hybrid x86, Homogeneous x86, and Many-core x86), enabling a comprehensive
comparison across heterogeneous platforms.

3. A high-precision, whole-system energy measurement approach that captures real-
world power consumption beyond what internal software sensors can provide.

4. An empirical identification of architecture-specific energy—performance “sweet spots”,
showing that energy-optimal configurations often differ from peak-performance set-
tings in hybrid processors.

The remainder of this paper is structured as follows: Section 2 reviews the state of
the art on LU decomposition and parallel computing in homogeneous and heterogeneous
architectures. After that, Section 3 describes the methodological framework, including the
LU algorithms, measurement protocols, statistical tests, and energy—performance metrics,
while Section 4 details the experimental setup, covering the evaluated algorithms, hardware
and software configurations, and energy measurement instrumentation. Then, Section 5
presents the results on execution time and energy consumption, which are analyzed and
discussed in Section 6 with a focus on performance-energy trade-offs. Finally, Section 7
addresses threats to validity, and Section 8 concludes the paper and outlines directions for
future research.

2. Related Work
2.1. Algorithmic Foundations of LU Decomposition

In mathematics, dense linear algebra operations rely heavily on efficient matrix fac-
torization: the LU decomposition, which factors a matrix A into lower (L) and upper (U)
triangular components, stands out as the cornerstone technique. Some of the classical
proven approaches usually utilized are the Doolittle [8] and Crout [7] algorithms, but
when restricted to only symmetric positive definite matrices, the Cholesky method [9] also
stands out. While these algorithms share a fundamental mathematical goal, they differ
significantly in their inner-loop structures and memory access patterns.

Early optimization efforts focused on numerical stability, as computational advances
quickly required the mitigation of floating-point errors through advanced pivoting strate-
gies [10,11]. However, as hardware evolved, the focus shifted toward computational
efficiency, leading to practical implementations in standard high-performance libraries
such as LAPACK [12] and ScaLAPACK [13], which introduced block-based algorithms
to maximize cache locality and overall performance. Recent work has revisited LU fac-
torization through block-elimination schemes with additive modifications that reduce
synchronization and communication while maintaining acceptable numerical stability [14].
However, these methods do not address the impact of hybrid CPU architectures on energy
consumption, which is the focus of this study.

In the context of modern shared-memory parallelization, the structure of the algorithm
plays a decisive role in determining achievable performance. In particular, the Crout algo-
rithm is frequently favored in experimental studies [15] because its dependency structure is
well suited to blocked, task-based parallel execution. Furthermore, implementation details
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within specific language ecosystems have been shown to significantly impact performance.
In Java, libraries such as EJML [16] and Parallel Colt [17] demonstrate that factors including
array layout (row-major vs. column-major), primitive handling, and Just-In-Time (JIT)
compilation optimizations can be as influential as the algorithm itself [18]. Accordingly,
EJML and Parallel Colt provide natural baselines for evaluating new Java-based LU imple-
mentations. Their design targets homogeneous multicore systems and therefore they do
not capture the effects of heterogeneous core architectures or operating system behavior
that motivate our study. This work fills this gap by analyzing LU implementations on
hybrid CPUs, with explicit attention to operating system effects and energy efficiency.

2.2. Parallel Execution Models and Energy Consumption

To exploit the capabilities of modern multicore processors, parallel programming
models have evolved from rigid, explicitly managed thread-based approaches toward more
dynamic and data-driven paradigms. Task-based parallelism, which decomposes compu-
tation into smaller, fine-grained tasks, has emerged as a dominant model for expressing
concurrency on increasingly complex hardware [19]. By delegating scheduling decisions to
a runtime system, task-based models can more effectively adapt to irregular workloads
and heterogeneous multicore architectures, improving resource utilization and reducing
idle time across processing units [20].

Beyond performance scalability, these execution models have important implications
for energy consumption. Runtime systems that manage task scheduling, placement, and
synchronization directly influence how cores are utilized, how frequently they transition
between power states, and how memory hierarchies are stressed [21,22]. For example,
aggressive parallelism may maximize throughput but lead to higher power draw due to
increased core activity and higher switching rates, whereas more conservative scheduling
strategies can reduce energy usage at the expense of longer execution times [23]. As a
result, the efficiency of a parallel execution model must be evaluated not only by how
quickly it completes workload but also by how effectively it balances performance with
energy costs [24]. In addition, recent work in heterogeneous systems has shown that
energy efficiency is strongly influenced by runtime behavior and operating system-level
scheduling decisions, in addition to the structure of the numerical kernel itself [25]. These
results highlight that the interaction of software runtime, hardware heterogeneity, and
power management plays a critical role in determining energy—performance trade-offs.

Moreover, as the emphasis on green software continues to grow in recent years [26],
the need to consider energy efficiency as a primary concern in software design has been
further reinforced. This perspective highlights that improvements in execution time do not
necessarily translate into proportional reductions in energy consumption, as aggressive
optimization strategies may increase power draw and offset runtime gains [5,27]. As
computing platforms now span from large-scale data centers to resource-constrained
personal and edge devices, energy consumption has become a limiting factor not only
in terms of operational cost but also with respect to environmental sustainability [28,29].
Consequently, evaluating software systems solely through performance-centric metrics
can lead to misleading conclusions, reinforcing the need for energy-aware evaluation
methodologies that jointly consider execution time and power usage.

However, these effects have not yet been systematically quantified for parallel LU
decomposition. This work addresses this gap by evaluating Java-based LU implementations
across heterogeneous and homogeneous architectures under different operating systems.
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2.3. System-Level Constraints: Heterogeneity and Operating System Policy

Modern processor design has shifted away from homogeneous multicore systems
toward hybrid architectures that integrate P-cores and E-cores within the same chip. While
this approach improves flexibility and energy proportionality, it challenges classical per-
formance models that assume identical execution capabilities across threads, making the
behavior of parallel numerical algorithms dependent not only on algorithmic complexity
or thread count but also on architectural asymmetry. Empirical studies have shown that
P-cores dominate floating-point-intensive workloads, whereas E-cores can offer improved
energy efficiency under constrained power budgets [30]. Recent evaluations of hybrid
processors such as Intel Alder Lake and ARM big.LITTLE platforms report that operating
system-level thread placement and hardware feedback mechanisms (e.g., Thread Director)
significantly affect both performance and energy efficiency. In several cases, default operat-
ing system behavior leads to suboptimal placement of compute-intensive threads, resulting
in large performance variability and inefficient energy usage [31]. This imbalance creates a
multidimensional performance—energy space in which faster execution does not necessarily
imply lower energy consumption, underscoring the need to evaluate both metrics jointly
rather than in isolation [32].

Beyond hardware design, the operating system acts as a critical mediator between
applications and heterogeneous resources. Thread scheduling, core selection, and power
management policies differ substantially across operating systems and even across ker-
nel versions. Prior studies report mixed results when comparing Windows and Linux
schedulers for compute-bound workloads, with performance advantages depending on
the specific application characteristics and system configuration [33,34]. These variations
arise from differences in scheduler heuristics, affinity handling, and default energy policies,
which can significantly alter how workloads are mapped onto heterogeneous cores. Studies
of heterogeneous systems further indicate that operating system-level resource manage-
ment and heterogeneity-aware mechanisms can reduce total system energy consumption
for CPU-bound workloads, whereas naive load balancing may negate the potential benefits
of hybrid architectures [25].

Taken together, these observations suggest that evaluating parallel LU decomposition
purely at the algorithmic level is insufficient in modern systems. Performance and energy
behavior emerge from the interaction of the chosen LU variant, the underlying processor
topology, and the operating system scheduler. While much of the existing literature
focuses on only one dimension at a time (algorithm design, operating system behavior, or
hardware architecture), this work adopts a holistic perspective by analyzing parallel LU
implementations across multiple architectures and operating systems, aiming to clarify how
algorithm design choices interact with contemporary hardware and operating system-level
resource management [35]. This combined evaluation enables a direct comparison between
algorithmic design choices, library-level implementations, and operating system-level
effects, addressing gaps left by prior single-layer analyses.

3. Methodology
3.1. LU Decomposition

The LU decomposition is a matrix decomposition method that factors a given matrix
A as a product of a lower triangular matrix L and an upper triangular matrix U. This
technique is highly used by computers nowadays when solving systems of linear equations
efficiently, as this makes them solvable directly by only the use of forward and backward
substitutions. Once the LU factorization is computed, multiple right-hand sides can be
solved efficiently, in contrast to applying Gaussian elimination repeatedly, which has an
arithmetic complexity of O(n%) per system.
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Several algorithms to compute the LU factorization exist, but for this work, we will be
focusing on two main algorithms—Crout and Doolittle—for LU decomposition without
permutation. No Cholesky factorization is implemented or evaluated in this study, as
the experimental analysis does not restrict input matrices to be symmetric positive defi-
nite. For this technique to be feasible, the leading minors of the matrix must satisfy the
following condition:

det(A;) #0 fork=1,2,...,n

Under this supposition, the factorization to be studied is
A=LxU

where A is the initial matrix, and L and U are the lower and upper triangular matrices,
respectively. To satisfy this condition in practice, input matrices are generated to be
diagonally dominant, which guarantees that all leading principal minors are non-zero and
allows LU decomposition without pivoting to be safely applied.

The sequential execution of these algorithms follows the logic presented in
Algorithms 1 and 2.

Algorithm 1 Sequential Crout decomposition.

1 procedure Crout(A,L, U, n)
2 fori=0ton—1dolU;+ 1
3 forj=0ton—1do
4 fori=jton—1do
5 SUm <— Z;(_:B Likuk]'
6 Ll']' — A,‘]‘ —sum
7 end for
8 fori=jton—1do
9 Sum Xj{;}) LUy
10 if Ljj = 0 then exit
11 Uﬁ — (A], — sum)/ij
12 end for
13 end for

14 end procedure

Algorithm 2 Sequential Doolittle decomposition.

