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Computing’s Memory Problem: Summary
n Computing has a huge memory problem

n Memory is responsible for most of the waste:
q Performance bottlenecks
q Energy consumption
q Robustness problems
q Monetary cost
q Hardware real estate
q …

n Problem becoming worse with more data-intensive workloads

n We can solve it by designing memory-centric systems
q Memory autonomously manages itself à technology scaling
q Memory performs computation à app & system scaling
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Problem

Computing
is Bottlenecked by Data
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Data is Key for AI, ML, Genomics, …

n Important workloads are all data intensive

n They require rapid and efficient processing of large amounts 
of data

n Data is increasing
q We can generate more than we can process
q We need to perform more sophisticated analyses on more data
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Huge Demand for Performance & Efficiency

5Source: https://youtu.be/Bh13Idwcb0Q?t=283

~4 orders of magnitude increase 
in memory requirement 

in just a few years!



Huge Demand for Performance & Efficiency
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development of new 
sequencing technologies

http://www.economist.com/news/21631808-so-much-genetic-data-so-many-uses-genes-unzipped 

Number of Genomes 
Sequenced

Oxford Nanopore MinION
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The Problem

Data access is the major performance and energy bottleneck

Our current
design principles 

cause great energy waste
(and great performance loss)
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Today’s Computing Systems
n Processor centric

n All data processed in the processor à at great system cost
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Perils of Processor-Centric Design
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Most of the system is dedicated to storing and moving data 
Yet, system is still bottlenecked by memory



Processor-Centric System Performance
n All of Google’s Data Center Workloads (2015): 

10Kanev+, “Profiling a Warehouse-Scale Computer,” ISCA 2015.



Data Movement vs. Computation Energy
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Dally, HiPEAC 2015

A memory access consumes ~100-1000X 
the energy of a complex addition 



Data Movement vs. Computation Energy
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Han+, “EIE: Efficient Inference Engine on Compressed Deep Neural Network,” ISCA 2016.



Data Movement vs. Computation Energy
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Han+, “EIE: Efficient Inference Engine on Compressed Deep Neural Network,” ISCA 2016.

6400X

A memory access consumes 6400X 
the energy of a simple integer addition 



n Amirali Boroumand, Saugata Ghose, Youngsok Kim, Rachata Ausavarungnirun, Eric Shiu, Rahul 
Thakur, Daehyun Kim, Aki Kuusela, Allan Knies, Parthasarathy Ranganathan, and Onur Mutlu,
"Google Workloads for Consumer Devices: Mitigating Data Movement Bottlenecks"
Proceedings of the 23rd International Conference on Architectural Support for Programming 
Languages and Operating Systems (ASPLOS), Williamsburg, VA, USA, March 2018.
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62.7% of the total system energy 
is spent on data movement

Energy Waste in Mobile Devices

https://people.inf.ethz.ch/omutlu/pub/Google-consumer-workloads-data-movement-and-PIM_asplos18.pdf
https://www.asplos2018.org/
https://www.asplos2018.org/


Energy Waste in Accelerators
n Amirali Boroumand, Saugata Ghose, Berkin Akin, Ravi Narayanaswami, Geraldo F. Oliveira, 

Xiaoyu Ma, Eric Shiu, and Onur Mutlu,
"Google Neural Network Models for Edge Devices: Analyzing and Mitigating Machine 
Learning Inference Bottlenecks"
Proceedings of the 30th International Conference on Parallel Architectures and Compilation 
Techniques (PACT), Virtual, September 2021.
[Slides (pptx) (pdf)]
[Talk Video (14 minutes)]
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> 90% of the total system energy 
is spent on memory in large ML models

https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21.pdf
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21.pdf
http://pactconf.org/
http://pactconf.org/
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21-talk.pdf
https://www.youtube.com/watch?v=A5gxjDbLRAs&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=178


Energy Wasted on Data Movement
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In LSTMs and Transducers used by Google, 
>90% energy spent on off-chip interconnect and DRAM 

https://arxiv.org/pdf/2109.14320 

https://arxiv.org/pdf/2109.14320


Fundamental Problem

Processing of data 
is performed 

far away from the data
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We Need A Paradigm Shift To …

n Enable computation with minimal data movement

n Compute where it makes sense (where data resides)

n Make computing architectures more data-centric

18



Process Data Where It Makes Sense 

19https://www.gsmarena.com/apple_announces_m1_ultra_with_20core_cpu_and_64core_gpu-news-53481.php

Apple M1 Ultra System (2022)

DRAM DRAM
A lot of
SRAMStorage Storage

Sensors



Memory as an Accelerator

CPU
core

CPU
core

CPU
core

CPU
core

mini-CPU
core

video
core

GPU
(throughput)
core

GPU
(throughput)
core

GPU
(throughput)
core

GPU
(throughput)
core

LLC

Memory Controller
Specialized

compute-capability
in memory

Memoryimaging
core

Memory Bus

Memory similar to a “conventional” accelerator



Goal: Processing Inside Memory/Storage

n Many questions … How do we design the:
q compute-capable memory & controllers?
q processors & communication units?
q software & hardware interfaces?
q system software, compilers, languages?
q algorithms & theoretical foundations?

Cache

Processor
Core

Interconnect

Memory/Storage Database

Graphs

Media

ML Model Query

Results

Micro-architecture
SW/HW Interface

Program/Language
Algorithm
Problem

Logic
Devices

System Software

Electrons



n Kautz, “Cellular Logic-in-Memory Arrays”, IEEE TC 1969.

https://doi.org/10.1109/T-C.1969.222754

Processing in/near Memory: An Old Idea

https://doi.org/10.1109/T-C.1969.222754
https://doi.org/10.1109/T-C.1969.222754
https://doi.org/10.1109/T-C.1969.222754


Processing in/near Memory: An Old Idea

n Stone, “A Logic-in-Memory Computer,” IEEE TC 1970.

23https://safari.ethz.ch/architecture/fall2020/lib/exe/fetch.php?media=stone_logic_in_memory_1970.pdf 

https://safari.ethz.ch/architecture/fall2020/lib/exe/fetch.php?media=stone_logic_in_memory_1970.pdf


Why In-Memory Computation Today?
n Huge demand from Applications & Systems

q Data access bottleneck
q Energy & power bottlenecks
q Data movement energy dominates computation energy
q Need all at the same time: performance, energy, sustainability
q We can improve all metrics by minimizing data movement

n Huge problems with Memory Technology
q Memory technology scaling is not going well (e.g., RowHammer)
q Many scaling issues demand intelligence in memory
q Emerging technologies can enable new functions in memory

n Designs are squeezed in the middle
24



Approach & Takeaway

To Truly Solve 
Fundamental Problems, 
Defy Business as Usual 

Ask: What would a smart 10-year-old kid do?



Memory Technology Scaling



Infrastructures to Understand Scaling Issues
DRAM	Bender	on	a	Xilinx	Virtex	UltraScale+	XCU200

Fine-grained	control	over	DRAM	commands,	
timing	parameters	(±1.5ns),	temperature	(±0.5°C	),

and	voltage	(±1mV)
*Olgun	et	al.,	“DRAM Bender: An Extensible and Versatile FPGA-based Infrastructure to Easily Test State-of-the-art DRAM Chips,”	
in	TCAD,	2023.	[GitHub:	https://github.com/CMU-SAFARI/DRAM-Bender]

*

https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender
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HBM2 DRAM Testing Infrastructure

*Olgun et al., "DRAM Bender: An Extensible and Versatile FPGA-Based Infrastructure to Easily Test 
State-of-the-Art DRAM Chips,” TCAD, 2023. [GitHub: https://github.com/CMU-SAFARI/DRAM-Bender]

Fine-grained control over DRAM commands, 
timing parameters (±1.67ns), and temperature (±0.5°C )

DRAM	Bender	on	a	Bittware	XUPVVH

https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
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https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender


Laboratory for Understanding Memory

29



Laboratory for Understanding Memory



DRAM Testing Infrastructures (I)

DDR4	DRAM	R/UDIMMs
Xilinx	Alveo	U200

DDR4	DRAM	(SODIMM)
Bittware	XUSP3S

HBM2	DRAM	Chips
Xilinx	Alveo	U50

DDR3	DRAM	SODIMMs	
Xilinx	ML605



DRAM Testing Infrastructures (II)

32Kim+, “Flipping Bits in Memory Without Accessing Them: An 
Experimental Study of DRAM Disturbance Errors,” ISCA 2014.

