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Abstract

Optimizing software determines whether the advanced computer hardware meets its intended
performance. Most processors, GPUs, accelerators, memories, and interconnects offer significant
parallel capability, but if the software is not structured to make use of those resources, they may
not be fully utilized. The paper focuses on a narrative review of foundational and recent scholarly
research and importance of software optimisation in enhancing computer hardware. This will
include discussion of compiler optimisation, algorithm improvement, parallel programming,
memory and cache optimisation, profiling, and hardware-software co-design. The review
identifies software optimisation techniques that enhance the performance of software by
eliminating "useless computation,”" increasing locality, increasing parallelism, and aligning the
execution pattern to hardware capabilities. But optimization is not always workload and
architecture independent: A particular optimization may have a negligible effect on an application
or may even harm it. Also, Amdahl's Law demonstrates that parts of programs that are executed
sequentially limit the advantages of parallel hardware. The paper argues that software
optimization is not just a side-benefit of hardware improvements, but a requirement to fully
achieve hardware performance in today's computing systems.
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Introduction

The evolution of computer hardware has been particularly rapid, with multicore
processors, wide vector units, high bandwidth memory, solid-state storage, and
specialised accelerators. These advances have enhanced the theoretical
throughput of modern systems, but actual throughput depends on the way
software is written to make use of the resources. A program that does not have
good data locality, too much synchronization or not enough parallelism might not
gain from extra cores and/or accelerator power. The optimization of software is
therefore a key factor to make the potential of hardware measurable.
Optimization of software is the systematic change of a software to better
improve one or more of its quality attributes, which are often execution time,
throughput, latency, energy consumption, memory usage, or scalability.
Optimization can happen at the algorithm, the source-code, the compiler, the
runtime or the system level. Some examples are: using a more efficient algorithm,
eliminating duplicate calculations, restructuring loops, using vector instructions,
optimizing cache reuse, and distributing work among processors.

There is a two way relationship between software and hardware. The hardware
offers features like multiple cores, caches, vector units, and accelerators, and the
software decides how efficiently these features are employed. Future
improvements will be more and more reliant on the use of domain-specific
architectures and close hardware-software collaboration (Hennessy and
Patterson 2019). From this angle, software optimization becomes a key part of
today's performance engineering.

The main research question is: How software optimization can enhance the
performance of modern computer hardware and on which occasions will the
effect be the most noticeable? To answer this question, this paper reviews the
existing optimization principles, explores their connections with hardware
attributes, and pinpoints the bounds of software-only enhancements.

Literature Review

Comp. Opt. and Code Gen.
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Compilers convert high level source code into machine instructions and have a
significant impact on hardware utilization. Among compiler's optimizations are
constant folding, dead-code elimination, loop-invariant code motion, loop
unrolling, instruction scheduling, register allocation, and vectorization. The
transformations are designed to minimize both the number of instructions and
the lack of instruction-level parallelism in the program, and to better utilize the
processor pipelines and registers.

Aho et al. (2007) give an introduction to compiler design and optimization, and
demonstrate that compiler optimizations may affect the performance of a
program without changing its observable behavior. Their work proves that
optimization is not merely a question of minimizing program source code length,
but also one of optimizing the efficiency of machine code generated from the
program while maintaining its semantics.

The effectiveness of the compiler is dependent on the architecture it compiles for.
This can be beneficial for one processor and detrimental for another, due to
variance in cache, pipeline, vector width and/or branch prediction. This
architectural dependency is the reason why many compilers offer various levels of
optimization and why the developer might need that optimization to be done in
an architecture-specific way.

Algorithmic Optimization

The most significant performance gains may be achieved by algorithmic
optimisation, as it modifies the computation—either in quantity or in form. Cheap
algos can be replaced with ones with lower computational complexity, and this
can yield execution time improvements of orders of magnitude; there may be
smaller improvements from low level tuning. Improvements to the search/sorting
strategy or reducing unnecessary calculation or mathematical operations can
reduce the amount of work done before hardware is even considered.
Algorithmic decisions also impact on parallelizability. Some algorithms can be
broken up into separate tasks, some need to communicate frequently or
synchronize. Even though a parallel algorithm has a lower theoretical complexity,

it could have poor performance if it involves too much communication overhead.
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So the choice of algorithm should take into account both the amount of

computation and the compatibility with the target hardware.