1 procedure Doolittle(A, L, U, n)
2 fori=0ton—1dolL; + 1
3 fori=0ton—1do
4 forj=iton—1do
5 SUm <— Z;(_:l() Likukj
6 llij — A,‘j —Sum
7 end for
8 forj=iton—1do
9 sum < Y4t LUy
10 if U;; = 0 then exit
11 le' — (Aji — sum)/ll,-i
12 end for
13 end for

14 end procedure

Custom implementations for the parallel versions of these two algorithms have been
developed in Java by taking advantage of its parallelization capabilities. The specific details
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regarding task partitioning, thread management, and synchronization mechanisms for
these parallel implementations are further elaborated in Section 3.3.

An exception-handling module was also added to prevent the constructed benchmark
from terminating abruptly. To verify the correctness of these procedures, various matrices
were given as inputs, and outputs were validated without inspecting internal behavior,
following a black-box testing approach. Correctness is quantified by computing the relative
Frobenius norm of the reconstruction error, a matrix norm commonly used in linear algebra
when computing the distance between two matrices. A decomposition is considered valid
if | A — LU||g/||A||r remains below a fixed numerical tolerance, indicating that L x U is
sufficiently close to the original matrix. The Frobenius norm is computed as

| AllF =

for any matrix A of size n x m.

3.2. Runtime and Consumption Measurements

Computational performance was assessed using speedup as the primary metric, de-
fined as the ratio between the execution time of the best sequential implementation and
that of the parallel version executed with multiple threads:

Speedup _ tsequential
t parallel

The sequential execution corresponds to the best-performing single-threaded imple-
mentation of the same algorithm and matrix size.

Also, due to the intrinsic uncertainty of time measurements on electronic devices,
executions were repeated ten times for each architecture-algorithm-size polynomial, com-
puting the mean execution time value that would be later used to obtain the representative
speedup value for that specific configuration. Moreover, to reduce the impact of Java
JIT compilation, several warm-up executions were performed prior to measurement and
discarded from the analysis.

Figure 1 illustrates the complete measurement workflow. For each combination of
architecture (described in Section 4), algorithm (Crout or Doolittle), matrix size (from 3000
to 10,000 in increments of 1000), and thread count, 10 independent execution times were
recorded. Each execution consisted of an LU decomposition together with its corresponding
black-box test. Finally, the mean runtime and the resulting speedup were computed for
each configuration.
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For each Algorithm:
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& J

Figure 1. Nested methodology for runtime measurement and speedup evaluation.

In addition to performance, power consumption was also measured for every exper-
imental setup in order to provide a comprehensive assessment of the energy efficiency
of the Java implementations. These measurements enable an analysis of how different
algorithmic choices interact with underlying hardware characteristics, highlighting trade-
offs between execution speed and energy usage. By examining power behavior across
varying architectures, operating systems, and problem sizes, this study offers insights into
the balance between computational efficiency and energy cost.

Energy measurements reflect whole-system consumption, including processor, mem-
ory, and other active system components. This choice enables a realistic evaluation of the
energy impact of parallel LU decomposition in practical execution environments.

3.3. Parallel Implementation Details

The parallel versions of the Crout and Doolittle algorithms were implemented from
scratch using the Java Concurrency APIL The implementation is designed around three
main aspects: thread management, workload distribution, and synchronization.

Instead of creating and destroying threads for each computational task, which would
introduce significant overhead, the implementation employs an ExecutorService with
a FixedThreadPool. The number of threads in the pool is configured according to the
experimental setup, ranging from sequential execution up to 272 threads in many-core en-
vironments such as the Intel Xeon Phi. This approach keeps thread management overhead
low and avoids repeated thread creation during the factorization.

The LU decomposition exhibits inherent data dependencies: certain entries of the
L and U factors must be computed before others. To parallelize the computation while
respecting these dependencies, we adopt a cyclic (interleaved) distribution strategy:

*  The outer-loop index j remains sequential, since it determines the progression of the
factorization and enforces the required dependencies.

¢  For each fixed j, the inner-loop iterations that compute the elements of the current
column of L or the current row of U are partitioned across a thread pool.

*  Each thread is assigned a subset of target indices starting at i = j + thread_id, where
i denotes the computed index and thread_id is the thread identifier. The thread then
advances in strides of T (i.e., i < i 4+ T), where T is the total number of threads.

https:/ /doi.org/10.3390/app16021002
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To guarantee numerical correctness, the implementation employs CountDownLatch
as a synchronization barrier. At each decomposition step, a latch is initialized with count
T, and one task per thread_id is submitted to the thread pool. Each task computes
its assigned portion of the matrix and invokes latch.countDown () upon completion,
while the coordinating thread waits via latch.await () until all tasks have finished
before proceeding to the next step. The resulting parallel execution scheme is described in
Algorithm 3.

Algorithm 3 Parallel LU step logic.

Create latch with count T
for each thread_id € {0,...,T— 1} do
P.execute({
fori = j+ thread_idton — 1step T do
Compute element (L;; or Uj;) using sum reduction
end for
latch.countDown ()
1)
end for
latch.await() // Barrier synchronization

OO OXIO Ul WD~

—_

This mechanism ensures that all results produced in the current step are completed
and visible before they are used as inputs for subsequent calculations.

4. Experimental Setup

The experimental setup was established to assess both computational performance and
energy consumption for sequential and parallel LU decomposition algorithms, specifically
the Crout and Doolittle methods, implemented in Java. This study was conducted across
four hardware platforms chosen to represent a diverse set of modern architectural designs:

e Core i9: An Intel Core i9-12900HK hybrid processor with 6 P-cores and 8 E-cores
(14 cores and 20 threads), featuring dynamic frequency scaling up to 5.0 GHz. Evalu-
ated on both Windows 11 and Ubuntu 24.04 LTS.

*  Ryzen 7: An AMD Ryzen 7 7800X3D homogeneous desktop processor with 8 Zen
4 cores and 16 threads, operating at boost frequencies of up to 5.0 GHz. Evaluated on
both Windows 11 and Ubuntu 24.04 LTS.

e Xeon Phi: An Intel Xeon Phi 7250 many-core processor with 68 homogeneous cores
and 272 hardware threads, optimized for massively parallel workloads at 1.4 GHz.
Evaluated on Ubuntu 22.04 LTS.

*  Mac Mini: Apple Mac Mini with the Apple M4 system on chip, combining 4 P-cores
and 6 E-cores (10 cores total) in a unified memory architecture. Evaluated on macOS
Sequoia 15.1.

All parallel LU decomposition algorithms were implemented and executed using
OpenJDK 21. The Java Virtual Machine (JVM) was launched with default parameters,
specifically without the use of incubator modules or explicit SIMD flags (e.g., --add-
modules jdk.incubator.vector). Consequently, any vectorization achieved was solely
the result of the HotSpot JIT compiler’s auto-vectorization capabilities, rather than explicit
use of the Java Vector APL

The hardware configurations included two heterogeneous architectures that combine
P- and E-cores (Core 19 and Mac Mini), as well as two homogeneous architectures (Ryzen 7
and Xeon Phi). All tests were performed using square matrices with dimensions ranging
from n = 3000 (3000 x 3000) to n = 10,000 (10,000 x 10, 000).
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To evaluate energy efficiency, power consumption was measured externally in order
to capture the total system power draw. An industrial-grade NETIO PowerCable REST
101F smart socket was used to record power usage in real time throughout program
execution. To synchronize power measurements with algorithm execution, timestamps
were recorded both at the start and end of each run and aligned with the corresponding
power samples, ensuring that only the energy consumed during the effective execution
interval was considered. The total energy consumption E was computed as

where n denotes the total number of collected samples, dt is the sampling interval, and P;
represents the instantaneous power at sample i. In addition, the average power consump-
tion P was obtained as £

j—
At

where At denotes the total execution time of the algorithm for each specific configuration.

5. Results

This section exhibits the results of the execution time and energy consumption mea-
surements for the architectures studied. The analysis presented focuses on matrices of size
n = 10,000. This choice was made to reduce visual complexity and to facilitate consistent
comparisons across hardware platforms, operating systems, and algorithmic variants while
still capturing representative performance and energy behavior. Complete results for all
evaluated configurations are provided in Appendices A and B.

5.1. Impact of Parallel LU Matrix Decomposition Algorithms on Execution Time

Figure 2 presents the performance results for the Crout and Doolittle implementations
on the Mac Mini platform. The left panel shows the achieved speedup (Figure 2a), while
the right panel reports the execution time measured in seconds (Figure 2b). Together, these
visualizations allow for a direct comparison of the scalability and absolute runtime behavior
of both algorithms under the same hardware configuration.

Algorithm
—w— Crout
4{ —*— Doolittle

Algorithm
600 —e— Crout
—e— Doolittle

500

IS
o
S

Time (seconds)
w
o
S

N
o
S

=
=)
=]

P +E

Cores Cores Cores Cores

P +E

0
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Number of Threads Number of Threads

(a) Speedup (b) Execution time

Figure 2. Crout and Doolittle implementations on the Mac Mini. System configuration: 4 P-cores
(represented by the blue-shaded area) and 6 E-cores (green-shaded area), for a total of 10 threads.

It can be observed that the speedup curve of the Crout algorithm continues to increase
until reaching 14 threads. However, this growth is not uniform across all thread counts,
with the most significant performance gains occurring between 2 and 4 threads and between
6 and 8 threads. In contrast, Doolittle exhibits different behavior: its speedup increases only
up to 8 threads, with a slight drop observed between 4 and 6 threads. Beyond this point,
the speedup decreases noticeably as the number of threads increases. These results indicate

https:/ /doi.org/10.3390/app16021002


https://doi.org/10.3390/app16021002

Appl. Sci. 2026, 16,1002

11 of 26

that P-cores contribute more effectively to scalability, whereas the addition of E-cores yields
limited benefits in terms of runtime performance.