Temperature
Controller

PC

HeaterFPGAs FPGAs



DRAM Testing Infrastructures (III)
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An Experimental Study of Data Retention 
Behavior in Modern DRAM Devices: 
Implications for Retention Time Profiling 
Mechanisms (Liu et al., ISCA 2013)

The Efficacy of Error Mitigation Techniques 
for DRAM Retention Failures: A 
Comparative Experimental Study 
(Khan et al., SIGMETRICS 2014)

Flipping Bits in Memory Without Accessing 
Them: An Experimental Study of DRAM 
Disturbance Errors (Kim et al., ISCA 2014)

Adaptive-Latency DRAM: Optimizing DRAM 
Timing for the Common-Case (Lee et al., 
HPCA 2015)

AVATAR: A Variable-Retention-Time (VRT) 
Aware Refresh for DRAM Systems (Qureshi 
et al., DSN 2015)

http://users.ece.cmu.edu/~omutlu/pub/dram-retention-time-characterization_isca13.pdf
http://users.ece.cmu.edu/~omutlu/pub/dram-retention-time-characterization_isca13.pdf
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http://users.ece.cmu.edu/~omutlu/pub/error-mitigation-for-intermittent-dram-failures_sigmetrics14.pdf
http://users.ece.cmu.edu/~omutlu/pub/error-mitigation-for-intermittent-dram-failures_sigmetrics14.pdf
http://users.ece.cmu.edu/~omutlu/pub/error-mitigation-for-intermittent-dram-failures_sigmetrics14.pdf
http://users.ece.cmu.edu/~omutlu/pub/dram-row-hammer_isca14.pdf
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SoftMC: Open Source DRAM Infrastructure

34https://github.com/CMU-SAFARI/SoftMC 

n Hasan Hassan, Nandita Vijaykumar, Samira Khan, Saugata Ghose, Kevin Chang, 
Gennady Pekhimenko, Donghyuk Lee, Oguz Ergin, and Onur Mutlu,
"SoftMC: A Flexible and Practical Open-Source Infrastructure for 
Enabling Experimental DRAM Studies"
Proceedings of the 23rd International Symposium on High-Performance Computer 
Architecture (HPCA), Austin, TX, USA, February 2017.
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)]
[Full Talk Lecture (39 minutes)]
[Source Code]

https://github.com/CMU-SAFARI/SoftMC
https://github.com/CMU-SAFARI/SoftMC
https://github.com/CMU-SAFARI/SoftMC
https://people.inf.ethz.ch/omutlu/pub/softMC_hpca17.pdf
https://people.inf.ethz.ch/omutlu/pub/softMC_hpca17.pdf
https://people.inf.ethz.ch/omutlu/pub/softMC_hpca17.pdf
https://people.inf.ethz.ch/omutlu/pub/softMC_hpca17.pdf
https://hpca2017.org/
https://hpca2017.org/
https://hpca2017.org/
https://hpca2017.org/
https://people.inf.ethz.ch/omutlu/pub/softMC_hpca17-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/softMC_hpca17-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/softMC_hpca17-lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/softMC_hpca17-lightning-talk.pdf
https://www.youtube.com/watch?v=tnSPEP3t-Ys
https://github.com/CMU-SAFARI/SoftMC


DRAM Bender 

35https://github.com/CMU-SAFARI/DRAM-Bender 

n Ataberk Olgun, Hasan Hassan, A Giray Yağlıkçı, Yahya Can Tuğrul, Lois Orosa, 
Haocong Luo, Minesh Patel, Oğuz Ergin, and Onur Mutlu,
"DRAM Bender: An Extensible and Versatile FPGA-based Infrastructure 
to Easily Test State-of-the-art DRAM Chips"
IEEE Transactions on Computer-Aided Design of Integrated Circuits and 
Systems (TCAD), 2023.
[Extended arXiv version]
[DRAM Bender Source Code]
[DRAM Bender Tutorial Video (43 minutes)]

https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender
https://github.com/CMU-SAFARI/DRAM-Bender
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
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https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://arxiv.org/pdf/2211.05838.pdf
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=43
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=43
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=43
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=43
https://arxiv.org/abs/2211.05838
https://github.com/CMU-SAFARI/DRAM-Bender
https://www.youtube.com/watch?v=FklVEsfdZCI
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Repeatedly reading a row enough times (before memory gets 
refreshed) induces disturbance errors in adjacent rows in 
most real DRAM chips you can buy today

OpenedClosed

Modern DRAM is Prone to Disturbance Errors

Kim+, “Flipping Bits in Memory Without Accessing Them: An Experimental Study of DRAM Disturbance Errors,” ISCA 2014.

https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_isca14.pdf


Read Disturbance Worsens with Scaling

Kim+, “Flipping Bits in Memory Without Accessing Them: An Experimental Study of DRAM Disturbance Errors,” ISCA 2014.

Technology	Scaling
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RowHammer [ISCA 2014]

39

• Yoongu Kim, Ross Daly, Jeremie Kim, Chris Fallin, Ji Hye Lee, Donghyuk Lee, Chris 
Wilkerson, Konrad Lai, and Onur Mutlu,
"Flipping Bits in Memory Without Accessing Them: An Experimental 
Study of DRAM Disturbance Errors"
Proceedings of the 41st International Symposium on Computer Architecture 
(ISCA), Minneapolis, MN, June 2014. 
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)] [Source Code and 
Data] [Lecture Video (1 hr 49 mins), 25 September 2020]
One of the 7 papers of 2012-2017 selected as Top Picks in Hardware and 
Embedded Security for IEEE TCAD (link). Selected to the ISCA-50 25-
Year Retrospective Issue covering 1996-2020 in 2023 (Retrospective 
(pdf) Full Issue). Winner of the 2024 IFIP Jean-Claude Laprie Award in 
dependable computing (link).

https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_isca14.pdf
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_isca14.pdf
http://cag.engr.uconn.edu/isca2014/
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_kim_talk_isca14.pptx
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_kim_talk_isca14.pdf
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_kim_lightning-talk_isca14.pptx
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_kim_lightning-talk_isca14.pdf
https://github.com/CMU-SAFARI/rowhammer
https://github.com/CMU-SAFARI/rowhammer
https://www.youtube.com/watch?v=KDy632z23UE
https://wp.nyu.edu/toppicksinhardwaresecurity/
https://people.inf.ethz.ch/omutlu/pub/RowHammer_50YearsOfISCA-Retrospective_isca23.pdf
https://people.inf.ethz.ch/omutlu/pub/RowHammer_50YearsOfISCA-Retrospective_isca23.pdf
https://sites.coecis.cornell.edu/isca50retrospective/
https://safari.ethz.ch/rowhammer-paper-wins-the-2024-jean-claude-laprie-award/


One Can Take Over an Otherwise-Secure System

40

Exploiting the DRAM rowhammer bug to 
gain kernel privileges (Seaborn, 2015)

Flipping Bits in Memory Without Accessing Them: 
An Experimental Study of DRAM Disturbance Errors 
(Kim et al., ISCA 2014)

http://googleprojectzero.blogspot.com/2015/03/exploiting-dram-rowhammer-bug-to-gain.html
http://googleprojectzero.blogspot.com/2015/03/exploiting-dram-rowhammer-bug-to-gain.html
http://users.ece.cmu.edu/~omutlu/pub/dram-row-hammer_isca14.pdf
http://users.ece.cmu.edu/~omutlu/pub/dram-row-hammer_isca14.pdf


Many RowHammer Security Exploits
n One can exploit RowHammer to 

n Take over a system

n Read data they do not have access to

n Break out of virtual machine sandboxes

n Corrupt important data à render ML inference useless

n Steal secret data (e.g., crypto keys & ML model parameters)

41



A Long RowHammer Retrospective
n Onur Mutlu and Jeremie Kim,

"RowHammer: A Retrospective"
IEEE Transactions on Computer-Aided Design of Integrated Circuits and 
Systems (TCAD) Special Issue on Top Picks in Hardware and 
Embedded Security, 2019.
[Preliminary arXiv version]
[Slides from COSADE 2019 (pptx)]
[Slides from VLSI-SOC 2020 (pptx) (pdf)]
[Talk Video (1 hr 15 minutes, with Q&A)]
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https://people.inf.ethz.ch/omutlu/pub/RowHammer-Retrospective_ieee_tcad19.pdf
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=43
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=43
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=43
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=43
https://arxiv.org/pdf/1904.09724.pdf
https://people.inf.ethz.ch/omutlu/pub/onur-RowHammer-COSADE-Keynote-April-4-2019.pptx
https://people.inf.ethz.ch/omutlu/pub/onur-RowHammer-VLSI-SOC-October-9-2020.pptx
https://people.inf.ethz.ch/omutlu/pub/onur-RowHammer-VLSI-SOC-October-9-2020.pptx
https://people.inf.ethz.ch/omutlu/pub/onur-RowHammer-VLSI-SOC-October-9-2020.pptx
https://people.inf.ethz.ch/omutlu/pub/onur-RowHammer-VLSI-SOC-October-9-2020.pdf
https://www.youtube.com/watch?v=sgd7PHQQ1AI&list=PL5Q2soXY2Zi8D_5MGV6EnXEJHnV2YFBJl&index=39


A Short Retrospective @ 50 Years of ISCA

43https://arxiv.org/pdf/2306.16093 

https://arxiv.org/pdf/2306.16093


RowPress [ISCA 2023]
n Haocong Luo, Ataberk Olgun, Giray Yaglikci, Yahya Can Tugrul, Steve Rhyner, 

M. Banu Cavlak, Joel Lindegger, Mohammad Sadrosadati, and Onur Mutlu,
"RowPress: Amplifying Read Disturbance in Modern DRAM Chips"
Proceedings of the 50th International Symposium on Computer 
Architecture (ISCA), Orlando, FL, USA, June 2023.
[Slides (pptx) (pdf)]
[Lightning Talk Slides (pptx) (pdf)]
[Lightning Talk Video (3 minutes)]
[RowPress Source Code and Datasets (Officially Artifact Evaluated with All 
Badges)]
Officially artifact evaluated as available, reusable and reproducible.
Best artifact award at ISCA 2023. IEEE Micro Top Pick in 2024.
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https://people.inf.ethz.ch/omutlu/pub/RowPress_isca23.pdf
http://iscaconf.org/isca2023/
http://iscaconf.org/isca2023/
https://people.inf.ethz.ch/omutlu/pub/RowPress_isca23-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/RowPress_isca23-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/RowPress_isca23-lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/RowPress_isca23-lightning-talk.pdf
https://www.youtube.com/watch?v=R3VKbbbWMnY
https://github.com/CMU-SAFARI/RowPress
https://github.com/CMU-SAFARI/RowPress


