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Abstract: In an age of ongoing machine learning and deep learning applications, energy-efficient Al clusters are valuable
in that they greatly reduce carbon footprints. Al clusters have become indispensable for large models that have a long
training time and require large amounts of data. Al clusters can be divided into two major parts for their operation: the
first part is to train the model in the deep learning model. The second part is to store the massive amount of high-
dimensional input data for our model. Using Al clusters in the deployment of cloud infrastructures, as well as high-speed
storage solutions, has been integrated.

Given the large computational costs of large-scale Al jobs, it is logical to optimize energy resources for both aspects
individually. Little research has been done, however, on the relationship between storage and CPU energy optimization.
Modern state-of-the-art Al systems mainly depend on the assignment of CPU-bound, disk-bound, or GPU-bound parts,
connected over network links. While the usage of some of these elements can be diminished, usually the entire connection
is cut off along the device chain, resulting in rapid degradation of the performance of the overall Al application. Energy-
efficient and environmentally friendly technical implementation is highly significant. Artificial Intelligence is evolving
rapidly, providing excellent solutions for many new challenges as well as making existing solutions even better. However,
one of the main challenges is the enormous consumption of energy in the training process of Al.
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1. INTRODUCTION

The perception of Al technologies has drastically transformed from that of 'hyped' to one whose emergence is eagerly
anticipated by consumers, businesses, organizations, educational institutions, research facilities, philanthropy
associations, humanitarian groups, political bodies, and government reserves around the globe. Conversely, this
worldwide surge in Al requests and aspirations has resulted in energy needs that could prevent technology's potential
exponential advancement and use. The negative impacts of our current energy consumption patterns, primarily designed
to fuel the exponential increases in the number of data centers and computers, data communications, and storage
infrastructures employed for training the latest state-of-the-art DNNs for popular Al segments, include consequential
carbon footprints whose negative effects on the environment are perceptible. Technologies that could avoid the total
amount of elements in square feet per hour required for inference activities are also important for reducing the energy
use of artificial intelligence models and Al inference engines in data centers.

Global research is focusing on leveraging and consolidating cloud services and high-speed storage facilities to approach
energy and environmental chain reactions eventually achievable with appropriately constructed Al clusters in the absence
of these dedicated aids for operating with the cloud or high-speed storage. Sinewy convex formulations undergird the
research issues in this paper. A probable methodological resolution, where a nascent stacking and layering approach in a
stratified architecture synergistically concatenates the respective onyx and cherry while still allowing their initial
unification through the jade, is described in the paper.
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Fig 1 : The Synergy of Artificial Intelligence in Energy Storage Systems
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1.1. Background and Rationale

Historical Context: The development of Al clusters can be seen as a direct progression from the development of HPC
infrastructure. Clusters for Al applications have been continually increasing in size — the biggest systems presently can
have hundreds of nodes that use thousands of GPUs. These clusters use a lot of energy, with power consumption not
expected to fall for planned machines over the next 10 years. As the clusters grow, the energy needed is increasing,
prompting a focus on improving energy efficiency. Such large-scale and emergent systems provide a new vantage point
on workloads and data movement and can incentivize ML algorithms that aim to reduce data movement and cluster-level
communication, which drives down the energy expended.

The rationale for the focus on energy efficiency: These massive Al clusters have substantial environmental implications.
Training an Al model may emit as much CO2 as six and a half cars do in a year, and the Al community at present is on
track to produce models that pollute as much as a jumbo jet when training. Several companies have suspended retraining
because of environmental concerns. Some companies are developing hardware with a focus on minimizing energy use.
However, buying new hardware for an Al cluster is an expensive and time-consuming process and significantly increases
the energy cost of the lifetime of the cluster. At the same time, technology and infrastructure are currently emerging that
have the potential to reduce energy use. High-speed distributed file systems ensure data can be streamed quickly to nodes
in a cluster so the network is not waiting for data to be fed in. Such technologies have the potential to democratize access
to energy-efficient Al clusters. Thus, there is a growing need to study green Al and ensure that the infrastructure and
resources developed are sustainable. At present, the area of sustainable Al research only focuses on the design of energy-
efficient algorithms and hardware. However, the practice of training models still has a large environmental impact,
irrespective of their design.