Figure 3 describes the performance results for the Crout and Doolittle implementations
on the Core i9 platform, evaluated under both Linux and Windows operating systems.
Focusing on the Linux results (see Figure 3a,b), both algorithms exhibit an initial increase
in performance as the number of threads grows, up to the point where the thread count
matches the number of available P-cores. Beyond this point, a sharp performance drop is
observed for both methods, although with different magnitudes. Crout is more severely
affected, with its speedup decreasing to values close to those obtained using only two
threads. In contrast, Doolittle experiences a more moderate reduction, losing approximately
half of the performance drop observed for Crout. After this degradation, both algorithms
gradually recover performance as additional threads are employed, eventually converging
to similar speedup values at 20 threads, corresponding to the maximum number of logical
threads supported by the processor. Beyond this point, performance continues to increase,
albeit at a much slower rate.

6 Algorithm Algorithm
—s— Crout 1600 —e— Crout
5] —#— Doolittle 1400 —e— Doolittle
__ 1200
4 0 -
s § 1000
3 g
g3 < oo N
@ o —=
E —
) F 600
400
'op +E P +E
200
Cores +HT Cores Cores +HT Cores
0 0
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Number of Threads Number of Threads
(a) Speedup (Linux) (b) Execution time (Linux)
6 Algorithm Algorithm

1600

F1 —e— Crout
—e— Doolittle

—w— Crout

5] = Doolittle 1400

1200
1000

800

Time (seconds)

600

400

B +E 200 B +E
Cores +HT Cores Cores +HT Cores
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 ° 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Number of Threads Number of Threads
(c) Speedup (Windows) (d) Execution time (Windows)

Figure 3. Crout and Doolittle implementations on the Core i9. System configuration: 6 P-cores
(represented by the blue-shaded area) with Hyper-Threading (purple-shaded area) and 8 E-cores
(green-shaded area), for a total of 20 threads.

Regarding the Windows results (see Figure 3c,d), both algorithms exhibit a simi-
lar scalability trend. However, Crout consistently achieves higher performance across
all thread counts. In this case, speedup increases up to 12 threads, corresponding to
the number of performance cores with Hyper-Threading enabled. A slight performance
drop is then observed, followed by a rapid recovery, after which both algorithms con-
tinue to improve until reaching 20 threads, the maximum number of logical threads sup-
ported by the processor. Beyond this point, the speedup values for both methods remain
essentially unchanged. Overall, these results indicate that scalability on the Core i9 is
once more largely driven by P-cores, while E-cores provide limited additional runtime
performance benefits.
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Figure 4 reports the performance results obtained for the Crout and Doolittle al-
gorithms on the AMD Ryzen 7 processor on Linux and Windows. On Linux (see Fig-
ure 4a,b), Crout and Doolittle exhibit nearly identical performance behavior. Speedup
increases steadily up to 8 threads, corresponding to the number of physical cores, af-
ter which a performance drop is observed. When using 16 threads, enabled through
simultaneous multi-threading, partial recovery occurs, although the resulting perfor-
mance gain remains modest. Beyond this point, speedup decreases again and subse-
quently recovers slightly but does not reach the level achieved when all logical threads are
first utilized.
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Figure 4. Crout and Doolittle implementations on the Ryzen 7. System configuration: 8 cores
(represented by the blue-shaded area) with simultaneous multi-threading (purple-shaded area), for a
total of 16 threads.

On Windows (see Figure 4c,d), the two algorithms exhibit different performance trends.
Both Crout and Doolittle scale up to 8 threads, corresponding to the number of physical
cores, with Crout achieving higher speedup in this region. When the thread count increases
to 16, enabled through simultaneous multi-threading, Doolittle outperforms Crout. Beyond
this point, both curves decline following a similar pattern and subsequently exhibit a slight
recovery as additional threads are employed. These results suggest that scalability on the
Ryzen platform is largely constrained by the number of physical cores, with limited gains
from simultaneous multi-threading.

Finally, Figure 5 presents the speedup and execution time results for the Intel Xeon
Phi platform. In this case, Doolittle outperforms Crout up to 112 threads. Beyond this
threshold, both algorithms exhibit a gradual increase in performance. However, after
approximately 208 threads, Doolittle’s speedup begins to decline, whereas Crout maintains
stable performance up to around 224 threads, after which it also decreases. At higher thread
counts, Crout ultimately achieves higher speedup values than Doolittle.
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Figure 5. Crout and Doolittle implementations on the Xeon Phi. System configuration: 68 cores
(represented by the blue-shaded area) with 4 hardware threads per core (purple-shaded area), for a
total of 272 threads.

Taken together, these results highlight how architectural design plays a decisive role
in the scalability of parallel LU decomposition. While homogeneous architectures such as
the Ryzen 7 and Xeon Phi exhibit performance trends closely tied to core count and thread-
ing capabilities, heterogeneous systems introduce more complex, non-linear behaviors
driven by the interaction between different core types. In particular, P-cores consistently
dominate scalability, whereas additional hardware threads or E-cores provide diminish-
ing and workload-dependent benefits. These observations reinforce the importance of
jointly considering algorithmic characteristics and architectural features when evaluating
parallel performance.

5.2. Impact of Parallel LU Matrix Decomposition Algorithms on Energy Consumption

Figure 6 summarizes the total energy consumption of the Crout and Doolittle LU
decomposition implementations across all evaluated platforms and operating systems. The
figure reports whole-system energy usage, measured in kilojoules (k]), for increasing levels
of parallelism, allowing for a direct comparison of the energy efficiency trends of both
algorithms under different architectural and software configurations.

Regarding energy consumption on the Mac Mini, Figure 6a shows a clear downward
trend in total energy usage as the degree of parallelism increases. For the Crout algorithm,
the energy required to complete the computation decreases sharply until reaching between
10 and 14 threads, which corresponds to the point of optimal energy efficiency. Energy
consumption is reduced from 13,643 ] in the sequential execution to a minimum of 8275 ]
when using 10 threads. Beyond 14 threads, energy consumption increases slightly and then
stabilizes, exhibiting only minor fluctuations. Doolittle follows a nearly identical trend, also
reaching its maximum energy efficiency at 10 threads. In both cases, total energy savings of
approximately 40% are achieved when moving from sequential to the most energy-efficient
parallel configuration.

On the Xeon Phi, energy consumption exhibits a specialized energy profile, charac-
terized by a pronounced exponential reduction in energy consumption as the workload is
distributed across its many-core architecture (see Figure 6b). Energy consumption decreases
sharply from a sequential value exceeding 12,000 kJ to approximately 800 k] with only 16
threads, and eventually reaches an optimal efficiency plateau of about 200 k] between 144
and 208 threads. In this stable regime, the Crout and Doolittle algorithms exhibit nearly
identical energy behavior.
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Figure 6. Total energy consumption of the Crout and Doolittle implementations across all evaluated
platforms and operating systems. The blue-shaded area represents P-cores or classic cores, as the
case may be; purple indicates where Hyper-Threading has become active, while green means that the
E-cores have also activated.

Measurements on the Core i9 architecture under Linux reveal a drastic reduction in
energy consumption between 1 and 6 threads for both algorithms (see Figure 6¢). However,
a notable energy spike is observed between 8 and 14 threads, during which the consumed
energy increases substantially (Crout rises from approximately 42 k] with 6 threads to
about 53 k] with 12 threads). Energy efficiency begins to recover only as the thread count
approaches 32, where the reduction in execution time is sufficient to offset the higher power
draw of the full processor package.

On Windows, the Core i9 exhibits a more gradual and consistent reduction in energy
consumption than on Linux (see Figure 6d). Both algorithms show a steady decline
in energy usage, reaching an efficiency point at 20 threads. In contrast to Linux, the
consumption spike is much less pronounced, although total energy values are generally
higher on Windows (reaching 152 kJ for sequential Crout). The Crout algorithm consistently
outperforms Doolittle in terms of energy efficiency on this operating system, requiring

https:/ /doi.org/10.3390/app16021002


https://doi.org/10.3390/app16021002

Appl. Sci. 2026, 16,1002

15 of 26

fewer joules across nearly all thread counts. Beyond 20 threads, energy consumption
remains largely stable.

On Linux, the Ryzen 7 exhibits a pronounced efficiency peak (see Figure 6e). For both
algorithms, energy consumption reaches its minimum at 8 threads. In this configuration,
energy usage drops from 212 k] to approximately 41 k]J. When simultaneous multi-threading
is enabled (between 10 and 16 threads), a slight increase in energy consumption is observed.
Beyond 16 threads, consumption stabilizes, indicating that the processor achieves optimal
energy efficiency when using one thread per physical core.

On Windows, the Ryzen 7 exhibits a different behavior (see Figure 6f). Although energy
consumption decreases substantially relative to sequential execution, the reduction is more
gradual and reaches its minimum later, between 14 and 16 threads. In addition, Windows
shows greater variability in energy consumption at low thread counts, particularly between
2 and 4 threads. Once the limit of 16 logical threads is exceeded, energy consumption
increases slightly and then remains largely stable for both algorithms.

Overall, the results indicate that the energy efficiency of parallel LU decomposition
depends strongly on both the hardware architecture and the operating system. Although
parallel execution consistently reduces energy consumption compared with sequential
runs, each platform exhibits a distinct optimal thread count beyond which efficiency gains
diminish. Many-core systems benefit from high levels of parallelism, while conventional
multicore processors achieve maximum efficiency closer to their number of physical cores.
Across all configurations, Crout and Doolittle show similar energy trends, with Crout being
slightly more energy-efficient in several cases.

Beyond these general trends, the practical implication is that default parallel execution
strategies can be significantly suboptimal on hybrid processors. For example, on the Core
i9 platform on Linux, running with all 20 logical threads consumes about 48 k], whereas
selecting the empirically optimal configuration of 6 threads reduces energy consumption to
42 KJ (a 12.5% improvement) while also avoiding the performance degradation observed in
the 8-14 thread range. This illustrates how hybrid architectures exhibit efficiency traps that
are not visible without detailed energy—performance analysis.