RowPress	vs.	RowHammer

Instead	of	using	a	high	activation	count,
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RowHammer
Aggressor Row

Open

Close

RowPress
Aggressor Row

Open

Close

RowPress	reduces	the	number	of	activations	
to	induce	a	bitflip	by	1-2	orders	of	magnitude

36ns,	47K	activations	to	induce	bitflips

7.8µs,	only	5K	activations	to	induce	bitflips

☞	increase	the	time	that	the	aggressor	row	stays	open



RowPress	
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Amplifies	Read	Disturbance	in	DRAM
• Reduces	the	minimum	number	of	row	activations	needed	to	
induce	a	bitflip	(ACmin)	by	1-2	orders	of	magnitude

• In	extreme	cases,	activating	a	row	only	once	induces	bitflips



The Push from Circuits and Devices

Main Memory Needs 
Intelligent Controllers

47



An “Early” Position Paper [IMW 2013]

n Onur Mutlu,
"Memory Scaling: A Systems Architecture Perspective"
Proceedings of the 5th International Memory 
Workshop (IMW), Monterey, CA, May 2013. Slides 
(pptx) (pdf)
EETimes Reprint

https://people.inf.ethz.ch/omutlu/pub/memory-scaling_memcon13.pdf 

https://people.inf.ethz.ch/omutlu/pub/memory-scaling_imw13.pdf
http://www.ewh.ieee.org/soc/eds/imw/
http://www.ewh.ieee.org/soc/eds/imw/
https://people.inf.ethz.ch/omutlu/pub/mutlu_memory-scaling_imw13_invited-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/mutlu_memory-scaling_imw13_invited-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/mutlu_memory-scaling_imw13_invited-talk.pdf
http://www.eetimes.com/document.asp?doc_id=1280950
https://people.inf.ethz.ch/omutlu/pub/memory-scaling_memcon13.pdf
https://people.inf.ethz.ch/omutlu/pub/memory-scaling_memcon13.pdf
https://people.inf.ethz.ch/omutlu/pub/memory-scaling_memcon13.pdf


Updated Paper 12 Years Later [IMW 2025]

n Onur Mutlu, Ataberk Olgun, and İsmail Emir Yüksel,
"Memory-Centric Computing: Solving Computing's 
Memory Problem"
Invited Paper in Proceedings of the 17th IEEE International 
Memory Workshop (IMW), Monterey, CA, USA, May 2025.
[Slides (pptx) (pdf)]

https://www.arxiv.org/pdf/2505.00458 

https://www.arxiv.org/pdf/2505.00458
https://www.arxiv.org/pdf/2505.00458
https://www.arxiv.org/pdf/2505.00458
https://www.arxiv.org/pdf/2505.00458
https://ewh.ieee.org/soc/eds/imw/
https://ewh.ieee.org/soc/eds/imw/
https://people.inf.ethz.ch/omutlu/pub/onur-IMW-MemoryCentricComputing-19-May-2025.pptx
https://people.inf.ethz.ch/omutlu/pub/onur-IMW-MemoryCentricComputing-19-May-2025.pdf
https://www.arxiv.org/pdf/2505.00458


Industry’s Intelligent DRAM Controllers (I)
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Industry’s Intelligent DRAM Controllers (II)
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Industry’s Intelligent DRAM Controllers (III)
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Finally: Serious Changes in Standards (2024)

53



Are Solutions Good?

54https://www.reddit.com/r/CrappyDesign/comments/arw0q8/now_this_this_is_poor_fencing/



Evaluation of Industry’s Recent Solutions
n Appears at DRAMSec 2024
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https://arxiv.org/pdf/2406.19094 
https://github.com/CMU-SAFARI/ramulator2 

https://arxiv.org/pdf/2406.19094
https://github.com/CMU-SAFARI/ramulator2
https://github.com/CMU-SAFARI/ramulator2
https://github.com/CMU-SAFARI/ramulator2


Evaluation of Industry’s Recent Solutions
n Oguzhan Canpolat, Abdullah Giray Yaglikci, Geraldo Francisco de Oliveira, Ataberk Olgun, 

Nisa Bostanci, Ismail Emir Yuksel, Haocong Luo, Oguz Ergin, and Onur Mutlu,
"Chronus: Understanding and Securing the Cutting-Edge Industry Solutions to 
DRAM Read Disturbance"
Proceedings of the 31st International Symposium on High-Performance Computer 
Architecture (HPCA), Las Vegas, NV, USA, March 2025.
[Chronus Source Code (Officially Artifact Evaluated with All Badges)]
Officially artifact evaluated as available, functional, and reproduced.
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https://arxiv.org/pdf/2502.12650 
https://github.com/CMU-SAFARI/Chronus 

https://arxiv.org/pdf/2502.12650
https://arxiv.org/pdf/2502.12650
https://arxiv.org/pdf/2502.12650
https://arxiv.org/pdf/2502.12650
https://www.hpca-conf.org/2025/
https://www.hpca-conf.org/2025/
https://www.hpca-conf.org/2025/
https://www.hpca-conf.org/2025/
https://github.com/CMU-SAFARI/Chronus
https://arxiv.org/pdf/2502.12650
https://github.com/CMU-SAFARI/Chronus
https://github.com/CMU-SAFARI/Chronus
https://github.com/CMU-SAFARI/Chronus


Asking the Right Question

Can We Do Better?



Better Partitioning of DRAM & Controller

58

n Hasan Hassan, Ataberk Olgun, A. Giray Yaglikci, Haocong Luo, 
and Onur Mutlu,
"Self-Managing DRAM: A Low-Cost Framework for Enabling 
Autonomous and Efficient DRAM Maintenance Operations"
Proceedings of the 57th International Symposium on 
Microarchitecture (MICRO), Austin, TX, USA, November 2024.
[Slides (pptx) (pdf)]
[SelfManagingDRAM Source Code]

https://arxiv.org/pdf/2207.13358.pdf 

https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
http://www.microarch.org/micro57/
http://www.microarch.org/micro57/
https://people.inf.ethz.ch/omutlu/pub/SMD_self_managing_DRAM_micro24-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/SMD_self_managing_DRAM_micro24-talk.pdf
https://github.com/CMU-SAFARI/SelfManagingDRAM
https://arxiv.org/pdf/2207.13358.pdf


SMD Key Idea: Autonomous Maintenance
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Memory 
Controller

(MC)

DRAM
Chip

DRAM command

data

do
maintenance

DRAM chip controls in-DRAM maintenance operations

Enable implementing new maintenance mechanisms 
without modifying the standard and

exposing DRAM-internal proprietary information



SMD Key Contribution
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orchestrates 
all access operations

performs its own
maintenance autonomously

Memory 
Controller

(MC)

DRAM
Chip

DRAM command

data

negative acknowledgment (nack)

Partition the work nicely between the 
memory controller and the DRAM chip

DRAM chip controls in-DRAM maintenance operations

with a single, simple interface change
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SMD-Based	Maintenance	Mechanisms

DRAM	
Refresh

RowHammer	
Protection

Memory	
Scrubbing

Fixed	Rate	(SMD-FR) Variable	Rate	(SMD-VR)

uniformly	refreshes	all	DRAM	rows	
with	a	fixed	refresh	period

skips	refreshing	rows	that	
can	retain	their	data	for	longer	than	

the	default	refresh	period

Probabilistic	(SMD-PRP) Deterministic	(SMD-DRP)
keeps	track	of	most	

frequently	activated	rows	and	
performs	neighbor	row	refresh	when	
activation	count	threshold	is	exceeded

Periodic	Scrubbing	(SMD-MS)
periodically	scans	the	entire	DRAM	for	errors	and	corrects	them

Performs	neighbor	row	refresh	
with	a	small	probability	
on	every	row	activation



Talk on Self-Managing DRAM

62https://www.youtube.com/watch?v=mGa6-vpExbE 

https://www.youtube.com/watch?v=mGa6-vpExbE
https://www.youtube.com/watch?v=mGa6-vpExbE
https://www.youtube.com/watch?v=mGa6-vpExbE


Self-Managing DRAM
n Hasan Hassan, Ataberk Olgun, A. Giray Yaglikci, Haocong Luo, and Onur Mutlu,

"Self-Managing DRAM: A Low-Cost Framework for Enabling 
Autonomous and Efficient DRAM Maintenance Operations"
Proceedings of the 57th International Symposium on 
Microarchitecture (MICRO), Austin, TX, USA, November 2024.
[Slides (pptx) (pdf)]
[SelfManagingDRAM Source Code]

63https://arxiv.org/pdf/2207.13358 

https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
http://www.microarch.org/micro57/
http://www.microarch.org/micro57/
https://people.inf.ethz.ch/omutlu/pub/SMD_self_managing_DRAM_micro24-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/SMD_self_managing_DRAM_micro24-talk.pdf
https://github.com/CMU-SAFARI/SelfManagingDRAM
https://arxiv.org/pdf/2207.13358


Self-Managing DRAM: Brief History
n Hasan Hassan, Ataberk Olgun, A. Giray Yaglikci, Haocong Luo, and Onur Mutlu,

"Self-Managing DRAM: A Low-Cost Framework for Enabling 
Autonomous and Efficient DRAM Maintenance Operations"
Proceedings of the 57th International Symposium on 
Microarchitecture (MICRO), Austin, TX, USA, November 2024.
[Slides (pptx) (pdf)]
[SelfManagingDRAM Source Code]

64https://arxiv.org/pdf/2207.13358 

Rejected 6 times: 
2x MICRO, 2x ISCA, 2x HPCA

https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
https://arxiv.org/pdf/2207.13358
http://www.microarch.org/micro57/
http://www.microarch.org/micro57/
https://people.inf.ethz.ch/omutlu/pub/SMD_self_managing_DRAM_micro24-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/SMD_self_managing_DRAM_micro24-talk.pdf
https://github.com/CMU-SAFARI/SelfManagingDRAM
https://arxiv.org/pdf/2207.13358


Are Reviewers Asking the Right Questions?