1.2. Research Obijectives

The primary objective of our research is to present new strategies to significantly improve the energy efficiency of Al
clusters. With an increasing demand for high-speed, efficient 10T and Al applications, data center energy consumption
is expected to continue to rise. The proposed strategies build on a comprehensive exploration of the integration and
synergy of cloud computing paradigms and high-speed storage. The investigated strategies have the potential to
significantly reduce Al clusters' carbon footprints through the development of actionable recommendations. The
investigation into energy efficiency was largely driven by the fact that energy consumption trends are expected to
increase, as more data-intensive applications are used in current, real-time Al, cloud computing, and 10T scenarios on a
growing scale. It was, therefore, crucial that possible improvements in energy consumption due to the adoption of high-
speed storage technologies be quantified to indicate the positive ecological impact of such adaptations. However, a review
of current energy consumption trends and their implications can influence future artificial intelligence hardware synergies
that are energy efficient and more intuitive.

As part of this research, it was important to determine the state-of-the-art practices, Al system characteristics, and datasets
currently used in practice. The main objective is to optimize storage bandwidth from both a hardware and a software
perspective, rather than focusing on optimizing algorithms and data access. Developing techniques that allow the storage
overhead to be leveraged significantly can cause some methods to be slowed down due to exorbitant transfers of non-
reusable intermediate data that are not feasible in current practice. Our hands-on experience of developing a high-
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efficiency storage strategy in a cloud framework and measuring its energy efficiency enabled us to identify a very low
overhead metric to optimize it further from a data-intensive perspective.

EE Ptutal Piotal: Total power consumption of the Al cluster

Equation 1 : Energy Efficiency (EE) (--?mtal Chotal: Total computational capacity of the cluster

2. Al CLUSTERS AND ENERGY CONSUMPTION

A cluster is a collection of computers (often called nodes) working together as a single system. An Al cluster refers to
one that is dedicated to performing Al-related computations. State-of-the-art Al clusters rely on accelerators such as
GPUs. Al clusters can be further divided into those that use distributed model training and those where a single model
fits entirely into the memory of a single accelerator, and therefore model training happens in a single node. Distributed
model training has become prevalent in recent years because it allows the training of large models. Al clusters are
typically managed by cluster scheduler software. Each application in an Al cluster is typically run in the form of a
distributed job. Operators are allowed to request a set of resources from the scheduler and run large-scale distributed
synchronous computations. However, current design patterns and operational mechanisms often lead to low cluster
utilization and pose operational challenges at hyperscale. This operational inefficiency causes excessive energy waste.
Many Al clusters are provisioned for rare peak loads, and the hardware idles most of the time.

The amount of energy required for both training and inference in Al is a cause for concern. Excessive energy consumption
affects long-term sustainability, drives up operational costs, and increases the environmental impact of delivering Al
services. Measuring the energy demand for various applications in Al based on industry benchmarks and performance
metrics can be quite an involved exercise. We focus on the training phase of Al workloads, where Al models are being
built by processing vast data sets. The energy required for inference can be significant as well and is the focus of ongoing
efforts. Thus, there is a need for Al clusters that have an energy-conscious operational, system, and algorithmic design.
It is with these motivations in mind that we present the entirety of our energy-efficient Al cluster architecture. This serves
to describe the overall architecture of an energy-resilient Al cluster. In considering energy-efficiency facets, we will lay
out requirements, implications, and architectural principles. Concerning the topic of energy-efficient Al clusters, this
serves to provide a framework and overview of the possible directions.
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Fig 2 : Energy Consumption in Cloud Computing

2.1. Overview of Al Clusters
Al clusters can be constructed using a diverse number of components spanning processors and field-programmable gate
arrays, storage including parallel file systems and burst buffers, as well as network elements. These clusters perform
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repetitive operations, but at a rapid speed, to boost the rate of training datasets and ensure very accurate results. Al clusters
are poised amid a large amount of stored data. As a result, units such as accelerators alleviate some of the storage and
communications bottlenecks with the storage and underlying networks used to provide and retrieve the data. This kind
of big data processing is required for many industries and purposes such as deep learning and machine learning in life
sciences like pharmaceutical development, intelligent drug design, and genomics. There are two prominent deployment
choices: public clouds and private or in-house Al clusters used by academic, government, or industrial groups that do not
want their data stored on somebody else’s cloud. For the public cloud, the physical components of these Al clusters are
provided as a service.