6. Discussion of the Results

This discussion is structured around the research questions defined in Section 1. RQ1
investigates how heterogeneous architectures influence the runtime of the considered par-
allel LU decomposition algorithms. RQ2 examines how these heterogeneous architectures
affect the energy consumption of the same parallel LU decomposition algorithms. RQ3
explores the relationship between runtime and energy consumption for the considered
parallel LU decomposition when executed on heterogeneous architectures.

RQ1. How do heterogeneous architectures affect the runtime of the considered parallel
LU decomposition algorithms?

Heterogeneous architectures influence the runtime scalability of parallel LU decom-
position by introducing performance behaviors that depend on the relative capabilities of
different core types and on how the system schedules work across them. Compared with
homogeneous platforms, hybrid designs tend to exhibit less uniform scaling, with changes
in the marginal benefit of additional threads as execution transitions across core classes or
hardware threading modes.

Across the evaluated systems, the largest runtime improvements are associated with
effectively exploiting the highest performance resources (e.g., P-cores). Beyond that point,
additional parallelism provided by E-cores or extra hardware threads can still improve
runtime but often with reduced and more irregular gains, and in some configurations, it
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can even lead to temporary performance regression. This effect is most clearly observed on
Mac Mini (see Table A1), where the optimal configuration is bounded by the number of
physical cores (P-cores + E-cores). While using slightly more threads than cores can still be
beneficial, further increasing the thread count mainly leads to contention for shared caches
and memory bandwidth, yielding little or no performance improvement while increasing
energy consumption. Therefore, over-threading should be avoided on these architectures
when efficiency is a primary concern.

Operating system behavior further modulates these effects. The contrast between the
Core i9 results on Linux and Windows illustrates that scheduling and frequency scaling
policies can amplify or mitigate the performance impact of heterogeneity, even when the
hardware and algorithms remain unchanged. For Windows, the utilization of Intel’s Thread
Director better reflects the potential of these new hybrid processors, as it provides far better
scheduling policies when using both P-cores and E-cores simultaneously. On Linux, in our
experimental setup, when E-cores become active, per-core frequency measurements show
that P-cores no longer sustain their turbo frequencies, which contributes to the performance
collapse at high thread counts (see the speedup values in Table A2). This behavior arises
from the lack of hybrid-aware scheduling support.

In contrast, homogeneous architectures show more predictable runtime trends, with
scalability primarily bounded by physical core count and limited benefits from simultane-
ous multi-threading at higher thread counts. Overall, the results suggest that architectural
heterogeneity complicates runtime scalability by making performance gains increasingly
dependent on how parallelism is mapped to the available compute resources rather than
on maximum parallelism alone.

Heterogeneous architectures lead to less uniform runtime scaling: P-cores drive
most of the performance gains, while E-cores and additional hardware threads often
provide smaller and more workload- and operating system-dependent benefits.

RQ2. How do heterogeneous architectures affect the energy consumption of the
considered parallel LU decomposition algorithms?

Heterogeneous architectures have a pronounced impact on the energy consumption
of parallel LU decomposition, primarily because energy efficiency depends on how work-
loads are distributed across different core types and on operating system scheduling and
frequency scaling. While parallel execution reduces total energy consumption relative to
sequential runs in the evaluated systems, the energy benefits of increasing parallelism are
not uniform across architectures.

In hybrid systems, the most energy-efficient configuration is platform- and operating
system-dependent. Increasing parallelism can improve efficiency up to a characteristic
thread range, but engaging additional E-cores or hardware threads may lead to diminishing
returns and, in some cases, temporary energy penalties (as observed on the Core i9 on
Linux). In other cases, the energy minimum can occur when the full set of cores is effectively
utilized (e.g., the Mac Mini around 10 threads).

In contrast, homogeneous architectures exhibit more stable and predictable energy
efficiency trends. Their optimal configurations tend to align with the use of physical cores,
while additional logical threads provide limited energy benefits and may increase overall
power consumption.

At low thread counts, energy consumption is strongly influenced by the combined
effect of hardware and operating system. For instance, on the Ryzen 7 platform (see
Table A7), the sequential configuration often shows lower energy on Windows than on
Linux (particularly for Crout), whereas on the Intel i9 (see Table A6), the opposite trend
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is observed. These differences are not attributable to algorithmic behavior but are con-
sistent with power management effects that vary across different hardware-operating
system combinations.

Taken together, these results indicate that heterogeneity increases the sensitivity of
energy consumption to thread count and system-level decisions. Although parallelism
generally improves energy efficiency, the most energy-efficient configuration is architecture-
dependent and cannot be assumed to correspond to maximum parallelism.

Heterogeneous architectures make energy efficiency highly sensitive to how paral-
lelism is mapped onto different core types and managed by the operating system,
leading to architecture-dependent optimal configurations that do not necessarily
coincide with maximum parallelism.

RQ3. What is the relationship between runtime and energy consumption for the
considered parallel LU decomposition on heterogeneous architectures?

The relationship between runtime and energy consumption on heterogeneous archi-
tectures is quantified using the Spearman rank correlation coefficient, computed for each
hardware-algorithm—operating system combination and reported in Appendix C at a 95%
confidence level. This non-parametric measure is selected for its robustness to non-linear
relationships and outliers, which are common in multicore performance data. Correla-
tion values close to one indicate that reductions in execution time are strongly associated
with decreases in total energy consumption, whereas lower or negative values reveal the
presence of performance—energy trade-offs. The statistical significance of each correlation
is evaluated through the corresponding Spearman p-value, with low values indicating a
reliable association and higher values suggesting weaker or inconclusive relationships.

The correlation analysis reveals that the coupling between runtime and energy con-
sumption generally strengthens as matrix size increases. For most configurations, larger
problem sizes yield correlation coefficients closer to one, indicating a more consistent
alignment between performance improvements and energy savings. However, this trend
is not uniform across all platforms. On the Mac Mini and the Ryzen 7, smaller matrices
exhibit weaker and often statistically insignificant correlations, reflecting unstable or less
predictable time—energy relationships at low computational intensity. This behavior reflects
an energy efficiency degradation caused by the attempt to parallelize small workloads,
where JVM and operating system overhead (e.g., JIT compilation, garbage collection, and
thread management) dominate the useful computation. In contrast, for sufficiently large
matrices the Intel platforms exhibit high and statistically significant correlations, indicating
a strong coupling between execution time and energy consumption.

Overall, these results show that while runtime is often a good proxy for energy effi-
ciency, this relationship depends on both workload size and architectural characteristics.
The commonly used “race-to-sleep” strategy is, therefore, effective for large-scale compu-
tations, but for small problems, the parallelization overhead can outweigh the benefits,
leading to reduced energy efficiency rather than savings. On heterogeneous systems in
particular, the presence of multiple core types and system-level scheduling effects can
further weaken the correspondence between performance and energy.

This study demonstrates that heterogeneity-aware configuration based on empirical
energy-performance analysis provides clear advantages over fixed, hardware-agnostic
execution choices. Although Doolittle is often used as a standard reference, our results
indicate that Crout’s task-dependency structure yields more favorable energy—delay trade-
offs on Windows-managed hybrid systems. By comparing algorithms, thread counts,
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and platforms in a unified framework, the proposed analysis enables the identification of
energy-efficient configurations that would not be revealed by performance-only evaluation.

The correlation analysis confirms that faster execution generally leads to lower
energy consumption, but the strength and reliability of this relationship depend on
architecture and problem size, with heterogeneous systems exhibiting workload-
dependent time—energy trade-offs.

7. Threats to Validity

Construct validity. Execution time is measured using wall-clock time, which may
be affected by operating system noise and background activities. Although multiple
executions are averaged and warm-up runs are discarded to mitigate JVM effects, some
variability may still remain. In addition, energy consumption is measured at the whole-
system level, which includes components other than the CPU and memory subsystem.

Internal validity. Differences in thread scheduling, frequency scaling, and power
management policies across operating systems may influence the observed performance
and energy behavior. While experiments are conducted under controlled and repeatable
conditions, it is not possible to fully eliminate all sources of runtime interference inherent
to modern operating systems and heterogeneous processors.

External validity. This study focuses on dense square matrices of specific sizes and on
a limited set of processor architectures and operating systems. As a result, the findings may
not generalize directly to sparse matrices, other numerical workloads, or future processor
designs with different heterogeneity characteristics.

Conclusion validity. Statistical conclusions are based on a finite number of executions
per configuration and on non-parametric correlation analysis. Although these methods are
chosen for robustness, larger sample sizes or alternative statistical techniques could further
strengthen the confidence in the reported relationships.

8. Conclusions and Future Work

This study provides a rigorous experimental assessment of the execution time and
energy consumption of parallel LU decomposition algorithms in Java, specifically the
Crout and Doolittle variants. The findings demonstrate that the hardware and software
configuration yielding the maximum speedup does not necessarily correspond to the one
that minimizes energy consumption. Across four representative platforms, including the
Apple M4, Intel Core i9, AMD Ryzen 7, and Intel Xeon Phi, we observed that energy-aware
optimization strategies are essential, as aggressive parallelism often leads to diminishing
returns in energy efficiency.

Architectural heterogeneity plays a decisive role in shaping performance-energy trade-
offs. On the Mac Mini, energy consumption is reduced by approximately 40% at an optimal
configuration of 10 threads, even though performance continues to scale slightly up to 14
threads. In contrast, the Core i9 architecture under Linux exhibits a clear negative trade-off
zone between 8 and 14 threads, where the activation of Hyper-Threading and E-cores results
in both slower execution times and increased energy consumption. Similarly, the Ryzen
7 processor reaches its minimum energy usage when operating with 8 physical cores,
confirming that a one-to-one mapping between threads and physical cores is the most
energy-efficient choice for energy-constrained workloads on this platform.