65

Rejected 6 times: 
2x MICRO, 2x ISCA, 2x HPCA



Research Oriented Reviewers Also Exist

66

Accepted after 3.5 years



Approach & Takeaway

To Truly Solve 
Fundamental Problems, 
Defy Business as Usual 

Ask: What would a smart 10-year-old kid do?



Approach & Takeaway, Rephrased

Do Not Be Shackled 
by Standards & Reviewers 

(Business as Usual)
Ask: What could be the right (or a potentially better) thing to do?



Suggestion: Litmus Test

Our Litmus Test     
Should be to    

Efficiently Advance 
Scientific Endeavor

69

Ask: Is my review scientific? Does it rely on a crystal ball?



More in My MICRO 2025 Keynote Talk

70https://www.youtube.com/watch?v=Mk6j9zP3s9E 

https://www.youtube.com/watch?v=Mk6j9zP3s9E


More to Come…



Can We Do Better?

72

There Is Still 
a Whole Lot 

We Do Not Know 
About DRAM



RowHammer Becomes Worse with Aging

Preliminary data on
aging via 68-day of 
continuous hammering

Minimum	hammer	count	to	induce	the	first	bitflip
HCfirst	(before	aging)	
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Aging	can	lead	to	read	
disturbance	bitflips	

at	smaller	
hammer	counts

Minimum	hammer	count	to	induce	the	first	bitflip
HCfirst	(before	aging)	
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RowHammer (Spatial Variation) Analysis (2024)
n Appears at HPCA 2024

74

https://arxiv.org/pdf/2402.18652 

https://arxiv.org/pdf/2402.18652


Variable Read Disturbance (2025)

The Read Disturbance Threshold (RDT) of a row
changes randomly and unpredictably over time

Accurately identifying RDT is challenging

Key Takeaway

https://arxiv.org/pdf/2406.13080v2 

https://arxiv.org/pdf/2406.13080v2


Variable Read Disturbance (2025)
n Appears at HPCA 2025

76https://arxiv.org/pdf/2502.13075 

Read disturbance threshold varies unpredictably over time

https://arxiv.org/pdf/2502.13075


ColumnDisturb (2025)
n Appears at MICRO 2025

77https://arxiv.org/pdf/2510.14750 

A single row activation flips bits across three DRAM subarrays 
(up to 3072 DRAM rows)

https://arxiv.org/pdf/2510.14750


PuDHammer (2025)
n Appears at ISCA 2025

78https://arxiv.org/pdf/2506.12947 

Read disturbance becomes much worse with processing using DRAM

https://arxiv.org/pdf/2506.12947


Emerging Memories Also Need Intelligent Controllers

n Benjamin C. Lee, Engin Ipek, Onur Mutlu, and Doug Burger,
"Architecting Phase Change Memory as a Scalable DRAM Alternative"
Proceedings of the 36th International Symposium on Computer 
Architecture (ISCA), pages 2-13, Austin, TX, June 2009. Slides (pdf)
One of the 13 computer architecture papers of 2009 selected as Top 
Picks by IEEE Micro. Selected as a CACM Research Highlight.           
2022 Persistent Impact Prize.
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https://people.inf.ethz.ch/omutlu/pub/pcm_isca09.pdf
http://isca09.cs.columbia.edu/
http://isca09.cs.columbia.edu/
https://people.inf.ethz.ch/omutlu/pub/lee_isca09_talk.pdf


Laboratory for Understanding Memory

80



A Very Recent PhD Thesis
n A. Giray Yaglikci, "Enabling Efficient and Scalable DRAM Read 

Disturbance Mitigation via New Experimental Insights into 
Modern DRAM Chips," PhD Thesis, ETH Zürich, 2024.
[Slides (pdf) (pptx)]
[Thesis arXiv (abs) (pdf)]
[SAFARI News]

https://arxiv.org/pdf/2408.15044.pdf
SIGMICRO & DSN Carter Dissertation Awards & SIGARCH/TCCA Honorable Mention

https://github.com/agyaglikci/agyaglikci.github.io/raw/main/pub/agy_phd_thesis.pdf
https://github.com/agyaglikci/agyaglikci.github.io/raw/main/pub/agy_phd_thesis.pdf
https://github.com/agyaglikci/agyaglikci.github.io/raw/main/pub/agy_phd_thesis.pdf
https://safari.ethz.ch/wp-content/uploads/giray-phd-defense-slides-short.pdf
https://safari.ethz.ch/wp-content/uploads/giray-phd-defense-slides-short.pptx
https://arxiv.org/abs/2408.15044
https://arxiv.org/pdf/2408.15044
https://safari.ethz.ch/abdullah-giray-yaglikci-successfully-defends-his-phd/
https://arxiv.org/pdf/2408.15044.pdf


Read Disturbance Sessions @ HPCA 2025
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Tuesday, March 4th, 11am and 2pm



Read Disturbance Papers @ ASPLOS 2025
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Read Disturbance Session @ ISCA 2025

84



Read Disturbance Papers @ DRAMSec 2025

85https://www.youtube.com/watch?v=5KmKxFjPopM 

https://dramsec.ethz.ch/ 

https://www.youtube.com/watch?v=5KmKxFjPopM
https://dramsec.ethz.ch/


RowHammer @ USENIX Security 2025

86



Read Disturbance Papers @ MICRO 2025
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Read Disturbance Papers @ HPCA 2026
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Tutorial on DRAM Bender & Ramulator

89https://events.safari.ethz.ch/asplos26-ramulator-drambender/ 

Tutorial on Ramulator & DRAM Bender:
Cutting-Edge Infrastructures for Real and Future Memory System Evaluation

A half-day tutorial @ ASPLOS 2026, Pittsburgh, USA
22nd March 2026 (Saturday)
Organizers: Nisa Bostanci, Ataberk Olgun, Ismail Yuksel, Haocong Luo, 
Prof. Onur Mutlu

R&DB: 

https://events.safari.ethz.ch/asplos26-ramulator-drambender/

More information & 
call for presentation: 

• Evaluating memory performance, emerging memory technologies, 
and architectural mechanisms

• Real DRAM device characterization studies 
• New features, extensions, and enhancements
• Cross-layer research that combines memory system simulation 

with real-chip DRAM characterization

https://events.safari.ethz.ch/asplos26-ramulator-drambender/
https://events.safari.ethz.ch/asplos26-ramulator-drambender/
https://events.safari.ethz.ch/asplos26-ramulator-drambender/
https://events.safari.ethz.ch/asplos26-ramulator-drambender/
https://events.safari.ethz.ch/asplos26-ramulator-drambender/


Processing in Memory:
Two Types

1. Processing near Memory
2. Processing using Memory

90



Processing-in-Memory Landscape Today 

91

[UPMEM	2019][Samsung	2021][SK	Hynix	2022]

[Samsung	2021]

And, many other experimental chips and startups

[Alibaba	2022]



Processing-in-Memory Landscape Today
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Processing-in-Memory Landscape Today

93https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/ 

https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/
https://www.servethehome.com/samsung-processing-in-memory-technology-at-hot-chips-2023/


Opportunity: 3D-Stacked Logic+Memory

94

Logic

Memory

Other “True 3D” technologies
under development



Tesseract: 3D-Stacked Processing Near Memory
n Junwhan Ahn, Sungpack Hong, Sungjoo Yoo, Onur Mutlu, and 

Kiyoung Choi,
"A Scalable Processing-in-Memory Accelerator for Parallel 
Graph Processing"
Proceedings of the 42nd International Symposium on Computer 
Architecture (ISCA), Portland, OR, June 2015.
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)]
Top Picks Honorable Mention by IEEE Micro.
Selected to the ISCA-50 25-Year Retrospective Issue 
covering 1996-2020 in 2023 (Retrospective (pdf) Full 
Issue).
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https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15.pdf
https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15.pdf
https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15.pdf
https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15.pdf
https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15.pdf
https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15.pdf
http://www.ece.cmu.edu/calcm/isca2015/
http://www.ece.cmu.edu/calcm/isca2015/
https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15-lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/tesseract-pim-architecture-for-graph-processing_isca15-lightning-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/Tesseract_50YearsOfISCA-Retrospective_isca23.pdf
https://sites.coecis.cornell.edu/isca50retrospective/
https://sites.coecis.cornell.edu/isca50retrospective/