Further, depending on the target problem, a wide range of Al accelerators can fit into the proposed framework using
virtualized functions. Future software studies can develop middleware and application platforms with the flexible Al
cluster to compute the data and computational capabilities across the hybrid cluster, Al, network, and storage. An Al
cluster can be a large bank of ordinary general-purpose processors and GPUs using accelerating libraries. Innovators are
continually searching for new ways to boost storage and computing options while exploiting the demands and
opportunities found in emulating the human neocortex. The most prevalent technologies involve accelerators and next-
generation memory systems. One such proposal is to combine a brain-themed multi-cloud high-speed storage framework
with the Al cluster. As a result of this work, it is abundantly clear that innovative Al clusters will be relevant for practical
scientific supercomputing because the new Al areas can be harnessed to support very large Al clusters. Planetary-scale
Al clusters are eminently possible should there be a scientific application demand in the future.

2.2. Energy Consumption Challenges

In the context of Al infrastructures, three layers of systems result in large energy consumption inefficiency: the cluster
systems with job schedulers fully powered up, the machine learning (ML) model acquirers, and the storage systems.
Large clusters offer great computational power. However, these clusters result in poor task consolidation, poor platform
utilization, poor storage serviceability, and large network traffic. Then the acceleration solutions consume excessive
electric power. The demand for high-speed networks, large-size networks, and the total network throughput often leads
to large energy costs of high-bandwidth totals. Moreover, the significant energy peak loads draw the cost of peak-time
electricity, as well as have great impacts on electrical grids.

One direct consequence of large energy consumption is a high level of CO2 emissions. The emissions would not be a
concern if the used energy could be regenerated by afforestation or other forms of green energy; however, massive
manpower is required to implement these regeneration solutions as energy generators, and it takes several tens of years.
Thus, this series of work was initiated to make eco-friendly Al research. Although some discussions on the optimizations
of Al systems to save energy could be found, the state of the art displays a large gap in the performance required in a
cluster and the used electric power, how using high-speed storage could reduce the total power, and how it would affect
the reduction in emissions. In this paper, we explore and discuss in depth the aforementioned research questions.

3. CLOUD COMPUTING AND ENERGY EFFICIENCY

Power distribution and cooling for large clusters are significant overheads requiring much engineering gestation and
expense. Our focus is to explore the potential for reducing this energy consumption, and to do so one must first position
the role of data centers and cloud computing in the processes of Al. So that algorithms do not wait for data, and data is
not delayed by other processes contending for the same accesses, modern Al deployments employ parallel processing.
With more hardware assisting its tasks, Al completes sooner. Cloud technologies are used not only to process Al tasks
in high-capacity clusters but also to manage access to and operation of large data repositories containing training and
validation data sets.

Effectively, cloud computing permits optimization of the use of the members of an Al cluster and individual components
of the underlying cloud ecosystem. For instance, a storage system is centrally managed, so under-subscribed resources
may be powered down or multiplexed with frequencies specific to the Al job mix denoted as workloads. Communications
and computation can similarly be centralized. Energy to perform the role of computation or communication is supplied
to these services in an energy-delivery-by-demand model; technology optimizes the server chips to modulate to needed
performance. Virtualization technologies now permit the allocation and reallocation of exactly the amount of storage,
server, and network capacity required. Hence, any inefficiencies of over-provisioning anticipated in the construction of
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the service are not effectively wasted, more just a prelude to dynamic matching of customer demand. Energy efficiency
can be gained here by capping the maximum allocation to just-in-time load peaks; an oversubscribed allocation
maximizes the chance of use and savings in resource costs, but only if the market sets acquisition costs in relation. Despite
the maturity of such solutions, operational practices and the distribution of organizational roles still reflect the prevailing
file-based, dedicated storage specification age. A general challenge of cloud provision is to persuade the many
organizations involved to move synergistically to release energy efficiencies. By far, the largest amount of energy
expenditure, however, remains with computing, and dominant within computing is the energy consumption of processing
equipment. As such, this is the source needed for the IT industry to directly address. It is also likely to be the prime source
of those gains in the next 10 years that push forward ponderous further reductions in the next two decades until all of the
cloud changes for the better bear out in lower energy consumption for operations. One challenge here is the uncompetitive
cooperation needed to manage how cloud service suppliers coordinate sharing workloads between cloud operators.
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Fig 3 : Energy Efficiency in Cloud Computing

3.1. Cloud Infrastructure for Al Clusters

As more Al services migrate to a cloud service model using the infrastructure-as-a-service platform, an effective cloud
service scenario exclusively designed for Al clusters helps the provision of resources optimized for Al workloads. For
cloud infrastructure, distributed computing usually means that several machines cooperate so that work can be done at
scale. First, deploying more processors can lead to substantial improvements in computing efficiency. In addition, the
implementation of distributed storage with parallelism affects the efficiency of computation. With clear advantages from
the performance perspective in utilizing distributed computing and storage, allocating proper machine choices configured
with high-speed storage can be effectively considered in Al clusters. The results achieved in this section further confirm
this point.

