EFFICIENT BYPASS POLICIES FOR
NON-VOLATILE SHARED CACHES

ARITRA BAGCHI

DEPARTMENT OF COMPUTER SCIENCE & ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
APRIL 2025



© Indian Institute of Technology Delhi (II'TD), New Delhi, 2025



EFFICIENT BYPASS POLICIES FOR
NON-VOLATILE SHARED CACHES

by
ARITRA BAGCHI

Department of Computer Science and Engineering

Submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
APRIL 2025



DEDICATED TO
My parents Pradip and Rita



Certificate

This is to certify that the thesis titled “Efficient Bypass Policies for Non-volatile Shared
Caches” being submitted by Aritra Bagchi for the award of Doctor of Philosophy in
Computer Science and Engineering is a record of bonafide work carried out by him under my
guidance and supervision in the Department of Computer Science and Engineering, Indian
Institute of Technology Delhi. The work presented in this dissertation has not been submitted
elsewhere, either in part or full, for the award of any other degree or diploma unless otherwise
stated explicitly.

Certain works included in this dissertation involved collaboration or use of measurement
data obtained by other students, which have been explicitly specified/acknowledged in the
corresponding chapters and the part done by those collaborators appeared in their respective

reports/theses.

Preeti Ranjan Panda

Professor

Department of Computer Science and Engineering
Indian Institute of Technology Delhi

New Delhi-110016



Acknowledgments

“In the middle of winter I at last discovered that there was in me an invincible summer.”

—Albert Camus, Return to Tipasa

First and foremost, I would like to express my deepest gratitude to my advisor, Prof.
Preeti Ranjan Panda. During challenging times, especially during my early Ph.D. years
when positive outcomes were rare and setbacks frequent, his constant encouragement kept me
going. In those years of despair, it was his optimism that helped me push through, motivating
me to stay committed to my research. He always made himself available for detailed research
discussions. I cannot recall a single instance when I wanted to discuss research and he was not
willing to engage. He created opportunities for me to review research papers for top
conferences and journals. This review exposure has been instrumental in my growth as a
young researcher. He also has been proactive in creating opportunities for me to discuss my
research with leading experts from academia and industry. Perhaps, in a book on what an ideal
Ph.D. advisor should do, all these would be listed. But I am not so naive as to take for granted
the difference between what one is supposed to do and what one actually does. In addition to
being a technical mentor, he provided excellent insights into many other aspects of academic
and non-academic life. Thanks, Preeti, for being the go-to person for so many of my
problems—technical, administrative, financial, and more. I would also like to express my
sincere gratitude to my research committee—Prof. Sanjiva Prasad, Prof. Kolin Paul, and
Prof. Manan Suri for providing regular feedback on my research.

I extend heartfelt gratitude to my collaborators and co-authors—Dinesh Joshi, Garima
Modi, Dharamjeet, Ohm Rishabh—whose contributions have been instrumental. I would
like to thank my senior colleagues, Sakshi Tiwari, Lokesh Siddhu, and Rajesh Kedia, for
the insights and advices they provided especially during my early days when those were very
relevant. I am fortunate to be part of such a vibrant research group as MARG (Memory &
Embedded Architectures Research Group), where both technical and non-technical
discussions are always just a call or a desk away. Thanks to Shailja Pandey, Garima Modi,
Ayushi Agarwal, Divya Praneetha Ravipati, Naman Jain, Dinesh Joshi, Sakshi Tiwari,
Lokesh Siddhu, Rajesh Kedia, Dharamjeet, and many others for our countless enriching
conversations. Special thanks to my friends Vipul Rathore, Arkajyoti De, Soumen Basu,
Prashant Agarwal, and Vijay Kumar for their exuberant companies throughout the journey.
I deeply cherished the post-dinner walks with Vipul and Soumen around the IIT Delhi
campus—a lifeline during the intense PhD journey, filled with conversations that ranged from

dilemmas to resolutions.

i



Family plays a crucial role in the life of a Ph.D. student. My own journey had many ups and
downs. The initial phase of my Ph.D. was particularly difficult—a prolonged period of struggle
without concrete outputs, which felt endless and left me emotionally drained. I consider myself
truly fortunate to have had my family by my side through it all. Above all, I owe everything to
my parents, Pradip and Rita. No words can truly capture the depth of my gratitude. Constant
support and encouragement from my parents and my younger brother Anamitra have been the
foundation of my journey. It is their belief in me that gave me the resilience to pursue higher
studies and research. Thank you, Samapti—my wife, and companion for the past decade—for
standing by me unwaveringly. I have always admired—and admittedly envied—your invincible
optimism. At times, that very optimism became the anchor I needed. Besides, you understood
my silences and tolerated my anxieties. I simply could not have made it through this journey
without the love and support of these remarkable people.

My old friends from school and undergraduate days have also been a source of
encouragement. So, I would rather not miss this opportunity to acknowledge their presence
and impact here—Soumik Dutta, Samrat Sarkar, Soumyadeep Pal, Sayan Dhara,
Snehasish Das, Sushobhan Chatterjee, Arghyadeep Bose, Sahil Ali, Rajdeep Bhaduri,
Hironmoy Malakar, Sayan Chowdhury, Sayan Chakraborty, Sounak Biswas, Tanmay
Sarkar, Saikat Dutta, Sourav Biswas, Ranojit Biswas, Prasad Ranjan Ghosh, Amitava
Biswas, and many others.