A Short Retrospective @ 50 Years of ISCA

96https://arxiv.org/pdf/2306.16093 

https://arxiv.org/pdf/2306.16093


Accelerating ML Inference
n Amirali Boroumand, Saugata Ghose, Berkin Akin, Ravi Narayanaswami, Geraldo 

F. Oliveira, Xiaoyu Ma, Eric Shiu, and Onur Mutlu,
"Google Neural Network Models for Edge Devices: Analyzing and 
Mitigating Machine Learning Inference Bottlenecks"
Proceedings of the 30th International Conference on Parallel Architectures and 
Compilation Techniques (PACT), Virtual, September 2021.
[Slides (pptx) (pdf)]
[Talk Video (14 minutes)]
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https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21.pdf
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21.pdf
http://pactconf.org/
http://pactconf.org/
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21-talk.pdf
https://www.youtube.com/watch?v=A5gxjDbLRAs&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=178


Mensa High-Level Overview
Edge TPU Accelerator Mensa

Monolithic Accelerator
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Identifying Layer Families
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Key observation:  the majority of layers group into 
a small number of layer families

Family 1
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Family 1

Family 2

Family 3 Family 4

Family 5

Families 1 & 2: low parameter footprint, high data reuse and MAC intensity 
→ compute-centric layers 

Families 3, 4 & 5: high parameter footprint, low data reuse and MAC intensity 
→ data-centric layers 
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Mensa: Energy Reduction

Mensa-G reduces energy consumption by 3.0X 
compared to the baseline Edge TPU



Mensa:  Throughput Improvement
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Mensa-G improves inference throughput by 3.1X 
compared to the baseline Edge TPU



Mensa: Highly-Efficient ML Inference
n Amirali Boroumand, Saugata Ghose, Berkin Akin, Ravi Narayanaswami, Geraldo 

F. Oliveira, Xiaoyu Ma, Eric Shiu, and Onur Mutlu,
"Google Neural Network Models for Edge Devices: Analyzing and 
Mitigating Machine Learning Inference Bottlenecks"
Proceedings of the 30th International Conference on Parallel Architectures and 
Compilation Techniques (PACT), Virtual, September 2021.
[Slides (pptx) (pdf)]
[Talk Video (14 minutes)]
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https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21.pdf
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21.pdf
http://pactconf.org/
http://pactconf.org/
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/Google-neural-networks-for-edge-devices-Mensa-Framework_pact21-talk.pdf
https://www.youtube.com/watch?v=A5gxjDbLRAs&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=178


PAPI: Hybrid System for Near-Memory LLM Inference

n Yintao He, Haiyu Mao, Christina Giannoula, Mohammad Sadrosadati, Juan 
Gomez-Luna, Huawei Li, Xiaowei Li, Ying Wang, and Onur Mutlu,
"PAPI: Exploiting Dynamic Parallelism in Large Language Model 
Decoding with a Processing-In-Memory-Enabled Computing System,"
Proceedings of the 30th International Conference on Architectural Support for 
Programming Languages and Operating Systems (ASPLOS), Rotterdam, 
Netherlands, April 2025.

103https://arxiv.org/pdf/2502.15470 

https://arxiv.org/pdf/2502.15470
https://arxiv.org/pdf/2502.15470
https://arxiv.org/pdf/2502.15470
https://arxiv.org/pdf/2502.15470
https://arxiv.org/pdf/2502.15470
https://arxiv.org/pdf/2502.15470
https://arxiv.org/pdf/2502.15470
https://arxiv.org/pdf/2502.15470
https://asplos-conference.org/
https://asplos-conference.org/
https://arxiv.org/pdf/2502.15470


PAPI LLM Inference System [ASPLOS 2025]

104https://arxiv.org/pdf/2502.15470 

PAPI over best prior LLM decoding system
• 1.8× speedup

• 3.4× energy efficiency increase

https://arxiv.org/pdf/2502.15470


CENT: GPU-Free System for Near-Memory LLM Inference
n Yufeng Gu, Alireza Khadem, Sumanth Umesh, Ning Liang, Xavier Servot, Onur 

Mutlu, Ravi Iyer, and Reetuparna Das,
"PIM Is All You Need: A CXL-Enabled GPU-Free System for Large 
Language Model Inference,"
Proceedings of the 30th International Conference on Architectural Support for 
Programming Languages and Operating Systems (ASPLOS), Rotterdam, 
Netherlands, April 2025.
Officially artifact evaluated as available, functional, and reproducible.

105https://arxiv.org/pdf/2502.07578 
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https://arxiv.org/pdf/2502.07578
https://arxiv.org/pdf/2502.07578
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https://arxiv.org/pdf/2502.07578
https://asplos-conference.org/
https://asplos-conference.org/
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CENT LLM Inference System [ASPLOS 2025]

106https://arxiv.org/pdf/2502.07578 

CENT over best prior GPU LLM inference system
• 2.3× higher throughput

• 5.2× higher tokens per dollar
• 2.4× lower hardware cost

https://arxiv.org/pdf/2502.07578


Many Examples …
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Onur Mutlu, Saugata Ghose, Juan Gomez-Luna, Rachata Ausavarungnirun, 
Mohammad Sadrosadati, and Geraldo F. Oliveira,
"A Modern Primer on Processing in Memory"
Invited Book Chapter in Emerging Computing: From Devices to Systems - 
Looking Beyond Moore and Von Neumann, Springer, 2022.

https://arxiv.org/pdf/2012.03112 

https://people.inf.ethz.ch/omutlu/pub/ModernPrimerOnPIM_springer-emerging-computing-bookchapter21.pdf
https://people.inf.ethz.ch/omutlu/projects.htm
https://people.inf.ethz.ch/omutlu/projects.htm
https://people.inf.ethz.ch/omutlu/projects.htm
https://arxiv.org/pdf/2012.03112


Processing in Memory:
Two Types

1. Processing near Memory
2. Processing using Memory
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Focus: Processing using DRAM
n We can natively support 

q Bulk bitwise COPY and INIT/ZERO
q Bulk bitwise AND, OR, NOT, MAJ, NOR, NAND
q True Random Number Generation; Physical Unclonable Functions
q More complex computation using Lookup Tables

n At low cost
n Using analog computation capability of DRAM

q Idea: activating (multiple) rows performs computation
n Even in commodity off-the-shelf DRAM chips!

n 30X-257X performance and energy improvements
       Seshadri+“RowClone: Fast and Efficient In-DRAM Copy and Initialization of Bulk Data,” MICRO 2013.
        Seshadri+, “Fast Bulk Bitwise AND and OR in DRAM”, IEEE CAL 2015.
        Seshadri+, “Ambit: In-Memory Accelerator for Bulk Bitwise Operations Using Commodity DRAM Technology,” MICRO 2017.
        Hajinazar+, “SIMDRAM: A Framework for Bit-Serial SIMD Processing using DRAM,” ASPLOS 2021.
        Oliveira+, “MIMDRAM: An End-to-End Processing-Using-DRAM System for High-Throughput, Energy-Efficient and Programmer-Transparent        

Multiple-Instruction Multiple-Data Processing,” HPCA 2024.
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Future Systems: In-Memory Copy

Memory

MCL3L2L1CPU

1) Low latency

2) Low bandwidth utilization

3) No cache pollution

4) No unwanted data movement

1101046ns, 3.6uJ à   90ns, 0.04uJ



RowClone: In-DRAM Row Copy

Row Buffer (4 Kbytes)

Data Bus

8 bits

DRAM subarray

4 Kbytes

Step 1: Activate row A

Transfer 
row

Step 2: Activate row B

Transfer
row

Negligible HW cost
Idea: Two consecutive ACTivates



RowClone: Latency and Energy Savings
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Seshadri et al., “RowClone: Fast and Efficient In-DRAM Copy and 
Initialization of Bulk Data,” MICRO 2013.



More on RowClone
n Vivek Seshadri, Yoongu Kim, Chris Fallin, Donghyuk Lee, Rachata 

Ausavarungnirun, Gennady Pekhimenko, Yixin Luo, Onur Mutlu, Michael A. 
Kozuch, Phillip B. Gibbons, and Todd C. Mowry,
"RowClone: Fast and Energy-Efficient In-DRAM Bulk Data Copy and 
Initialization"
Proceedings of the 46th International Symposium on Microarchitecture 
(MICRO), Davis, CA, December 2013. [Slides (pptx) (pdf)] [Lightning Session 
Slides (pptx) (pdf)] [Poster (pptx) (pdf)] 
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http://users.ece.cmu.edu/~omutlu/pub/rowclone_micro13.pdf
http://users.ece.cmu.edu/~omutlu/pub/rowclone_micro13.pdf
http://users.ece.cmu.edu/~omutlu/pub/rowclone_micro13.pdf
http://users.ece.cmu.edu/~omutlu/pub/rowclone_micro13.pdf
http://users.ece.cmu.edu/~omutlu/pub/rowclone_micro13.pdf
http://users.ece.cmu.edu/~omutlu/pub/rowclone_micro13.pdf
http://www.microarch.org/micro46/
http://users.ece.cmu.edu/~omutlu/pub/rowclone_seshadri_micro13-talk.pptx
http://users.ece.cmu.edu/~omutlu/pub/rowclone_seshadri_micro13-talk.pdf
http://users.ece.cmu.edu/~omutlu/pub/rowclone_seshadri_micro13_lightning-talk.pptx
http://users.ece.cmu.edu/~omutlu/pub/rowclone_seshadri_micro13_lightning-talk.pptx
http://users.ece.cmu.edu/~omutlu/pub/rowclone_seshadri_micro13_lightning-talk.pdf
http://users.ece.cmu.edu/~omutlu/pub/rowclone_seshadri_micro13-poster.pptx
http://users.ece.cmu.edu/~omutlu/pub/rowclone_seshadri_micro13-poster.pdf


In-DRAM AND/OR: Triple Row Activation
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½VDD
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Final State
AB + BC + AC

½VDD+δ

C(A + B) + 
~C(AB)en

0

VDD

Seshadri+, “Fast Bulk Bitwise AND and OR in DRAM”, IEEE CAL 2015.