To design efficient cloud infrastructures, recent research efforts have been largely focused on how to manage big data,
enabling efficient resource utilization for the influx of Al workloads. During this endeavor, Al practitioners also attempt
to reach two goals, i.e., to make the system scalable and to allow the system to handle ‘any workload at any time and
grow or shrink with your needs,' since Al workloads may start small and exponentially grow as new businesses, projects,
or applications come. This consideration necessitates the storing of datasets and models separately for cloud flexibility.
Additionally, developing cloud infrastructures can potentially result in energy-efficient Al solutions. An example is in
the case of cloud providers partnering with developers of certain Al hardware to create a scalable service that is more
general-purpose Al than typical ASICs. It is possible that niche cloud services can be developed for the entertainment
industry as it goes green, and projections have been made for certain studies. With this background, cloud infrastructure
for Al clusters remains a feasible study to design efficient Al clusters and how Al workloads are processed, as it is highly
related to the design of modern Al applications.

3.2. Energy-Efficient Cloud Computing Technologies

Various cloud-scale technologies are aiming to reduce the energy consumption of cloud systems. Hadoop has been
extended with an energy-aware co-allocator framework reducing the energy consumption of jobs, storage, and networks
when providing storage-based performance objectives. Co-optimally solves joint batch allocation and scheduling in cloud
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storage clusters, which reduces power consumption, harmonic vibration of clusters, and energy dispersion. In addition,
various hardware has been proposed to reduce the energy consumption of cloud parts, such as energy-proportional
switches and routers. There are bleeding-edge technologies for greening components of data centers, including a High-
Speed Temporary Storage system that has been studied. This is a major area of commercial and academic cloud
computing development.

Recent work on cloud includes the possibility of splitting loads between public cloud and local cloud infrastructure, such
that the locations of non-preferred data can still be outsourced into the public cloud system. The multi-sourced workload
is more efficient than using just public cloud resources, and with multiple optimizations combined, cloud storage use can
be made more energy efficient. Adding low-bandwidth burstable storage in the public cloud—tied to a high-speed storage
array in a private commercial data center—was shown to provide significant cost reductions, particularly in areas where
there is limited administrative control due to legal regulations. These solutions are shown to have led to significant real-
world cost and energy savings in large-scale, real-world use cases. Coupled with these approaches are advances in
governance and policy, particularly about automated defense, which have and will continue to have a major impact on
Internet operations. Although the public cloud is not currently fully energy-efficient, many different evolving cloud
technologies continue to have an impact, and further analysis is needed to ensure a low-carbon footprint.

4. HIGH-SPEED STORAGE SOLUTIONS

Processing tons of data with only a few tens of gigabytes of memory capacity inherently demands storage solutions
thousands of times faster than conventional storage solutions to fetch data. Since 2014, the popular SSD has only been
the same order of magnitude as 10"-4 operations per idle, resulting in bad write and read efficiency in large-scale machine
learning models, which is the price of very fast memory-based storage solutions. On the other hand, it consequently adds
premiums to their hardware costs to be integrated with Al clusters. Moreover, there exists a trade-off between speed and
power consumption. For example, memory-based storage solutions, despite the ultra-low idle power, consume energy
approaching the idle power of high-performance computing with poor read/write efficiency. The rapid adoption of such
high-speed storage solutions alongside cloud services offers opportunities to execute trade-offs to achieve close-to-ideal
power efficiency in Al clusters and HPC centers. Research and industry are aiming to develop energy-efficient data center
infrastructures that achieve the same low energy and peak compute performance of existing HPC solutions while at the
same time overcoming the fundamental HPC throughput limitation that limits their efficiency.