In contrast to consumer-grade hardware, the Xeon Phi demonstrated massive scala-
bility, achieving speedup above 60x and reaching an energy efficiency plateau between
144 and 208 threads. The analysis shows that while low-frequency many-core architec-
tures are highly inefficient for sequential workloads, they become energy-efficient when
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operating with two hardware threads per core, effectively mitigating memory latency. How-
ever, increasing parallelism to the maximum of four threads per core introduces resource
contention, resulting in stagnant performance and increased power consumption.

The comparative analysis indicates that the proposed energy—performance evalua-
tion approach consistently reveals more favorable energy—delay trade-offs than default
parallel execution strategies. In hybrid environments, using the maximum available level
of parallelism, as is common in numerical libraries, can lead to unnecessary energy over-
head. By identifying architecture-specific efficiency optima, our analysis achieves up to
40% energy savings on the Apple M4 and avoids pronounced energy spikes on Intel
platforms, highlighting the practical benefits of energy-aware configuration on modern
asymmetric hardware.

Future work will focus on expanding this methodology to sparse matrix operations and
alternative numerical workloads to determine if these energy-proportionality trends remain
consistent. Furthermore, there is a clear need to develop automated thread-management
frameworks that leverage the metrics to dynamically adjust thread-usage levels in real time
based on the detected hardware topology. Additional research could also involve com-
paring Java’s performance—energy profile against native languages like C to evaluate the
specific energy impact of the JVM'’s JIT compilation on heterogeneous multicore processors.
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Appendix A. Detailed Speedup Results

This appendix provides the complete set of experimental results regarding computa-
tional performance. The tables present the speedup values for both the Crout and Doolittle
algorithms across all evaluated hardware platforms (Mac Mini M4, Intel Core 19-12900HK,
AMD Ryzen 7 7800X3D, and Intel Xeon Phi 7250) and operating systems. For each matrix
size (ranging from n = 3000 to n = 10, 000), the maximum speedup achieved is highlighted
in bold to identify the most performant thread configuration.

https:/ /doi.org/10.3390/app16021002


https://github.com/goal-group-uca/-Applied-Sciences-Energy-Performance-Trade-offs-of-LU-Matrix-Decomposition-in-Java-
https://github.com/goal-group-uca/-Applied-Sciences-Energy-Performance-Trade-offs-of-LU-Matrix-Decomposition-in-Java-
https://doi.org/10.3390/app16021002

Appl. Sci. 2026, 16,1002 20 of 26

Table Al. Speedup results on Mac Mini M4. Values grouped by algorithm and operating system.
Bold values indicate the maximum speedup achieved for each matrix size, identifying the most
performant thread configuration.

Mac Mini M4

Algorithm: Crout
macOS 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 1.46 2.58 2.74 3.44 3.44 3.44 3.44 3.44 3.44 3.44 3.44 3.44 3.44 3.44 3.44 3.44
4000 1.63 3.12 3.24 3.83 3.95 4.22 4.67 4.22 4.22 3.83 4.20 3.83 4.22 4.22 4.22 4.22
5000 1.76 3.30 3.50 411 429 4.69 4.69 4.19 448 4.08 4.11 4.08 4.11 4.15 4.12 4.29
6000 1.73 3.27 3.46 4.10 4.21 4.56 4.72 4.20 441 4.02 4.15 3.99 4.12 4.19 4.14 4.20
7000 1.75 3.28 3.44 4.12 425 4.59 4.77 424 4.49 4.09 421 4.01 4.18 4.16 4.13 4.18
8000 1.75 3.28 342 4.14 424 4.49 4.64 4.16 4.39 4.00 4.14 3.96 4.07 4.10 4.05 4.08
9000 1.75 3.27 3.39 4.12 422 4.36 4.54 4.04 4.19 3.89 3.96 3.87 3.98 4.00 3.97 3.99
10000 1.75 3.26 3.46 4.12 424 424 4.44 3.93 4.02 3.80 3.84 3.77 3.83 3.86 3.84 3.88

Algorithm: Doolittle
macOS 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 1.64 2.88 2.88 2.88 2.88 2.88 2.88 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30 2.30
4000 1.57 3.25 3.13 3.58 3.85 3.85 3.85 3.13 3.13 2.95 2.95 2.78 2.93 2.95 2.95 2.95
5000 1.68 341 3.50 3.51 3.91 3.79 3.91 3.24 3.34 2.98 292 2.83 2.67 271 2.77 2.77
6000 1.73 3.55 3.61 3.84 425 4.28 4.41 3.58 3.74 3.32 3.32 3.14 2.95 2.93 2.99 3.00
7000 1.75 3.62 3.66 3.87 4.17 421 4.32 3.55 3.64 3.27 3.23 3.02 2.85 2.80 2.88 2.88
8000 1.75 3.61 3.57 3.83 4.06 4.03 417 343 3.45 3.17 3.09 291 2.77 2.75 2.77 2.76
9000 1.73 3.56 3.46 3.76 3.88 3.74 3.88 3.22 3.19 3.00 2.90 2.72 2.65 2.63 2.62 2.63
10000 1.75 3.55 3.52 3.99 3.77 3.62 3.75 3.12 3.06 2.88 2.77 2.63 2.59 2.57 2.57 2.57

Table A2. Speedup results on Intel Core i9-12900HK. Values grouped by algorithm and operating
system. Bold values indicate the maximum speedup achieved for each matrix size, identifying the
most performant thread configuration.

Intel 19-12900HK

Algorithm: Crout

Linux 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 1.85 2.27 2.00 1.39 1.42 1.49 1.58 1.71 1.74 1.83 1.83 1.89 1.96 1.97 1.98 2.04
4000 1.96 2.66 2.47 1.55 1.60 1.69 1.83 1.98 2.08 2.19 227 2.35 2.45 2.52 2.59 2.59
5000 2.02 2.78 2.87 1.86 1.92 2.01 217 2.35 2.51 2.65 2.72 2.84 2.93 3.03 3.10 3.14
6000 1.98 2.76 2.89 1.74 1.76 1.88 2.03 2.19 2.34 2.50 2.47 2.58 2.69 2.84 2.98 3.02
7000 2.00 2.85 3.04 191 1.91 2.00 2.18 2.35 2.53 2.69 2.61 2.71 2.80 2.96 3.13 3.18
8000 1.99 2.82 3.07 2.01 1.95 2.03 2.19 2.37 2.56 2.74 2.62 2.69 2.80 2.93 3.06 3.09
9000 1.98 2.84 3.19 222 2.11 2.14 2.28 248 2.65 2.86 2.70 2.77 2.86 2.98 3.10 3.18
10000 1.96 2.84 3.21 242 2.30 2.28 242 2.60 2.78 3.02 2.85 2.89 2.95 3.05 3.14 3.22
Windows 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 2.00 2.90 3.38 3.59 3.84 3.93 4.04 3.80 3.80 3.84 3.82 3.88 4.04 4.15 411 4.16
4000 212 3.09 3.65 4.03 4.26 4.49 4.27 4.09 4.32 4.48 4.48 4.49 4.57 4.64 4.50 4.43
5000 2.08 3.11 3.82 443 4.84 518 4.86 4.84 5.11 542 5.33 5.38 5.44 5.52 5.45 5.35
6000 2.13 3.13 3.75 4.37 4.49 4.65 4.52 4.52 4.77 5.02 495 4.94 4.99 5.07 5.05 5.01
7000 2.14 3.19 3.81 4.41 4.63 491 4.60 4.64 4.92 5.19 513 5.13 517 525 5.27 524
8000 2.14 321 3.90 4.42 4.72 5.00 4.68 4.76 5.02 5.28 521 521 523 5.31 533 5.36
9000 213 3.21 3.87 4.43 4.75 5.02 4.74 4.85 5.10 5.40 5.32 5.29 5.33 528 5.37 5.42
10000 2.11 3.13 3.87 4.46 4.80 5.11 493 5.06 5.31 5.61 5.54 5.54 5.52 5.56 5.60 5.63

Algorithm: Doolittle

Linux 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 1.84 2.33 221 1.50 1.49 1.55 1.61 1.70 1.76 1.84 1.84 1.95 1.97 1.97 2.07 2.10
4000 1.94 2.58 2.58 1.76 1.69 1.77 1.85 1.99 2.11 217 2.23 2.33 2.40 248 2.54 2.56
5000 1.98 2.78 293 223 2.10 2.14 221 240 2.54 2.65 271 2.83 294 3.04 3.12 3.16
6000 1.97 2.76 2.88 2.20 2.07 2.05 212 227 241 2.51 2.49 2.62 2.75 2.90 3.03 3.10
7000 1.99 2.81 3.01 245 2.28 221 2.28 2.46 2.58 2.66 2.61 2.74 2.89 3.09 3.22 3.28
8000 1.99 2.84 3.14 2.53 231 2.28 2.34 2.50 2.64 2.75 2.66 2.71 2.88 3.07 3.21 3.27
9000 1.98 2.82 3.12 2.72 2.48 2.46 2.54 2.64 2.81 2.89 2.82 2.83 2.95 3.12 3.24 3.29
10000 1.98 2.84 3.18 2.78 2.69 2.63 2.67 2.82 2.96 3.05 3.02 3.04 3.06 3.17 3.29 3.38
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Table A2. Cont.