Parallel Programming and Concurrency

Multiple processors may be used simultaneously with parallel programming.
Shared-memory systems are based on threads and synchronization objects,
distributed systems coordinate processes spread across nodes, and hybrid
systems are based on a mixture of the two. Parallelization can enhance
throughput and execution time, but it is not without its problems like race
condition, deadlock, load imbalance, and synchronization overhead.

Amdahl (1967) proved that the maximum speedup of a program for parallel
execution is constrained by the sequential fraction of the program. When a
fraction \(F\) of a computation is sequential, the theoretical speedup of using \(P\)
processors is \(1/(F+(1-F)/P)\). This principle is still very important when it comes to
understanding why more cores or more accelerators don't necessarily mean more
performance.

Hill and Marty (2008) took this view one step further by claiming that in the end,
chip performance is more important than the efficiency of its cores, when
discussing multicore design. They have developed techniques that enable them to
design systems that have a few powerful components alongside many simpler
ones. From a software point of view, this implies that applications should be
designed to take advantage of the parallelism available, without experiencing
bottlenecks due to serial sections or to the non-uniform distribution of the tasks.
Memory and Cache Optimization

Memory optimization is crucial as processors may be able to run instructions at a
faster rate than data can be supplied by main memory. The software that is cache
friendly enhances the temporal locality by accessing data again shortly after it has
been used and the spatial locality by accessing memory addresses in order.
Techniques involve loop tiling, blocking, data-layout transformation, structure of

arrays organization, and reduction of pointer chasing.
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The fewer the memory stalls, the more efficient the processor pipelines and
vector units are able to operate.Better cache reuse results in fewer memory stalls,
and thus more efficient processor pipelines and vector units. This is especially
relevant for numeric applications, image processing, and machine-learning
applications, which involve processing large arrays multiple times. Memory
optimization can thus boost performance even if there are no changes in the
number of arithmetic operations.

Memory optimization is more crucial in accelerator-based systems. According to
Mittal and Vetter (2015), the performance of CPU-GPU heterogeneous computing
relies on three main aspects that need to be managed: data transfer,
synchronization, and workload partitioning. When data transfer to and from host
memory predominates operations, the advantage of using the accelerator could

be null.

The ability to profile and analyze performance.Profiling and performance analysis
skills.

Profiling determines times spent on software and underutilized hardware. There
can be multiple metrics used for tools to measure execution times, cache misses,
branch mispredictions, memory bandwidth, thread contention or accelerator use.
By profiling, developers can identify compute bound, memory bound,
communication bound and input/output bound workloads.

Profile-guided optimization (PGO) is an optimization technique that takes
information from representative runs to inform optimization decisions. For
instance, a compiler might perform more aggressive optimizations, or better
instruction and data arrangement, depending on how the program is used. PGO
can produce better cache behaviour and branch prediction, however in order for
it to be useful, the profiling workload must be representative of the production
workload.

Another advantage of profiling is that it avoids wasted optimization effort. When
a complex-looking function appears to be slow, a developer might suspect that it

is. However, in a profile of such a function, memory allocation, synchronization, or
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input-output operations may be found to be the most time-consuming activities.
Optimization based on evidence is thus better than optimization based on
intuition.

Hardware-Software Co-Design

The co-design of hardware and software is a process of designing hardware and
software simultaneously, with each one catering to the needs of the other. It is
particularly applicable to the field of accelerators, embedded systems, and
domain specific architectures. The co-design approach takes into account the data
flow, precision requirements, memory access patterns, and parallelism during the
architectural design, as opposed to designing hardware first and then adapting
software to it.

This approach was shown to be useful by Jouppi et al. (2017) with the Tensor
Processing Unit (TPU), a domain-specific accelerator for workloads involving
neural networks. They found that optimizing the hardware resources for the most
common operations of a workload can be very significant for performance and
energy efficiency. But these benefits require software frameworks and models
that are able to take advantage of the accelerator.

There are some limitations of co-design. Specialized hardware might not function
well if workloads are different, and software developed for one hardware
architecture is not likely to be easily adapted to another. As a consequence, co-
design has the potential to deliver high performance, but can be less portable and
might be more complex to develop.

Research Gap

The optimization of software is a well studied area of research, but there are still
some gaps. First, a lot of studies consider individual optimizations, either a
compiler optimization flag, a loop transformation, or a parallelization method.
There are relatively few studies that look at the joint impact of multiple
optimizations over the entire software stack (application code, libraries, compiler,
runtime library, operating system, and hardware).

Secondly, optimization results are frequently reported for narrow benchmarks.