Systems based on spindle-based hard disk drives are already making use of these trade-offs: 2TB rated disks work with
5.5W idle and 9.8W max to store a great variety of HPC/ML software and the corresponding data. For such tasks, they
are already used in the workflow of experiments. Regarding solid-state technologies, NVMe offers a specialized protocol
for advanced storage technologies that enables comprehensive control of storage commands to directly access SSD and
storage devices. Further speedups can be provided in the upcoming SSD via its storage class memory. However, NVMe
devices still consume power quickly, reaching unacceptable idle power efficiency compared to HDD spindle solutions.
There has been some progress in reducing the amount of energy usage and consequently the energy costs of storage speed
solutions from 2014 to 2016, where the average value was 1.8 increasing up to 2.5. While positioning or seeking new
storage solutions, software modularity introduces the potential of governance that can express storage resource limits,
cybersecurity definitions, and critical data expiration policies that must be guaranteed. In the next generation of HPC
infrastructure, all these requirements have to integrate with cloud hybrid on-premises, for infinite stable storage solutions,

so straightforward approaches making use of typical sequence storage will progress over time to be unique.
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4.1. Importance of High-Speed Storage in Al Clusters
Modern Al infrastructure is dominated by data center-based clusters or servers where Al models can be trained and then
deployed. One of the most important components of Al clusters is the storage system because Al algorithms process vast
amounts of data to compute and optimize parameters. In many cases, accessing the input data underpinned by high-
capacity storage with high-speed interfaces is a powerful technique to increase the efficiency of application code. Due to
the characteristics of modern Al applications, the amount of data to be processed has drastically increased in the last two
years. Additionally, many Al applications have very limited processing time to enable the development of intelligent
autoscaling heuristics that allow the Al cluster to quickly and elastically expand or shrink as desired. Consequently, the
time for adding storage systems should be kept as short as possible without any requirement for additional code
modifications or application adaptation.
In recent years, some proprietary high-speed storage interfaces have begun to appear in the market. While the prices for
most of these interconnects are quite high, some of this new generation of high-speed storage can be beneficial under
certain circumstances to increase the efficiency of deep learning computation because they have intrinsically lower
latency and higher bandwidth. High-speed storage can potentially be more efficient, especially in Al, which accounts for
a significant portion of global electricity consumption, when combined with high-speed storage-equipped low-latency
cloud storage. To delegate responsibility and reduce costs, the majority of Al services rely on public cloud providers and
consume computing cycles from centralized server clusters operated by cloud service providers. By synchronizing
environmental settings with operational specifics, cloud providers may lower their carbon footprints. Businesses are
under increasing scrutiny to minimize energy usage and expenses while increasing the processing performance of
products.

Niodes

CF=) (P-f)
Equation 2 : Carbon Footprint (CF) =1

P;: Power consumption of the i-th node
[3: Carbon emission factor (per unit of power)

Niodes: Total number of nodes

4.2. Energy Efficiency in Storage Technologies

4.2.1 Introduction Storing and computing data are fundamental operations performed in Al clusters. Hence, storage
technology choices have direct implications on the carbon footprints of Al clusters. In recent years, several storage
technologies have been proposed to make the system more energy-efficient. These technologies also attempt to provide
fault tolerance solutions to reduce power consumption and thereby carbon emissions. To efficiently use power in cloud
systems, researchers have proposed a variety of techniques in data storage, such as global load balancing, heavyweight
data migration across data centers, and cross-user data redundancy elimination. In this section, we critically analyze the
various storage technologies associated with Al clusters and their respective energy efficiency. The common metrics to
evaluate the energy efficiency of a system consist of the amount of useful work done per watt.

4.2.2 Energy Efficiency Metrics for Storage Performance Per Watt Machine learning with deep neural networks is
permeating every aspect of industry, academia, and government. Low latency access for reading and writing with a high-
performance cluster file system is critical for both CG and ML applications. A common architecture among Al clusters
is to adopt parallel storage solutions, providing high-performance computing with high-speed interconnects. In such
configurations, the storage performance is an evident cost metric in terms of energy, serving as an important check for
the cost of computations and storage per indispensable amount of energy. Block-level storage 1/0O is an increasingly
dominant part of the HPC workload due to the increasing demands for storing large datasets used in deep learning. In the
intelligence community, users are moving to compute-centric Al clusters with the deployment of newer large deep
learning, machine learning, graph analytics, and general big data analytics, thereby increasing the need for cost-effective
interconnects and high-performance storage. Machine learning and deep learning, both subsets of Al, continue to be the
primary new areas the intelligence community is researching. The decisions of which hardware to use and what storage
technology to invest in have a direct effect on the energy used and carbon footprint of computations for Al clusters.
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5. SYNERGIES BETWEEN CLOUD, HIGH-SPEED STORAGE, AND Al CLUSTERS