Intel i9-12900HK

Algorithm: Crout

Linux 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Windows 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 2.04 291 3.54 3.70 3.89 3.98 4.02 3.95 3.92 3.95 3.92 4.09 423 431 4.31 4.39
4000 2.12 3.11 3.69 411 431 4.48 4.59 4.14 4.35 444 4.50 4.66 473 4.83 4.73 4.79
5000 212 3.16 3.82 4.48 4.85 5.19 4.79 4.90 5.27 5.49 5.36 5.39 5.54 5.66 5.58 5.49
6000 1.62 271 3.61 4.27 4.57 4.94 4.96 4.44 474 4.89 494 5.05 521 5.27 5.20 523
7000 1.60 2.71 3.68 431 4.72 4.95 4.96 4.49 4.83 5.03 5.02 5.15 5.11 5.18 5.18 5.16
8000 1.61 2.75 3.62 413 4.42 4.75 4.36 4.56 494 5.27 498 5.00 498 4.88 5.05 517
9000 1.45 2.49 3.47 4.06 4.39 4.73 4.52 451 471 4.92 492 493 493 4.98 5.00 5.04
10000 2.00 3.03 3.69 4.30 4.63 4.95 4.86 4.86 5.07 5.28 5.24 524 525 5.30 5.33 5.34

Table A3. Speedup results on Ryzen 7 7800X3D. Values grouped by algorithm and operating system.
Bold values indicate the maximum speedup achieved for each matrix size, identifying the most
performant thread configuration.

Ryzen 7 7800X3D
Algorithm: Crout
Linux 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
3000 2.83 4.71 4.71 5.65 4.71 4.71 6.33 7.07 7.07 7.07 7.07 7.07 7.07 7.07 7.07 7.07
4000 3.98 5.75 7.39 8.21 7.39 7.39 8.57 8.62 8.62 8.62 8.62 8.62 8.62 8.62 8.67 8.82
5000 427 6.42 7.77 8.85 8.11 8.61 9.35 10.05 9.58 9.66 9.48 9.53 9.64 9.66 9.80  10.05
6000 4.87 7.38 952 1079 1027 1088 11.82 1227 11.65 11.85 11.61 11.72 1192 1203 1223 1231
7000 3.88 6.71 870  10.17 9.6 1041 1125 1156 1061 11.00 10.66 10.62 10.85 11.03 11.11 10.92
8000 1.85 3.35 4.65 5.78 447 5.13 5.85 6.20 5.35 5.39 5.49 5.47 5.57 5.79 6.05 6.14
9000 1.90 3.54 492 6.16 4.84 5.47 6.24 6.68 5.78 5.74 5.85 5.86 5.93 6.14 6.39 6.49
10000 1.90 3.51 5.07 6.23 5.04 5.67 6.44 6.89 6.04 5.96 6.03 6.06 6.15 6.35 6.56 6.65
Windows 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
3000 1.64 3.36 4.62 4.62 3.08 3.70 3.70 4.62 3.70 3.78 4.62 4.62 3.70 3.70 4.62 4.40
4000 0.99 2.08 3.23 4.10 3.55 4.07 4.56 5.07 3.99 4.10 4.26 447 432 4.60 4.92 4.95
5000 0.93 1.94 2.88 3.67 3.48 3.78 4.36 4.75 3.55 347 3.66 3.86 4.04 434 4.62 4.81
6000 0.95 1.91 2.85 3.74 4.24 4.97 5.72 6.26 4.79 4.61 4.75 5.01 5.27 5.65 6.05 6.24
7000 1.04 2.04 3.04 3.98 4.69 5.53 6.34 6.98 5.38 5.18 5.29 5.55 5.53 6.04 6.36 6.52
8000 1.00 1.86 2.70 3.52 4.23 4.96 5.68 6.19 494 4.78 4.79 493 5.16 5.47 5.73 5.87
9000 1.24 3.42 4.70 4.30 4.75 5.41 6.08 5.86 5.44 5.44 5.47 5.51 5.73 6.03 6.32 6.38
10000 1.87 3.52 490 5.76 4.78 5.46 6.12 6.47 5.51 5.48 5.52 5.58 5.78 6.10 6.34 6.33
Algorithm: Doolittle
Linux 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
3000 1.76 2.76 3.53 457 2.69 2.82 3.44 3.47 3.44 3.50 3.50 347 347 3.44 3.47 3.50
4000 1.91 3.14 427 491 3.41 391 4.34 4.72 4.30 4.37 442 4.39 433 4.50 4.73 4.88
5000 1.97 3.23 4.37 5.18 3.53 3.94 443 4.73 4.15 4.28 4.36 431 4.30 4.51 4.71 497
6000 1.95 3.40 4.69 5.77 421 4.84 551 5.92 5.03 521 5.30 5.22 5.27 5.55 5.87 6.09
7000 1.91 3.46 4.74 5.84 4.42 5.06 5.78 6.15 5.25 5.42 5.47 5.42 5.48 5.69 6.01 6.18
8000 1.87 3.36 4.68 5.78 447 5.12 5.83 6.23 5.38 5.37 5.49 5.46 5.55 5.79 6.05 6.20
9000 1.89 3.49 497 6.09 4.81 5.43 6.20 6.67 5.76 5.73 5.81 5.84 5.93 6.11 6.37 6.44
10000 1.89 3.61 5.03 6.30 5.05 5.64 6.44 6.92 6.00 5.96 6.07 6.06 6.15 6.34 6.60 6.63
Windows 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
3000 1.89 2.90 4.25 4.25 2.83 3.40 3.40 3.83 3.40 3.40 3.45 4.15 3.40 3.40 3.59 421
4000 1.94 3.29 3.07 3.51 3.23 3.71 4.19 4.71 3.62 3.60 3.71 3.92 3.87 4.16 4.34 4.68
5000 0.87 1.78 2.62 3.33 3.26 3.60 4.05 4.45 3.44 3.30 3.42 3.63 3.82 4.02 4.32 4.50
6000 1.06 3.56 4.82 5.65 4.35 5.00 5.60 6.09 5.19 5.24 5.16 5.25 5.36 5.70 6.03 6.22
7000 1.97 2.28 291 3.80 4.49 5.26 6.02 6.66 5.21 5.05 5.11 5.33 5.59 5.94 6.27 6.46
8000 1.08 2.06 3.03 3.95 4.76 5.61 6.42 6.97 5.59 5.39 5.43 5.62 5.88 6.22 6.55 6.71
9000 1.70 3.61 498 5.92 5.07 5.77 6.46 6.95 5.79 5.77 5.79 5.86 6.05 6.40 6.71 6.83
10000 1.90 3.55 4.85 5.55 5.02 5.70 6.41 6.69 5.66 5.66 5.67 5.73 5.91 6.19 6.45 6.44
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Table A4. Speedup results on Intel Xeon Phi 7250. Values grouped by algorithm and operating
system. Bold values indicate the maximum speedup achieved for each matrix size, identifying the
most performant thread configuration.

Intel Xeon Phi 7250

Algorithm: Crout
Linux 16 32 48 64 80 96 112 128 144 160 176 192 208 224 240 256 272

3000 970 1294 1344 1343 1398 1417 14.03 1411 1417 1415 1406 13.68 1347 13.60 1346 1335 1293
4000 11.03 16.59 16.11 17.02 17.68 1812 1852 1865 18.76 1862 1859 1861 18.62 1861 1841 1798 17.54
5000 10.72 1442 1449 1506 16.01 1646 1623 1620 16.62 16.66 16.58 1625 1587 1540 15.08 1458 14.44
6000 1245 20.13 21.82 2322 2458 2525 2475 2466 2447 2459 2485 2546 2574 2547 2559 2497 24.64
7000 1370 2553 29.16 3214 3428 3592 3566 3577 3547 3532 3499 3549 3561 3583 3639 36.87 37.18
8000 15.64 30.41 36.60 4125 43.65 4758 4829 4858 4895 48.99 4813 4724 4710 4736 4743 4833 48.65
9000 15.14 2798 2746 30.79 33.09 3652 3881 3953 40.13 40.88 4039 40.09 39.88 39.86 39.42 38.85 38.69
10000 1519 29.64 39.87 45.62 50.07 5618 62.00 6453 65.88 66.71 6589 6613 6722 67.71 6747 67.18 65.83

Algorithm: Doolittle
Linux 16 32 48 64 80 96 112 128 144 160 176 192 208 224 240 256 272

3000 976 13.02 13.62 1362 1395 1378 1378 13.62 1316 1260 12.08 11.83 11.60 11.26 1246 1149 10.65
4000 1092 16.74 16.08 1727 1727 1764 18.03 1844 1813 17.00 16.83 16.74 1632 1577 16.16 1577 15.18
5000 1093 14.80 15.17 1552 1640 16.86 1645 16.18 1672 16.81 16.81 1623 15.68 1649 1513 1552 14.73
6000 12.07 19.16 21.58 24.01 25.34 2517 2354 2446 2329 2194 2278 2481 2416 2419 2501 2397 2419
7000 1341 2514 28.07 3146 3296 35.05 3459 3459 3436 3394 3372 3436 3439 3505 3529 3556 36.41
8000 1594 30.50 36.73 4046 4354 4686 47.67 47.89 4820 4836 4795 4728 46.65 4688 4749 47.64 4842
9000 1459 2729 2652 2944 3214 3550 3731 3812 3858 39.08 38.80 3854 3841 3827 3797 3742 3734
10000 1552 30.59 4094 4690 50.68 5645 6220 6356 6434 6579 6553 6530 66.21 66.00 6575 6482 63.31

Appendix B. Detailed Energy Consumption Results

This appendix details the whole-system energy consumption, measured in kilojoules
(kJ), for all experimental configurations. The data cover sequential and parallel executions
for different matrix sizes and thread counts on the four studied architectures. In these tables,
the minimum energy consumption value for each row is marked in bold, representing the
most energy-efficient configuration for that specific scenario.

Table A5. Energy consumption (kJ) on Mac Mini M4. Values grouped by algorithm and operating
system. Bold values represent the minimum energy consumption for each matrix size.