Benchmarks can be helpful for comparing and contrasting, but may not represent
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production workloads with variable input sizes, concurrent users, background
processes, or data distribution patterns. Further studies are required on the
robustness of the optimised performance under realistic operating conditions.
Third, energy efficiency and sustainability are not necessarily regarded as top
priority optimization goals. Software can either decrease the execution time with
higher peak power consumption, decrease energy consumption with higher
latency. A combination of performance, energy, cost and reliability evaluation
would yield a more comprehensive understanding of the benefits of optimization.
Lastly, portability can be a problem. Optimizations specific to a processor,
accelerator, or compiler version may not be portable. Adaptive optimization
techniques that are able to choose the correct transformations considering the
behavior of the workload and the hardware properties should be studied.
Objectives

Discuss the main types of software optimisation which affect the performance of
a hardware system.

Analyse the impact of compiler, algorithm, parallel programming and memory
optimisation on hardware utilisation.

Recognize situations when software optimization results in a meaningful
performance gain.

Discuss the constraints, compromises and research issues of software
optimisation.

The objectives are a systems level exercise in software optimisation. The
emphasis is on how the program structure relates to the hardware capability and
not on tricks for the code level.

Methodology

Review Approach

This paper uses a focused narrative literature review and conceptual synthesis.
Does NOT report any new experiments, benchmarks, simulations or
measurements. The selection included scholarly sources that cover the
fundamentals of optimization, parallel computing, heterogeneous computing,

domain specific architecture, and current architectural trends.
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The evidence base comprises Amdahl's very early work on the analysis of parallel
speedup (Amdahl, 1967), Hill and Marty's analysis of multicore performance (Hill &
Marty, 2008), Aho et al.'s compiler theory (Aho et al., 2007), Mittal and Vetter's
survey of CPU-GPU heterogeneous computing (Mittal & Vetter, 2015), Jouppi et
al.'s evaluation of TPU (Jouppi et al., 2017), and Hennessy and Patterson's
assessment of contemporary computer architecture (Hennessy & Patterson,
2019).

Analytical Framework

The review categorized and grouped the evidence into six optimization domains:
algorithmic optimization, compiler optimization, parallelization, memory and
cache optimization, profiling, and hardware-software co-design. The analysis for
each domain took into account the mechanism of improvement, the hardware
features involved and the condition which limits effectiveness.

The paper makes the distinction between what a computer can do and what it
actually does do. Core count, clock speed, memory bandwidth, accelerator
throughput and interconnect speed are all hardware capabilities. Realized
performance is the running time, throughput, latency or energy consumption of
an application run on the full system. In between these two concepts, software
optimization is analyzed.

Scope and Limitations

The review is not comprehensive. Does not employ a formal systematic-review
protocol, independent coding, risk-of-bias assessment, or quantitative meta-
analysis. The paper is also not concerned with the assessment of individual
commercial compilers, hardware products and proprietary software tools.
Conclusions are thus limited to general principles that are consistent with the
literature reviewed.

Results

Reducing Computational Work

The review concludes that algorithmic optimization can enhance hardware
performance by minimizing the workload of the hardware. An improvement in the

algorithm can significantly speed up the process without altering the hardware
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itself. This finding underscores the importance of complementing the speed of
hardware with the efficiency of the algorithm to achieve maximum performance.
Optimization is also important for scalability via algorithms. Multicore processors,
clusters, and accelerators are likely to be useful for algorithms with low
communication and low synchronization requirements.lt is likely that algorithms
with low communication costs and low synchronization costs will benefit from
multicore processors, clusters, and accelerators. On the other hand, algorithms
with many dependencies could be bottlenecked by the coordination overhead
even if the hardware is capable of doing much more.

Improving Hardware Utilization

Compiler optimization makes it possible to get a better usage of the hardware by
producing machine code that better suits the hardware capabilities. Pipelining,
allocation of registers, vectorization, and transformations of loops can be
optimized for better pipeline usage, less memory traffic, and better usage of the
vector units. These enhancements enable the same hardware to perform more
valuable tasks in a shorter period of time.

When a task needs to be broken up, parallel programming can help to utilize the
cores or the accelerators. But the review reveals that more is needed than just
creating multiple threads to achieve an effective parallelization. The developers
have to deal with the load balancing, few synchronizations, avoiding false
synchronization and managing communication. If the parallel program is not well
optimized, it can be slower than a sequential program due to overhead.
Improving Memory Behavior

Memory optimization increases the number of instructions that can be executed
in a given time given the number of memory accesses. Cache friendly access
patterns, loop tiling and improved data layout improve the chances that required
data will exist at faster cache levels. This enables processors and accelerators to
be closer to their theoretical performance.