Synergies emerged from cloud and high-speed storage, and Al clusters: By combining the cloud and high-speed storage
with Al clusters, the energy efficiency of both can be substantially increased, as well as their performance. A cloud can
be regarded as an array of federated, low-power nodes, while Al clusters can be seen as a private cloud with high-power
GPUs. As both of them have similar systems composed of CPUs and GPUs and feature similar CPU-to-GPU data rates,
operating them in a collaborative framework with optimized resource allocation would lead to substantial energy savings.
Interaction between various components: Pooling their resources would result in spare capacity in both systems that can
be used to reduce the power demand further. Substantially decreasing the share of Al workers allocated by the cloud does
not imply any performance loss for the end users, as Al clusters can now process more in less time, using the spare GPUs
provided by the cloud. Research questions include: how can cloud workers adapt to the processing rate of Al clusters;
what are the implications of the synergy? Synergy operations: Several features can be offered through efficient synergies:
data can be transferred out of the Al cluster in real-time into the storage system or queried via a network using features.
Proposed strategy for integrated operations: The processing is now decoupled from its storage locations by leveraging
cloud and high-speed storage, as these remote storage solutions offer high speeds for real-time processing at similar rates
as local storage can, but with lower energy costs. This new architecture investigates how shared clustered components
play nicely with one another. In particular, making storage easily accessible for various components, while currently
minimizing data transfer between nodes. The cloud gateway will be responsible for ensuring that reserved cores are only
allocated files on the nodes closest to the data. By decoupling the data from the main processing components, workers
can access this easily. The integration of the cloud with high-speed storage for Al cluster operations would also result in
the following beneficial features: the workers' processing rate can be optimized. The transfer can be initiated at any time.
Real-time data processing. A robust processing rate for immediate request volumes, ensuring typical job turnover times
of less than 10 seconds. Increased debugging capabilities for failed processing; logs are now kept separate from the
associated data. With this introduction, we attempt to shed light on which architectural design decisions are best for Al
deployment. The results exhibit substantial energy savings.
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Fig 5 : The Synergy of Cloud and Al

5.1. Optimizing Energy Efficiency through Integration

Integration is the second method to optimize energy efficiency in systems of Al components. In a technological landscape
characterized by specialization and the cloud, IT clusters contain a variety of components, editors, and rack-type storage.
It is possible to harmonize the cloud and storage directly accessible from Al. By doing this, many users can be connected
directly to the storage with a file written over the network, providing additional energy efficiency that increases with the
integration of the system. The energy efficiency gain is also expressed as storage acquisition and use.

SmartNIC and intelligent storage are two of the most important technologies to facilitate system integration. Many
researchers are working on SmartNIC technology to integrate Al, HPC, and the cloud. Already, some of them provide
real-time analytics and/or compression for offloads, which can store real-time decision-making. Intelligent storage is
storage combined with a small number of CPUs or other resources that perform embedded computing and a rich set of
application programming interfaces. Using intelligent storage allows the entire Al server to utilize some storage
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capabilities for faster performance and improved security. Unified data and control plans are two hardware platforms that
analyze the integration possibilities of a new infrastructure by simulating the application in a data flow simulation. One
key aspect of integrating Al systems is the creation of a real-time analytics frontier that allows the server or client to
perform processing when data is immediately available. However, no other real-time software can respond to the results
of prior processing of a match. Future work in moral decision support systems will consist of the integrated design of
storage and intelligent storage solutions that provide practical experience in real-time software acquisition or advanced
analytics.

6. CASE STUDIES AND BEST PRACTICES

In this section, we aim to showcase additional case studies and best practices for practitioners and companies to address
sustainability trends. These best practices can then help to define additional academic contributions around the approach
and methodologies used to implement Al clusters. The case studies provide many examples of how companies have
adapted these theories to their particular industry and how the impact is measurable for companies. At the heart of Al
and machine learning, data centers, and other resources are vital to training and executing machine learning models. In
this section, we present case studies to illustrate the success of implementing these clusters. We structured the presentation
using four of the principles from generalizing from this case to practices: a practice to consider when implementing
energy-efficient Al clusters. 6.1 Carbon Footprint The biggest generalization across all the case studies is that through
either using a cross-sectional analysis or deep-dive long-term measurement, the adoption of AI/ML clusters saves
companies money on carbon costs or the carbon markets. Some of the other sections can draw more lessons learned from
some of the data, but the carbon savings allow practitioners to address some of the concerns of smaller companies about
not being able to make a difference. This evidence is qualitative rather than numeric. However, we provide some insight
into the financial value for the organizations.