Mac Mini M4

Algorithm: Crout
macOS 1 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 0.15 0.15 0.12 0.09 0.09 0.09 0.08 0.11 0.11 0.10 0.12 0.09 0.12 0.09 0.10 0.12 0.10
4000 0.59 0.61 0.42 0.41 0.36 0.38 037 034 0.36 0.35 037  0.39 0.39 0.39 0.38 0.38 0.35
5000 1.36 1.19 1.01 0.94 0.85 0.82 0.83 0.83 0.88 0.86 0.88 0.93 0.89 0.89 0.86 0.90 0.88
6000 3.04 2.13 1.89 1.74 1.72 1.61 1.61 1.54 1.64 1.63 1.72 1.73 1.69 1.72 1.67 1.69 1.66
7000 4.69 352 319 2.86 2.75 264 267 255 272 2.69 2.81 2.81 2.89 2.83 2.81 2.80 2.76
8000 7.30 522 4.84 444 421 4.02 412 4.02 428 4.15 4.36 4.40 4.44 434 430 4.39 4.29
9000 9.74 7.58 7.09 6.42 6.06 5.87 6.04 5.84 6.29 6.17 6.50 6.53 6.52 6.48 637 640 6.36
10000 13.64 10.63 9.85 9.07 8.56 8.28 857 835 8.83 8.96 9.13 9.22 927 9.9 9.08 9.09 9.05

Algorithm: Doolittle
macOS 1 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 0.21 0.16 0.15 0.15 0.10 0.10 0.14 0.15 0.15 0.15 0.13 0.09 0.15 0.16 0.15 0.11 0.16
4000 0.61 0.55 0.45 0.44 0.45 0.45 0.44 0.43 0.40 0.45 0.43 0.46 0.42 0.40 0.46 0.45 0.40
5000 1.38 1.21 1.03 0.98 0.95 0.89 0.88 0.87 091 0.90 0.94 0.96 0.96 0.94 0.94 0.93 0.93
6000 2.59 2.18 1.96 1.79 1.73 1.61 1.57 1.58 1.72 1.70 1.71 1.77 1.76 1.77 1.72 1.76 1.71
7000 4.38 3.52 3.19 2.98 2.86 2.69 2.68 262 275 2.73 2.83 291 287 282 2.81 2.82 2.79
8000 6.74 528 4.88 4.48 427 407 413 4.06 422 419 436 443 446  4.39 434 443 4.37
9000 9.79 7.62 707  6.46 6.15 5.95 6.01 5.96 6.27  6.26 6.46 6.51 6.56 6.44 6.44 6.45 6.37
10000  13.63 10.66 9.77  9.01 8.54 8.30 8.54 8.35 887 893 9.14 9.22 9.23 9.17  9.05 9.14  9.05
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Table A6. Energy consumption (kJ) on Intel Core i9-12900HK. Values grouped by algorithm and
operating system. Bold values represent the minimum energy consumption for each matrix size.

Intel 19-12900HK

Algorithm: Crout

Linux 1 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 141 1.00 0.77  0.90 1.16 1.30 1.20 1.12 1.10 1.19 1.11 1.11 1.07 093 1.04 096 1.05
4000 409 272 226 207 316 313 328 308 289 296 270 274 245 247 248 243 228
5000 944 614 483 455 632 682 654 630 58 560 520 513 5.01 480 467 451 4.49
6000 1649 1079 820 775 1045 1128 1133 1113 1019 9.69 9.68  9.68 9.21 854 813 7.78 7.61
7000 28,57 1836 13.37 13.07 1590 17.82 1811 1773 1653 1630 1533 1547 1562 1428 13.14 1254 1281
8000 4523 2896 2148 20.02 2447 2754 2852 2757 2475 2474 2351 2476 2314 2178 2070 19.87 19.97
9000 70.57 4583 3275 3020 3352 39.13 4046 3796 3722 3586 3447 3553 3588 3450 3142 29.77 29.02
10000 106.86 65.45 4533 4197 50.52 4993 53.27 5221 4789 48.10 4799 46.75 4830 4771 4485 4520 44.00
Windows 1 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 2.18 1.32 1.06 1.01 1.00 0.81 0.89  0.89 187 085 0.77  0.83 082 0.73 0.68 0.82 0.88
4000 576 396 269 231 223 214 226 216 212 1.80 212 197  2.08 1.90 1.85  2.06 1.93
5000 1479 926 643 523 463 437 425 409 416 399 375 355 3.69 3.68 344 355 393
6000 2390 1511 1032 831 7.03 732 7.28 7.62 8.08  6.82 6.42 7.02 720  6.38 6.47  6.20 6.87
7000 4415 2566 17.83 1522 13.69 1206 1252 1284 12,67 11.18 11.21 10.72 11.30 11.13 10.74 10.70 11.11
8000 69.99 4056 27.08 2274 2083 1791 1774 1978 1924 1690 16.43 16.88 16,51 17.66 1646 16.61 16.38
9000 102.28 60.44 4348 3273 30.61 2773 2675 2881 2855 2577 2564 2478 2499 25.07 2553 2458 24.36

10000 15215 9240 6125 49.89 4473 4149 3933 3996 39.10 3725 3544 3582 3567 3634 3571 3428 37.62

Algorithm: Doolittle

Linux 1 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 137 086 079 088 1.05 1.31 1.10 1.16 1.10 1.18 1.07 094 098 088 1.07 100 0.96
4000 419 273 209 211 3.06 3.06 3.01 290 297 273 264 283 247 261 229 230 211

5000 990 6.08 473 433 643 672 650 576 562 561 521 505 494 462 468 456 453
6000 16.70 1065 832 766 11.03 1171 11.03 1033 1079 993 924 965 886 821 816 7.71 7.48
7000 2827 1839 1364 13.01 1621 17.69 1823 1771 16,58 1577 1528 16.17 1531 1406 1270 1221 11.02
8000 4587 2793 20.13 19.59 2388 2722 2825 2673 2489 2417 2275 2412 23.68 2174 1955 1923 17.70
9000 70.72 4320 3269 30.64 3492 38.09 39.62 3834 3745 3524 3465 3473 36.03 31.83 3143 29.16 29.22
10000 108.02 6597 47.72 4286 49.19 52,67 5413 5334 5200 5013 4634 47.05 48.05 46.78 4581 4270 41.38
Windows 1 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 1.88  1.39 1.04 092 097 08 085 081 078 090 083 079 076 091 085 082 081
4000 6.08 382 263 238 229 240 210 211 221 205 1.8 185 198 199 194 192 207
5000 1574 939 623 507 431 420 423 442 445 384 373 349 399 392 385 379 4.02
6000 2540 1536 1043 894 800 770 692 796 792 757 731 710 709 696 673 650 @ 7.17
7000 44.69 2655 1795 1431 1379 1253 1201 1249 1363 1196 1092 1115 11.64 10.86 11.53 10.61 11.26
8000 69.30 4033 2825 23.61 2031 19.18 18.01 1995 19.64 1694 16.64 1737 1696 1714 16.64 1711 16.65
9000 105.29 6252 4123 3658 30.73 2874 2745 28.04 28.62 2684 2537 2689 2550 25.69 2523 2573 25.64

10000 15791 91.11 60.88 49.65 45.56 4287 40.61 4274 39.89 38.16 36.05 3646 3745 3555 3777 3538 35.08

Table A7. Energy consumption (kJ) on Ryzen 7 7800X3D. Values grouped by algorithm and operating
system. Bold values represent the minimum energy consumption for each matrix size.

Ryzen 7 7800X3D

Algorithm: Crout
Linux 1 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3000 2.01 1.58 1.04 1.14 1.28 1.28 1.07 1.33 1.61 1.40 1.25 1.36 0.97 1.58 1.57 1.09 1.43
4000 6.40 3.89 2.66 221 2.07 2.52 2.60 2.28 2.31 2.37 2.40 2.21 2.18 227 2.12 1.93 2.19
5000 14.77  8.30 471 3.82 3.51 4.48 3.41 3.80 3.63 423 4.04 4.46 4.05 4.74 4.29 3.57 3.70
6000 3325 1833 1053 8.34 6.84 8.96 7.78 7.30 7.11 8.29 8.20 8.04 8.03 741 7.38 7.50 6.70
7000 5692 31.86 1833 1437 1212 1566 1352 1280 12.01 13.84 1296 12.65 1276 1293 13.03 1246 1252
8000 93.64 5221 31.75 2356 2055 2446 2181 1999 18.79 20.84 2159 1993 20.61 2125 2032 18.84 19.40
9000 141.87 81.44 4583 3496 28.86 3595 32.85 2956 2836 3148 30.00 3032 31.02 29.65 2893 2814 2852
10000 21293 11840 66.08 51.25 4131 50.68 43.65 40.63 38.80 4244 4389 4413 45,63 43.69 41.88 40.12 41.99

https://doi.org/10.3390/app16021002


https://doi.org/10.3390/app16021002

Appl. Sci. 2026, 16,1002 24 0f 26

Table A7. Cont.