Bulk Bitwise Operations in Workloads

[1] Li and Patel, BitWeaving, SIGMOD 2013
[2] Goodwin+, BitFunnel, SIGIR 2017



In-DRAM Acceleration of Database Queries

116

Seshadri+, “Ambit: In-Memory Accelerator for Bulk Bitwise Operations using Commodity DRAM Technology,” MICRO 2017.

>4-12X Performance Improvement



More on Ambit
n Vivek Seshadri, Donghyuk Lee, Thomas Mullins, Hasan Hassan, Amirali 

Boroumand, Jeremie Kim, Michael A. Kozuch, Onur Mutlu, Phillip B. Gibbons, 
and Todd C. Mowry,
"Ambit: In-Memory Accelerator for Bulk Bitwise Operations Using 
Commodity DRAM Technology"
Proceedings of the 50th International Symposium on 
Microarchitecture (MICRO), Boston, MA, USA, October 2017.
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)] [Poster (pptx) (pdf)]
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https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17.pdf
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17.pdf
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17.pdf
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17.pdf
http://www.microarch.org/micro50/
http://www.microarch.org/micro50/
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-lightning-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-poster.pptx
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-poster.pdf


SIMDRAM Framework: Generalization
n Nastaran Hajinazar, Geraldo F. Oliveira, Sven Gregorio, Joao Dinis Ferreira, Nika Mansouri 

Ghiasi, Minesh Patel, Mohammed Alser, Saugata Ghose, Juan Gomez-Luna, and Onur Mutlu,
"SIMDRAM: An End-to-End Framework for Bit-Serial SIMD Computing in DRAM"
Proceedings of the 26th International Conference on Architectural Support for Programming 
Languages and Operating Systems (ASPLOS), Virtual, March-April 2021.
[2-page Extended Abstract]
[Short Talk Slides (pptx) (pdf)]
[Talk Slides (pptx) (pdf)]
[Short Talk Video (5 mins)]
[Full Talk Video (27 mins)]
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https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21.pdf
https://asplos-conference.org/
https://asplos-conference.org/
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21-extended-abstract.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21-extended-abstract.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21-extended-abstract.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21-short-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21-short-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/SIMDRAM_asplos21-talk.pdf
https://www.youtube.com/watch?v=g0fE1c7w0xk&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=115
https://www.youtube.com/watch?v=bas9U7djW_8&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=116


MIMDRAM: More Flexible Processing using DRAM

n Appears at HPCA 2024

119

https://arxiv.org/pdf/2402.19080.pdf 

https://arxiv.org/pdf/2402.19080.pdf
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MIMDRAM: Key Idea
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segmented global wordline

Use fine-grained DRAM for processing-using-DRAM: 
1 Improves SIMD utilization 

- for a single PUD operation, only access the DRAM mats with target data
- for multiple PUD operations, execute independent operations concurrently

global sense amplifier 

Enable narrower-width operations than a DRAM row
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segmented global wordline

Use fine-grained DRAM for processing-using-DRAM: 
1 Improves SIMD utilization 

- for a single PUD operation, only access the DRAM mats with target data
- for multiple PUD operations, execute independent operations concurrently

→ multiple instruction, multiple data (MIMD) execution model 

global sense amplifier 

MIMDRAM: Key Idea
Enable narrower-width operations than a DRAM row



Sectored DRAM
n Ataberk Olgun, F. Nisa Bostanci, Geraldo F. Oliveira, Yahya Can Tugrul, 

Rahul Bera, A. Giray Yaglikci, Hasan Hassan, Oguz Ergin, and Onur Mutlu,
"Sectored DRAM: A Practical Energy-Efficient and High-
Performance Fine-Grained DRAM Architecture"
ACM Transactions on Architecture and Code Optimization (TACO), 
[online] June 2024.
[arXiv version]
[ACM Digital Library version]

122https://arxiv.org/pdf/2207.13795 

https://arxiv.org/pdf/2207.13795
https://arxiv.org/pdf/2207.13795
https://arxiv.org/pdf/2207.13795
https://arxiv.org/pdf/2207.13795
https://arxiv.org/pdf/2207.13795
https://arxiv.org/pdf/2207.13795
https://arxiv.org/pdf/2207.13795
http://taco.acm.org/
https://arxiv.org/abs/2207.13795
https://doi.org/10.1145/3673653
https://arxiv.org/pdf/2207.13795
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segmented global wordline

Use fine-grained DRAM for processing-using-DRAM: 

1 Improves SIMD utilization 
- for a single PUD operation, only access the DRAM mats with target data
- for multiple PUD operations, execute independent operations concurrently

→ multiple instruction, multiple data (MIMD) execution model 

global sense amplifier 

2 Enables low-cost interconnects for vector reduction 
- global and local data buses can be used for inter-/intra-mat communication    

global sense amplifier 
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MIMDRAM: Key Idea
Enable narrower-width operations than a DRAM row
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segmented global wordline

Use fine-grained DRAM for processing-using-DRAM: 

1 Improves SIMD utilization 
- for a single PUD operation, only access the DRAM mats with target data
- for multiple PUD operations, execute independent operations concurrently

→ multiple instruction, multiple data (MIMD) execution model 

global sense amplifier 

2 Enables low-cost interconnects for vector reduction 
- global and local data buses can be used for inter-/intra-mat communication    

3 Eases programmability 
- SIMD parallelism in a DRAM mat is on par with vector ISAs’ SIMD width 

512 columns

MIMDRAM: Key Idea
Enable narrower-width operations than a DRAM row
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Transparently to programmer: 
extract SIMD parallelism from an application, and

schedule PUD instructions while maximizing utilization 

G
oa

l

Three new LLVM-based passes targeting PUD execution

MIMDRAM: 
Compiler Support

1 3 final binary

code generation

*A=pim_malloc(s,mati)
*D=pim_malloc(s,matj)

bbop_add(C,A,B,mati)
bbop_mul(F,D,E,matj)
bbop_mov(t,F)
bbop_sub(G,C,t,mati)

*t=pim_malloc(s,mati)…

source code
for(i; i<1024;i++)
{
C[i]=A[i]+B[i];
F[i]=D[i]*E[i];
G[i]=C[i]-F[i]; 

}

loop auto-vectorization

code identification

%3=add<1024 x i32> %1,%2

%6=mul<1024 x i32> %4,%5

%7=sub<1024 x i32> %3,%6

%1=load<1024 x i32*> %A

store %3,<1024 x i32*> %C

…

…

…

…for(){} A

mati 

movi←j

+

B

*

D E

-

G

matj

DDG

code scheduling & data mapping

A

+

B

*

D E

-

G
scheduling 2 4

a

b

c



MIMDRAM Perf, Energy, Perf/Watt
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582X and 13,612X the energy efficiency of CPU and GPU, respectively



Dynamic Precision & Flexible Arithmetic in PuD

n Geraldo Francisco, Mayank Kabra, Yuxin Guo, Kangqi Chen, A. Giray 
Yaglikci, Melina Soysal, Mohammad Sadrosadati, Joaquin Olivares, 
Saugata Ghose, Juan Gomez-Luna, and Onur Mutlu,
"Proteus: Enabling High-Performance Processing-Using-DRAM 
via Dynamic Precision Bit-Serial Arithmetic"
Proceedings of the 37th ACM International Conference on 
Supercomputing (ICS), Salt Lake City, UT, USA, June 2025.

127https://arxiv.org/pdf/2501.17466v2 

https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
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https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://hpcrl.github.io/ICS2025-webpage/
https://hpcrl.github.io/ICS2025-webpage/
https://arxiv.org/pdf/2501.17466v2


Dynamic Precision & Flexible Arithmetic in PuD

n Geraldo Francisco, Mayank Kabra, Yuxin Guo, Kangqi Chen, A. Giray 
Yaglikci, Melina Soysal, Mohammad Sadrosadati, Joaquin Olivares, 
Saugata Ghose, Juan Gomez-Luna, and Onur Mutlu,
" Proteus : Achieving High-Performance Processing-Using-
DRAM via Dynamic Precision Bit-Serial Arithmetic"
Proceedings of the 37th ACM International Conference on 
Supercomputing (ICS), Salt Lake City, UT, USA, June 2025.