Our lab and office administrators—Ms. Vandana, Ms. Rekha, Mr. Hemant, Mr. Suresh, Mr.
Rajesh, Ms. Manju, and many others—have worked efficiently behind the scenes to provide
crucial logistical support.

I apologize to and thank all those who have helped me, but their names have inadvertently
been missed.

Finally, I bow down to the mysterious One for bestowing love and blessings upon me. After

all, who else can show an invincible summer within, in the middle of winter?

Camus will perhaps forgive me for interpreting his words in a spiritual way!

Aritra Bagchi

il



Abstract

Multi-Processor Systems-on-Chip (MPSoCs) have become increasingly popular for
high-performance and energy-efficient computing, especially with a growing emphasis on
AI/ML, multimedia, and real-time applications. To accommodate the demands of modern
workloads, contemporary multi-core systems are integrating an increasing number of compute
resources, i.e., cores and accelerators. However, the Achilles heel of modern processors and
SoCs, both in terms of performance and energy, lies in the off-chip data communications. In
contemporary systems, caches are typically implemented with SRAM, which encounters
major challenges (e.g., high leakage power) against the technology scaling required to meet
the demands of modern workloads. Hence, non-volatile memory (NVM) technologies have
gained considerable research attention due to their intrinsically higher storage density and
substantially lower leakage power consumption over traditional technologies like SRAM and
DRAM. However, certain unique characteristics of NVMs, such as high write overheads and

limited endurance, present significant challenges to their integration into modern LLCs.

Processor cores send read requests to the shared LLC, and if the requested data is not
present within the LLC, the off-chip main memory is accessed and the corresponding
responses are returned to the LLC. The LLC controller forwards a copy of the response to the
requesting core (referred to as response forwarding) to maintain the progress of that core while
retaining the original response for subsequent LLC writes. The LLC also receives the dirty
cache lines evicted from higher-level caches as writebacks for corresponding cache data
updates. With increasing numbers of cores and accelerators being integrated in MPSoCs,
requests, responses, and writebacks from various cores (and caches) compete for the limited
available bandwidth of the shared LLC. This contention creates a significant performance
bottleneck even for conventional SRAM LLCs and is aggravated in the context of NVM
LLCs, where cache write operations (corresponding to writebacks and responses) are
considerably slower than reads. While the contention for the shared LLC capacity has been
extensively addressed in prior works, the system-level implications of LLC bandwidth

contention remain largely unexplored.
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To first alleviate the bandwidth contention for conventional LL.Cs, we propose a novel LLC
controller policy called COBRRA (COntention-aware cache Bypass with Request-Response
Arbitration), which aggressively bypasses responses from main memory while efficiently
arbitrating between requests from different cores and their responses to enhance the overall
system throughput. Our novel bypass policy exploits an interesting trade-off between LLC
data reuse and contention and improves performance by mitigating contention, even at the
expense of some reuse. While the data reuse aspect is well studied by prior cache bypass
strategies, the ramification of LLC bandwidth contention is largely overlooked by prior

policies, and COBRRA, therefore, makes an attempt to bridge this key research gap.

In our subsequent work, we introduce a controller for NVM LLC named POEM
(Performance Optimization and Endurance Management for Non-volatile Caches), where we
employ aggressive bypass strategies for different sources of NVM writes: writebacks from
higher-level caches and responses from main memory. While existing bypass strategies
prioritize cache data reuse, advocating more frequent cache writes, POEM aggressively
bypasses NVM writes to effectively mitigate the impact of LLC contention on critical reads
while also leveraging LL.C data reuse through highly selective cache writes. We demonstrate
that such an aggressive bypass is beneficial for overall system performance, even if it comes at
the expense of some cache reuse. The aggressive bypassing of NVM writes also favors NVM
endurance, with an overall reduction in the LLC write stress. In this work, we also propose an
efficient controller policy to migrate data between hot and cold cache lines to achieve a more
balanced write distribution, thereby improving NVM LLC lifespan and overall system
reliability. Because such migrations interfere with normal LLC accesses, POEM exercises
careful control over data migration. Additionally, POEM, as a comprehensive policy, offers a
balance between the two crucial system-level objectives: enhancing overall system
performance and improving NVM cache endurance, allowing assignment of different

priorities to these objectives through parameterized control of a threshold.

While aggressive bypassing of NVM writes can enhance overall system performance, it
negatively impacts off-chip memory energy consumption by sacrificing too much cache reuse
to mitigate NVM LLC contention. System-level energy efficiency is crucial in modern
computing paradigms, and off-chip data movements contribute significantly to the total system
energy. The static and refresh components of this energy are closely tied to overall system
performance, while the dynamic component is influenced by the volume of off-chip memory
traffic, which, in turn, is controlled by LLC data reuse. Aggressive bypassing of NVM writes
can increase memory dynamic energy to the point where it outweighs reductions in other

energy components, demonstrating that performance-optimal solutions may not always be



energy-optimal. In our next work, we introduce the NOVELLA (Non-Volatile Last-Level
Cache Bypass for Optimizing Off-chip Memory Energy) to exploit various trade-offs between
different components of the off-chip memory energy. By intelligently bypassing different
sources of NVM writes, NOVELLA aims to reduce the overall off-chip memory energy
consumption, facilitating next-generation processors and SoCs scale against the memory

power wall.
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