When running a heterogeneous system, the amount of data moved between host
and device memory becomes critical. Mittal and Vetter (2015) indicate that data-

transfer management and synchronization have a significant impact on CPU-GPU
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performance. By providing software to reduce unnecessary transfers, much of the
accelerator's computational benefit can be retained.

The ability to profile and optimize targeted content.Profiling and Targeted
Optimization.

The review highlights the ability to profile to achieve targeted optimization, since
actual bottlenecks are identified. Developers can perform optimizations on
functions or operations that have the highest performance impact instead of
optimizing all the code. This method can enhance the optimization process and
avoid adding unnecessary complexity.

The generation of profile-guided optimized code can further optimize the code to
match its observed runtime use. It does not work well for representative profiling
workloads, however. Optimization decisions might not hold true if the production
behavior is significantly different from the profiled workload.

Discussion

Optimization is a System-Level Activity.

The results indicate that software optimization is a process at the system level.
The algorithm design can impact the memory access, a compiler transform can
impact the cache behaviour, and a parallelisation approach can impact
communication and synchronization. In such systems, optimization of any one
component can have a negative impact on the performance of the entire system.
This complexity can be tackled by hardware-software co-design, which takes into
account the hardware and software together. When software and hardware are
focused on a specific workload, as Jouppi et al. (2017) show, major gains can be
achieved with domain-specific hardware. Co-design is also one of Hennessy and
Patterson's (2019) key directions for future architectural innovation.

Trade-Offs and Constraints

Optimization of software has a cost. Aggressive optimization can lead to speed
gains but sacrifices code readability, maintainability or portability. Concurrency
errors and debugging difficulty can arise from parallelization that may help to

boost throughput. Specialized implementations could be more efficient on one
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workload than another, but they could be inefficient on another workload when
needs change.

There is a theoretical limitation on parallel optimization also called Amdahl's law.
If the execution of the program is parallelized for most of its execution and the
remaining part is executed sequentially, the maximum speedup will be limited by
the sequential execution part of the program (Amdahl, 1967). Developers have
then to decide on the next steps: parallelization, better memory usage, less
communication, or reformulation of the algorithm.

Implications for Practice

Optimizing is done after profiling for developers. By measuring execution time,
cache behavior, thread contention and accelerator utilization, you can determine
if there are meaningful opportunities for improvement. The next step in
optimization should be to use algorithms and data structures over low-level code
transformations.

Representative workloads, reproducible benchmarks, and continuous
measurement should be part of performance engineering for organizations. The
decision on hardware upgrade should be made in conjunction with software
optimisation as either upgrade may reveal or eliminate a bottleneck. A balanced
approach means that hardware expenditures are not made that software can't

use effectively.

Discussion: Future Directions

Future research could focus on adaptive software optimization, where the
compiler and runtime systems choose transformations, depending on the
characteristic of the hardware and behaviour of the workload. To deal with the
ever-increasing diversity of processors, accelerators and deployment
environments, compilation, autotuning, and running-time adaptation with
machine learning can assist.

Finally, future research is required to assess optimisation for full system and
realistic workloads. The principal results to report are: Execution time,

Throughput, Latency, Energy usage, Memory consumption, and Portability. This
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kind of evaluation would show better the applicability of software optimization
beyond the isolated benchmark results.

Conclusion

Optimizing software is an important aspect of enhancing the performance of
computer systems. It minimizes the amount of computations, localizes cache
accesses, enhances parallelism, makes code processor-specific and allows
efficient accelerator utilization. If not, there may be advanced hardware that is
not fully used and theoretical increases may not be realized in actual applications.
The literature reviewed indicates that optimization works best when it is based
upon workload characteristics and the behavior of the hardware. Compiler
transformations, algorithmic improvements, parallelization, memory optimizing
and profiling all have an impact on performance but they are interdependent.
Amdahl's law also shows that the advantages of parallel hardware are limited by
the need to sequence and coordinate the computations (Amdahl, 1967).
Optimization of the software should then be viewed as fundamental in optimizing
the hardware performance. Along with the faster processors and accelerators,
software will play an important role in future progress as it will need to adapt to
heterogeneous architectures, reduce data movements, and utilize parallel
resources efficiently. Coordinated progress in algorithms, software, compilers,

and hardware will bring about the most significant improvements in performance.
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