6.1. Real-World Implementations

Implementing energy-efficient Al clusters: In a series of industrial cases, direct energy savings and efficiency
improvements of 4.3-12% have been achieved with high performance per watt. These case studies span across sectors
such as public cloud and Al technology service provider companies, a research institute, and academic research
supercomputing. In many of these cases, a reward or other feedback mechanism based on energy saving, carbon
reduction, or efficiency improvement is key to the strategy for success, alongside collaboration with a range of
stakeholders. Specifically, the work described makes use of containers for their portability. A cache-coherent interconnect
fabric in the form of an Al cluster enables efficient and flexible Al acceleration.

Four industry partners are testing and assessing a project and looking into the practical and business advantages that
hybrid ARM FPGAs give them when it comes to implementation and market competitiveness. One use case, involving
connectivity in the agricultural sector, demonstrates not only that FPGAs are faster, but also that because they are phase
and power ephemeral, they are perhaps more energy-efficient in terms of the overall cluster and energy consumption.
Collaboration is ongoing, and to engage industry partners of varying sizes, the consortium has developed a range of
different methodologies, including a design modernization lab assessing beneficial features for distributed 10T. In
computing, various workplace practices limit the energy-saving potential to small steps, like turning off unused platforms,
underclocking, and better job scheduling. Technology improvement can increase energy efficiency even further, as can
hardware refurbishment or new hardware purchase after proper testing and evaluation. Balancing agility and efficiency
is of key importance here. Public cloud and Al technology service provider company: Here, co-design work on storage
and Al learning-to-rank led to significant energy savings when deploying Al models in production. Energy savings for
early tests helped inform the deployment plans for exascale diagnoses. The system’s low activation latency was key to
the success here. A university research institute uses HPC and the public cloud, as well as newly built Al cluster nodes
to speed up molecular dynamics simulations. Techniques varied across the use cases from using a facility monitoring
system to replace the legacy data center infrastructure, renting Al nodes from public cloud platforms to full vendor-
customer co-design, and even involving silicon vendors. All of these cases achieved economies in terms of both energy
used to simulate and total capital and operational costs that are convincing from their respective perspectives. Within this
co-design scope, economic benefits follow agility and efficiency.
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7. CONCLUSION AND FUTURE DIRECTIONS

This chapter presents an essay that discusses the current practices of reducing energy consumption and carbon footprints
in Al clusters. We have highlighted a combination of insights into the increasing adaptability of cloud technologies and
the promise of emerging high-speed storage. There is a burgeoning interest in ‘green Al' from both academics and the
general public, especially due to the environmental impact of carbon emissions.

In conclusion, we present important concepts and results that reveal how two influential and persistent technologies in
modern data center designs, cloud, and storage, can affect each other and some ways to adapt to their integration to save
energy. From extensive empirical studies, we identified possible integration opportunities that neither cloud nor high-
speed storage could benefit from on their own. Current practices, such as cloud skipping SSD caching by leveraging
SSD-level quality of service in its favor or rerouting in-storage computation invocations away from energy-hungry
accelerators, could potentially prolong the time until the 'energy wall' bottleneck takes place. Overall, current research
focuses on designing low-cost solutions for exploiting synergies and integrating system components to further reduce the
already optimized Al training process. We hope to see promising ideas and concepts evolve into actual data center build-
ups, contributing to the race towards a more sustainable and environmentally friendly Al industry.