128https://arxiv.org/pdf/2501.17466v2 

Rejected from ASPLOS
after satisfying 

all revision requirements

https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://arxiv.org/pdf/2501.17466v2
https://hpcrl.github.io/ICS2025-webpage/
https://hpcrl.github.io/ICS2025-webpage/
https://arxiv.org/pdf/2501.17466v2


Capabilities of Off-The-Shelf Memory

Existing DRAM Chips 
Are Already Quite Capable

129



Real Processing Using Memory Prototype
n End-to-end RowClone & TRNG using off-the-shelf DRAM chips
n Idea: Violate timing parameters to enable RowClone & TRNG

https://arxiv.org/pdf/2111.00082.pdf 
https://github.com/cmu-safari/pidram

https://www.youtube.com/watch?v=qeukNs5XI3g&t=4192s  
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https://arxiv.org/pdf/2111.00082.pdf
https://github.com/cmu-safari/pidram
https://github.com/cmu-safari/pidram
https://github.com/cmu-safari/pidram
https://www.youtube.com/watch?v=qeukNs5XI3g&t=4192s


Real Processing-using-Memory Prototype

https://arxiv.org/pdf/2111.00082.pdf 
https://github.com/cmu-safari/pidram

https://www.youtube.com/watch?v=qeukNs5XI3g&t=4192s  
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Host Machine

FPGA Board

RISC-V System
PiM-Enabled DIMM

https://arxiv.org/pdf/2111.00082.pdf
https://github.com/cmu-safari/pidram
https://github.com/cmu-safari/pidram
https://github.com/cmu-safari/pidram
https://www.youtube.com/watch?v=qeukNs5XI3g&t=4192s


Real Processing-using-Memory Prototype

https://arxiv.org/pdf/2111.00082.pdf 
https://github.com/cmu-safari/pidram

https://www.youtube.com/watch?v=qeukNs5XI3g&t=4192s  
 

https://arxiv.org/pdf/2111.00082.pdf
https://github.com/cmu-safari/pidram
https://github.com/cmu-safari/pidram
https://github.com/cmu-safari/pidram
https://www.youtube.com/watch?v=qeukNs5XI3g&t=4192s
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Microbenchmark	Copy/Initialization	Throughput

In-DRAM Copy and Initialization 
improve throughput by 119x and 89x



More on PiDRAM
n Ataberk Olgun, Juan Gomez Luna, Konstantinos Kanellopoulos, Behzad Salami, 

Hasan Hassan, Oguz Ergin, and Onur Mutlu,
"PiDRAM: A Holistic End-to-end FPGA-based Framework for 
Processing-in-DRAM"
ACM Transactions on Architecture and Code Optimization (TACO), March 2023.
[arXiv version]
Presented at the 18th HiPEAC Conference, Toulouse, France, January 2023.
[Slides (pptx) (pdf)]
[Longer Lecture Slides (pptx) (pdf)]
[Lecture Video (40 minutes)]
[PiDRAM Source Code]
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https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_taco23.pdf
http://taco.acm.org/
https://arxiv.org/abs/2111.00082
https://www.hipeac.net/2023/toulouse/
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_hipeac23-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_hipeac23-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_comparch22-lecture-slides.pptx
https://people.inf.ethz.ch/omutlu/pub/PiDRAM_comparch22-lecture-slides.pdf
https://www.youtube.com/watch?v=JyWxkeQA0W8
https://github.com/CMU-SAFARI/PiDRAM


DRAM Chips Are Already (Quite) Capable!
n Appears at HPCA 2024
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https://arxiv.org/pdf/2402.18736.pdf 

https://arxiv.org/pdf/2402.18736.pdf


The	Capability	of	COTS	DRAM	Chips
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We	demonstrate	that	COTS	DRAM	chips:

Can	copy	one	row	into	up	to	31	other	rows	
with	>99.98%	success	rate1
Can	perform	NOT	operation	
with	up	to	32	output	operands2
Can	perform	up	to	16-input

AND,	NAND,	OR,	and	NOR	operations3
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In-DRAM Multiple Row Copy (Multi-RowCopy)

d s t

r cs

Simultaneously activate many rows to 
copy one row’s content to multiple destination rows 

d s t
s r c

RowClone

s r c

r cs

s r c
d s t
d s t

d s t

Multi-RowCopy

s r c
s r c

s r c
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Connect	rows	in	neighboring	subarrays
through	a	NOT	gate	by	consecutively	activating	rows

Key	Idea:	NOT	Operation

SA

A
src

dst

ACT	src ACT	dstSA

A
src

dst

SA

A
src

dst
~A

NOT	gate	
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Manipulate	the	bitline	voltage	to	express	
a	wide	variety	of	functions	using

simultaneous	multi-row	activation	in	neighboring	subarrays

Key	Idea:	NAND,	NOR,	AND,	OR

Multiple	Row	ACT

V(A,B)

SA

B

X

Y

V(X,Y)

X

SA

B

Y

VREF

VREF

A A

sense	amplifier
compares

V(A,B)	and	V(X,Y)



VDD=1	&	GND	=	0	

Two-Input	AND	and	NAND	Operations
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Reference	
Subarray	
(REF)

Compute	
Subarray	
(COM)

X
Y

ACT PRE ACT
<3ns<3ns

AVG(VDD,VDD/2)

AVG(X,Y)

*Gao	et	al.,	"FracDRAM:	Fractional	Values	in	Off-the-Shelf	DRAM,"	in	MICRO,	2022.

AND NAND

VDD

VDD/2* X Y COM REF

1 1 1 0

0 1 0 1
1 0 0 1

0 0 0 1



Many-Input	AND,	NAND,	OR,	and	NOR	Operations

VDD=1	&	GND	=	0	
	

X Y AND

0 0 0

0 1 0

1 0 0

1 1 1

NAND

1

1

1

0
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Reference	
Subarray	
(REF)

Compute	
Subarray	
(COM)

VDD/2

VDD

X
Y

ACT	REF PRE ACT	COM
<3ns<3ns

AVG(VDD,VDD/2)

AVG(X,Y)

We	can	express	AND,	NAND,	OR,	and	NOR	operations	
by	carefully	manipulating	the	reference	voltage

(More	details	in	the	paper)

https://arxiv.org/pdf/2402.18736.pdf



DRAM	Testing	Infrastructure
• Developed	from	DRAM	Bender	[Olgun+,	TCAD’23]*
• Fine-grained	control	over	DRAM	commands,	timings,	
and	temperature

142*Olgun	et	al.,	"DRAM	Bender:	An	Extensible	and	Versatile	FPGA-based	Infrastructure	
to	Easily	Test	State-of-the-art	DRAM	Chips,"	TCAD,	2023.

https://arxiv.org/pdf/2211.05838
https://arxiv.org/pdf/2211.05838
https://arxiv.org/pdf/2211.05838
https://arxiv.org/pdf/2211.05838
https://arxiv.org/pdf/2211.05838
https://arxiv.org/pdf/2211.05838
https://arxiv.org/pdf/2211.05838
https://arxiv.org/pdf/2211.05838
https://arxiv.org/pdf/2211.05838
https://arxiv.org/pdf/2211.05838


Laboratory for Understanding Memory
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• 256	DDR4	chips	from	two	major	DRAM	manufacturers
• Covers	different	die	revisions	and	chip	densities

DRAM	Chips	Tested

144
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Robustness of Multi-RowCopy

COTS DRAM chips can copy one row’s content 
to up to 31 rows with a very high success rate

Average: >99.98%



Performing	AND,	NAND,	OR,	and	NOR

COTS	DRAM	chips	can	perform	
{2,	4,	8,	16}-input	AND,	NAND,	OR,	and	NOR	operations
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Performing	AND,	NAND,	OR,	and	NOR

COTS	DRAM	chips	can	perform	
16-input	AND,	NAND,	OR,	and	NOR	operations

with	very	high	success	rate	(>94%)
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More on Multi-Row Copy 
n Ismail Emir Yuksel, Yahya Can Tugrul, F. Nisa Bostanci, Geraldo F. Oliveira, A. Giray 

Yaglikci, Ataberk Olgun, Melina Soysal, Haocong Luo, Juan Gomez-Luna, Mohammad 
Sadrosadati, and Onur Mutlu,
"Simultaneous Many-Row Activation in Off-the-Shelf DRAM Chips: 
Experimental Characterization and Analysis"
Proceedings of the 54th Annual IEEE/IFIP International Conference on Dependable 
Systems and Networks (DSN), Brisbane, Australia, June 2024.
[Slides (pptx) (pdf)]
[arXiv version]
[SiMRA-DRAM Source Code (Officially Artifact Evaluated with All Badges)]
Officially artifact evaluated as both code and dataset available, reviewed and 
reproducible.