Ryzen 7 7800X3D

Algorithm: Crout
Linux 1 6 10 12 14 16 18 20 22 24 26 28 30 32
Windows 1 6 10 12 14 16 18 20 22 24 26 28 30 32
3000 141 1.65 1.31 0.90 1.16 1.14 1.05 0.92 1.01 0.90 0.94 1.24 0.79 0.92 1.14 1.24 1.14
4000 5.79 7.83 4.80 2.90 2.57 1.89 1.86 2.78 3.53 3.81 4.57 3.93 3.62 3.62 3.92 3.64 3.90
5000 12.88 14.74 843 5.46 4.34 4.65 3.97 3.84 3.92 4.04 3.90 3.93 4.33 4.14 3.60 3.39 3.55
6000 29.30 3233 1814 1237 1095 8.93 7.87 7.31 6.22 7.68 7.58 7.53 7.37 7.50 7.16 7.22 6.34
7000 5439 5397 3071 2198 1716 1476 1194 1146 11.17 1244 13.82 1343 1237 1244 1156 10.74 11.23
8000 91.38 84.09 47.09 3440 2777 2248 19.27 18.15 1851 1955 2097 21.87 20.78 19.75 1852 1827 17.91
9000 133.89 122.79 6856 50.21 40.74 3230 28.66 2698 25.52 29.12 3050 31.03 30.78 2896 27.11 2575 26.52
10000 192.00 169.30 98.76 71.09 55.79 4824 4270 3744 36.76 42.67 4259 41.17 43.07 43.06 39.40 3844 40.46
Algorithm: Doolittle
Linux 1 6 10 12 14 16 18 20 22 24 26 28 30 32
3000 2.06 1.58 1.28 0.98 1.08 1.09 1.05 0.91 1.23 0.93 0.93 1.31 0.90 0.95 0.85 0.88 1.21
4000 6.68 3.78 2.49 2.25 2.04 2.52 2.23 1.96 2.22 1.78 2.14 1.90 1.94 2.29 1.99 1.76 2.00
5000 1459 7.53 5.27 3.92 3.54 4.43 4.40 4.01 3.96 411 4.05 3.83 4.36 4.16 4.12 3.66 4.06
6000 33.64 1831 11.17 8.13 7.41 9.49 8.87 7.60 7.08 8.58 7.80 8.27 8.03 7.47 7.58 7.29 7.24
7000 5755 31.68 19.02 14.78 1250 15.05 14.18 1243 11.99 1298 13.12 1229 1353 13.62 1231 12.65 1235
8000 9147 50.69 30.41 2389 18.77 2452 2273 1999 19.15 2035 2052 21.28 20.84 20.04 2027 19.12 19.99
9000 145.73 7894 47.19 3494 2853 3547 3247 28.69 2795 3120 3096 31.18 29.76 3143 30.08 29.06 29.36
10000 216.38 118.64 70.71 52.66 4294 50.65 4598 4258 41.13 4391 4365 4490 4510 4213 4146 4196 40.50
Windows 1 6 10 12 14 16 18 20 22 24 26 28 30 32
3000 2.42 0.88 1.65 1.34 1.00 0.82 0.66 0.91 0.87 0.78 0.84 0.96 0.83 0.76 0.92 0.85 0.94
4000 6.86 7.81 4.67 3.01 2.55 2.35 1.94 1.68 1.72 2.06 1.96 2.20 2.33 2.06 222 1.99 1.89
5000 13.63 1494 8.58 5.95 4.85 4.75 4.43 3.88 3.50 4.47 4.69 4.64 4.11 3.72 3.47 3.67 3.69
6000 3234 3097 1717 1224 9.28 7.96 7.13 7.25 7.04 7.45 7.72 8.18 7.65 6.34 7.27 6.52 6.64
7000 58.74 5193 2842 2046 1657 1438 1330 11.32 10.24 1298 13.21 1228 1197 1146 11.32 11.04 11.72
8000 9436 83.54 4740 34.01 27.02 2290 2048 1829 1825 2042 20.69 20.00 2094 2041 1859 17.98 18.13
9000 142,73 125.12 69.50 5143 40.60 33.75 2990 2822 26.13 3027 29.89 30.64 3056 2948 2870 28.65 28.04
10000 200.37 179.70 10252 73.70 58.62 49.68 4320 4222 39.03 4292 4544 4270 45.06 43.82 4246 4123 40.24

Table A8. Energy consumption (k]) on Intel Xeon Phi 7250. Values grouped by algorithm and

operating system. Bold values represent the minimum energy consumption for each matrix size.

Intel Xeon Phi 7250

Algorithm: Crout
Linux 1 16 32 48 64 80 9% 112 128 144 160 176 192 208 224 240 256 272
3000 63.36 747 5.93 5.88 5.71 5.95 5.41 5.46 5.54 5.48 5.56 5.84 5.79 6.08 5.84 6.06 6.45 6.10
4000 167.93 18.81 12.95 13.13 12.87 12.46 11.94 11.84 11.75 11.92 11.42 12.58 12.98 12.21 12.97 12.61 12.31 13.00
5000 330.86 32.83 2721 2606 2524 2445 2375 2414 2342 2388 2411 2368 2425 2516 2556 2432 2472 2459
6000 79561 7036 5447 49.05 4268 4070 4371 4511 4573 4200 4420 39.33 4320 4205 4245 4006 40.00 42.20
7000  2027.27 169.05 97.68 8540 7752 71.80 69.52 6925 6890 69.60 69.29 7057 6931 7139 7060 67.77 6734 67.64
8000 447749 296.23 160.44 137.08 118.09 113.65 102.75 99.05 100.37 99.05 97.33 100.68 10095 104.64 102.80 10259 9844 102.69
9000 5058.30 353.20 205.82 216.31 191.13 179.36 163.73 15246 14845 144.30 14598 14531 14574 147.62 148.85 151.79 152.76 155.03
10000 12440.61 802.69 439.61 33624 29429 257.74 23712 221.64 212.66 20240 204.59 20539 20698 20522 204.95 206.70 209.37 215.28
Algorithm: Doolittle
Linux 1 16 32 48 64 80 9 112 128 144 160 176 192 208 224 240 256 272
3000  63.42 746 593 562 574 561 571 560 555 557 570 599 580 623 620 613 611 623
4000 16829 1829 1291 1317 1256 1236 1232 1208 1170 1231 1248 13.02 1217 1299 1274 1234 1290 13.08
5000  324.86 3353 2645 2605 2493 2520 2395 2468 2529 2431 2344 2410 23.05 2327 2470 2531 2550 2391
6000 899.90 78.86 51.40 47.21 4327 4408  40.03 40.62 40.73 41.78 4370 42.09 39.35  40.38 39.21 38.83 41.63 4233
7000 196462 163.89 9790 8554 7844 7262 6827 6896 70.66 6728 69.70 70.00 7029 7004 6738 6891 6801 67.42
8000 407393 28058 157.56 131.68 118.19 11498 10259 100.63 100.33 9835 9753 10094 101.12 102.02 100.93 102.68 103.97 102.03
9000 490413 351.85 21226 218.75 19373 177.00 160.46 154.56 149.10 148.63 145.00 144.46 147.99 147.88 147.52 149.54 15518 155.35
10000 11904.53 803.16 431.77 337.74 29234 261.89 237.13 220.12 21094 203.82 20643 20439 207.69 202.83 20425 20471 21219 216.07

Appendix C. Performance-Energy Trade-Offs Using Spearman Rank

Correlation

This appendix presents the results of the Spearman rank correlation analysis between

execution time and energy consumption for each architecture-algorithm—operating system

combination. These coefficients quantify how strongly performance gains are associated
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with energy savings. The values are calculated at a 95% confidence level, and significant
findings that characterize the performance-energy trade-offs are highlighted in bold to
facilitate the interpretation of the results.

Table A9. Spearman correlation coefficients and corresponding p-values between runtime and energy
consumption for each configuration and matrix size. Bold values indicate significant correlations (p <
0.05) between execution time and energy consumption.

3000 4000 5000 6000 7000 8000 9000 10,000
Crout 0.4602 0.7639 0.8640 0.9381 0.8866 0.9240 0.9559 0.9167

Mac Mini M4 macOS 0.063 357x107%  7.78x107%  266x107%  213x10°%  1.18x10°%  220x10°%°  231x10""7
Doolittle 0.5842 0.1934 0.5387 0.6413 0.5469 0.6422 0.6683 0.7399

0.014 0.457 0.026 0.006 0.023 0.005 0.003 6.85x10~%
Crout 0.9037 0.9314 0.9804 0.9681 0.9387 0.9265 0.9020 0.9118

Linux 6.57x1077  564x107%8  540x10712  1.99x10710 246x107%®  932x107%®  750x10""  3.50x10"%
' Doolittle 0.7786 0.9589 0.9510 0.9479 0.9877 0.9853 0.9608 0.9755

Intel i9-12900HK 231x107%  130x107%  479x107%  751x107%  1.62x107  634x1071  924x10710  2.84x10~1
Crout 0.7162 0.7652 0.9412 0.9118 0.9387 0.9632 0.9534 0.9191

Windows 0.001 344x107%  1.82x107%  350x107%7  246x107%  574x1071°  328x107%  1.86x10""
Doolittle 0.6888 0.7860 0.8584 0.8750 0.9093 0.9104 0.9216 0.9700

0.002 1.83x107%  1.03x107%  428x107%  427x107%7  390x10"%7 = 1.49x10"Y  1.28x10°1°
Crout 0.0374 0.6901 0.4589 0.7868 0.7475 0.9559 0.9681 0.9191

Linux 0.887 0.002 0.064 1.79x107%  561x107%  220x10°%  1.99x1071°  1.86x107
Doolittle 0.2516 0.6985 0.8309 0.9461 0.8768 0.9240 0.9265 0.9583

Ryzen 7 7800X3D 0.330 0.002 361x107%  9.65x107%  386x107%  1.18x10"Y  932x107%  1.44x10~%°
Crout 0.3720 0.2601 0.8235 0.9681 0.9847 0.9706 0.9142 0.8603

Windows 0.141 0.313 485x107%  199x10710  863x107  1.10x10710  2.85x10°Y  9.42x107%
Doolittle 0.1028 0.8179 0.9559 0.7745 0.9559 0.9461 0.9050 0.9412

0.695 6.04x107%  220x107%  2.62x107%  220x10°%°  9.65x10°%  599x10°7  1.82x10°08
Crout 0.8353 0.7324 0.8679 0.5996 0.8844 0.9236 0.9814 0.8947

Intel Xeon Phi 7250  Linux 1.60x107%  547x107%  3.05x10°% 0.009 1.10x107%  456x107%  672x10°1®  542x10°"7
Doolittle 0.8702 0.8052 0.6343 0.7021 0.8444 0.8369 0.9711 0.9443

2.68x107%  555x10705 0.005 0.001 1.04x107%5  148x107%  223x1071  3.92x10~%
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