We expect several exciting trends in future research. First, as ML algorithms themselves and the backend hardware
continue to undergo rapid advancements, it would be interesting to evaluate their impacts on our research directions and
results. For instance, employing an optimized Al algorithm and model can significantly enhance the exploitation of
particular hardware, thus reducing further interactions between cloud and storage elements. Deep reinforcement learning
handles sparsely distributed features of optimization, such as ad click prediction models. Moreover, in reinforcement
training, we can update the policy at any arbitrary time after every step, where the number of steps a shield-warmer neural
network waits to start training is not limited by node boundaries. Various other developments could be made, leading to
an exciting research direction. The synergistic impact of cloud and storage elements on electric loads and providing
continued advancements also opens up interesting research opportunities. We are also missing an in-depth exploration of
embedding congestion control into these developments, which would be an interesting line of subsequent focus. We hope
to pursue some of these exciting research areas shortly.

oY 1o = é
ESS RESs power plant EV

\ h

b

Grid
Fig 6 : Synergy of Artificial Intelligence in Energy Systems

7.1. Key Findings and Implications

The goal of this research paper was to investigate energy-efficient cluster management techniques and their operational
impact on the state-of-the-art Al training clusters in terms of completion time, throughput, and fairness. We found that
cutting-edge energy-efficient target over-provisioning configurations already allow for correct trade-offs because these
architectures exhibit higher performance. The finding has important implications for the industry. The most important is
the lack of a standardized key performance indicator for design and evaluation, emphasizing the significant role of an
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intuitive KPI in everyday decision-making. Based on the results outlined, we recommend transitioning to more
sustainable technologies. Given that once designed in, energy conservation does not result in performance penalties, the
industry's sustainability level could indeed be significantly enhanced. We suggest a future in which businesses operate at
fair computationally equivalent levels with a fraction of the carbon emissions. The availability of scientific research is
pivotal in bridging it with practical application. As we have presented our research results, we now offer industry practices
and empirically derived suggestions for adopting them. Equally, as our contributions are novel, we call for policies to be
established based on this research. This would allow users to harness Al with substantially reduced carbon footprints.
This research has provided important indications into the feasibility of further developing or migrating to HBM2
solutions.

SCE — ‘SEIH-.‘{-?IZi
Poloud + P&sturage

Equation 3 : Storage-Cloud Efficiency (SCE)

Sﬁpeed: Data transfer speed from cloud storage
P,loud: Power consumption of cloud storage systems

P,,.t(,r;,ge: Power consumption of high-speed storage systems

7.2. Areas for Future Research

7.2. Future Research Directions

This paper has shown why and how Al clusters need to be energy-efficient. Several emerging trends warrant further
investigation. From the hardware side, we are observing an extremely interesting effort committed to reducing the carbon
footprints of NLP and Al in general by developing efficient strategies that can be widely adopted. From the system
software side, new memory and storage systems are likely to redefine the definitions of system memory to create large
in-memory Al models. This will warrant new investigations of system design for Al research. The future directions can
virtually never be exhausted for initiating and sustaining efforts intended to address the climate crisis. In particular, some
areas that warrant investigation based on the outcomes presented in this paper include:

e We need more research that is interdisciplinary and has environmental scientists, sustainability experts, psychologists,
ethicists, etc., on board. Al and HPC must not inflict more harm on the environment, fair trade, and justice; nor suggest
a total change of approach unverified to support the climate agreement. Al for energy must be as much about energy
access as surplus or optimization. Solutions may require off-grid Al clusters or offering energy storage. ® There are new
(and not new) energy architectures as data centers and HPC centers may couple for improved sustainable solutions. This
will involve new facility and server-based designs, as well as new life-cycle analysis based on embodied and hidden
energy costs for the deployment of ethical Al. We have not seen the widespread adoption of Al-on-a-chip technologies
or Al-optimized hardware yet. Academics interested in collaborations with industry could investigate how different
chipset memory technologies and interfaces historically improved the energy consumption and performance of simulation
results. What Al synergies might we find with co-processors, new memory, and data-centric architectures, particularly
for optimizing rack, row, socket, node, zone, and room scales? Long-term studies are also warranted to track how much
these Al techniques help improve energy efficiency with other applications getting ever more compute bound. Given the
large DL models rise, long-term investigations are warranted to measure the annual increase in Al and HPC model energy
costs under different Al techniques. ® Do specialized and purpose-built or secondary HPC or HPC in-situ infrastructures
drive greater sustainability for HPC and Al than other large technology investments? Integrating user communities and
diverse stakeholders in investigations for joint technological advancements in carbon reduction will help enrich Al and
HPC systems. More emphasis on critical energy codes and the limitations of off-the-shelf high-speed storage and
hardware when applied in HPC solutions is warranted. Critically, we must ask if software codes have limitations when
applied to repurposed clusters as there is limited energy research in restart/reversibility, graph analytics, quantum
simulation, e-infrastructures, and chemistry found in current literature.
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