148https://arxiv.org/pdf/2405.06081 

https://arxiv.org/pdf/2405.06081
https://arxiv.org/pdf/2405.06081
https://arxiv.org/pdf/2405.06081
https://arxiv.org/pdf/2405.06081
https://arxiv.org/pdf/2405.06081
https://arxiv.org/pdf/2405.06081
https://arxiv.org/pdf/2405.06081
https://arxiv.org/pdf/2405.06081
https://dsn2024uq.github.io/
https://dsn2024uq.github.io/
https://safari.ethz.ch/wp-content/uploads/simradram_dsn24_final.pptx
https://safari.ethz.ch/wp-content/uploads/simradram_dsn24_final.pdf
https://arxiv.org/abs/2405.06081
https://github.com/CMU-SAFARI/SiMRA-DRAM
https://github.com/CMU-SAFARI/SiMRA-DRAM
https://github.com/CMU-SAFARI/SiMRA-DRAM
https://arxiv.org/pdf/2405.06081


More on Functionally-Complete DRAM
n Ismail Emir Yuksel, Yahya Can Tugrul, Ataberk Olgun, F. Nisa Bostanci, A. Giray 

Yaglikci, Geraldo F. Oliveira, Haocong Luo, Juan Gomez-Luna, Mohammad 
Sadrosadati, and Onur Mutlu,
"Functionally-Complete Boolean Logic in Real DRAM Chips: Experimental 
Characterization and Analysis"
Proceedings of the 30th International Symposium on High-Performance Computer 
Architecture (HPCA), April 2024.
[Slides (pptx) (pdf)]
[arXiv version]
[FCDRAM Source Code]

149https://arxiv.org/pdf/2402.18736 

https://arxiv.org/pdf/2402.18736
https://arxiv.org/pdf/2402.18736
https://arxiv.org/pdf/2402.18736
https://arxiv.org/pdf/2402.18736
https://www.hpca-conf.org/2024/
https://www.hpca-conf.org/2024/
https://www.hpca-conf.org/2024/
https://www.hpca-conf.org/2024/
https://safari.ethz.ch/wp-content/uploads/fcdram_slides.pptx
https://safari.ethz.ch/wp-content/uploads/fcdram_slides.pdf
https://arxiv.org/abs/2402.18736
https://github.com/CMU-SAFARI/FCDRAM/
https://arxiv.org/pdf/2402.18736


What Else Can We Do
Using Commodity Memories?



In-DRAM True Random Number Generation

151

n Jeremie S. Kim, Minesh Patel, Hasan Hassan, Lois Orosa, and Onur Mutlu,
"D-RaNGe: Using Commodity DRAM Devices to Generate True Random 
Numbers with Low Latency and High Throughput"
Proceedings of the 25th International Symposium on High-Performance Computer 
Architecture (HPCA), Washington, DC, USA, February 2019.
[Slides (pptx) (pdf)]
[Full Talk Video (21 minutes)]
[Full Talk Lecture Video (27 minutes)]
Top Picks Honorable Mention by IEEE Micro.

https://people.inf.ethz.ch/omutlu/pub/drange-dram-latency-based-true-random-number-generator_hpca19.pdf
https://people.inf.ethz.ch/omutlu/pub/drange-dram-latency-based-true-random-number-generator_hpca19.pdf
https://people.inf.ethz.ch/omutlu/pub/drange-dram-latency-based-true-random-number-generator_hpca19.pdf
https://people.inf.ethz.ch/omutlu/pub/drange-dram-latency-based-true-random-number-generator_hpca19.pdf
http://hpca2019.seas.gwu.edu/
http://hpca2019.seas.gwu.edu/
http://hpca2019.seas.gwu.edu/
http://hpca2019.seas.gwu.edu/
https://people.inf.ethz.ch/omutlu/pub/drange-dram-latency-based-true-random-number-generator_hpca19-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/drange-dram-latency-based-true-random-number-generator_hpca19-talk.pdf
https://www.youtube.com/watch?v=g_GtYdzIPK4&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=19
https://www.youtube.com/watch?v=Y3hPv1I5f8Y&list=PL5Q2soXY2Zi-DyoI3HbqcdtUm9YWRR_z-&index=16


In-DRAM True Random Number Generation
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n Ataberk Olgun, Minesh Patel, A. Giray Yaglikci, Haocong Luo, Jeremie S. Kim, F. Nisa 
Bostanci, Nandita Vijaykumar, Oguz Ergin, and Onur Mutlu,
"QUAC-TRNG: High-Throughput True Random Number Generation Using 
Quadruple Row Activation in Commodity DRAM Chips"
Proceedings of the 48th International Symposium on Computer Architecture (ISCA), 
Virtual, June 2021.
[Slides (pptx) (pdf)]
[Short Talk Slides (pptx) (pdf)]
[Talk Video (25 minutes)]
[SAFARI Live Seminar Video (1 hr 26 mins)]

https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21.pdf
https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21.pdf
https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21.pdf
https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21.pdf
https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21.pdf
https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21.pdf
http://iscaconf.org/isca2021/
https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21-short-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/QUAC-TRNG-DRAM_isca21-short-talk.pdf
https://www.youtube.com/watch?v=QtBrq0WVOmQ&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=132
https://www.youtube.com/watch?v=snvF3g3GfkI&list=PL5Q2soXY2Zi_tOTAYm--dYByNPL7JhwR9&index=6


In-DRAM TRNG: Recent Results
n N-row Activation 

q initialize cell values to sample random values in sense amplifiers

Mutlu+, “Memory-Centric Computing: Recent Advances in Processing-in-DRAM,” IEDM 2024.

https://arxiv.org/pdf/2412.19275 

https://arxiv.org/pdf/2412.19275
https://arxiv.org/pdf/2412.19275
https://arxiv.org/pdf/2412.19275
https://arxiv.org/pdf/2412.19275
https://arxiv.org/pdf/2412.19275
https://arxiv.org/pdf/2412.19275
https://arxiv.org/pdf/2412.19275
https://arxiv.org/pdf/2412.19275


In-DRAM True Random Number Generation
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n Ismail Emir Yuksel, Ataberk Olgun, Nisa Bostancı, Oğuzhan Canpolat, Geraldo Francisco 
de Oliveira Junior, Mohammad Sadrosadati, Abdullah Giray Yağlıkçı, and Onur Mutlu,
"In-DRAM True Random Number Generation Using Simultaneous Multiple-
Row Activation: An Experimental Study of Real DRAM Chips"
Proceedings of the 43rd IEEE International Conference on Computer Design (ICCD), 
Dallas, TX, USA, November 2025.
[Slides (pptx) (pdf)]

https://arxiv.org/pdf/2510.20269 

https://arxiv.org/pdf/2510.20269
https://arxiv.org/pdf/2510.20269
https://arxiv.org/pdf/2510.20269
https://arxiv.org/pdf/2510.20269
https://arxiv.org/pdf/2510.20269
http://www.iccd-conf.com/
https://people.inf.ethz.ch/omutlu/pub/simratrng_iccd25-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/simratrng_iccd25-talk.pdf
https://arxiv.org/pdf/2510.20269


In-DRAM True Random Number Generation
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n F. Nisa Bostanci, Ataberk Olgun, Lois Orosa, A. Giray Yaglikci, Jeremie S. Kim, Hasan 
Hassan, Oguz Ergin, and Onur Mutlu,
"DR-STRaNGe: End-to-End System Design for DRAM-based True Random 
Number Generators"
Proceedings of the 28th International Symposium on High-Performance Computer 
Architecture (HPCA), Virtual, April 2022.
[Slides (pptx) (pdf)]
[Short Talk Slides (pptx) (pdf)]

https://arxiv.org/pdf/2201.01385.pdf

https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22.pdf
https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22.pdf
https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22.pdf
https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22.pdf
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https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22.pdf
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https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22.pdf
https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22.pdf
https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22.pdf
https://www.hpca-conf.org/2022/
https://www.hpca-conf.org/2022/
https://www.hpca-conf.org/2022/
https://www.hpca-conf.org/2022/
https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22-shorttalk.pptx
https://people.inf.ethz.ch/omutlu/pub/DR_STRANGE_EndtoEnd-DRAM-TRNG_hpca22-shorttalk.pdf
https://arxiv.org/pdf/2201.01385.pdf


In-DRAM Physical Unclonable Functions
n Jeremie S. Kim, Minesh Patel, Hasan Hassan, and Onur Mutlu,

"The DRAM Latency PUF: Quickly Evaluating Physical Unclonable 
Functions by Exploiting the Latency-Reliability Tradeoff in Modern DRAM 
Devices"
Proceedings of the 24th International Symposium on High-Performance Computer 
Architecture (HPCA), Vienna, Austria, February 2018.
[Lightning Talk Video]
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)]
[Full Talk Lecture Video (28 minutes)]
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https://people.inf.ethz.ch/omutlu/pub/dram-latency-puf_hpca18.pdf
https://people.inf.ethz.ch/omutlu/pub/dram-latency-puf_hpca18.pdf
https://people.inf.ethz.ch/omutlu/pub/dram-latency-puf_hpca18.pdf
https://people.inf.ethz.ch/omutlu/pub/dram-latency-puf_hpca18.pdf
https://people.inf.ethz.ch/omutlu/pub/dram-latency-puf_hpca18.pdf
https://hpca2018.ece.ucsb.edu/
https://hpca2018.ece.ucsb.edu/
https://hpca2018.ece.ucsb.edu/
https://hpca2018.ece.ucsb.edu/
https://www.youtube.com/watch?v=Xw0laEEDmsM&feature=youtu.be
https://people.inf.ethz.ch/omutlu/pub/dram-latency-puf_hpca18_talk.pptx
https://people.inf.ethz.ch/omutlu/pub/dram-latency-puf_hpca18_talk.pdf
https://people.inf.ethz.ch/omutlu/pub/dram-latency-puf_hpca18_lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/dram-latency-puf_hpca18_lightning-talk.pdf
https://www.youtube.com/watch?v=7gqnrTZpjxE


In-DRAM Lookup-Table Based Execution
João Dinis Ferreira, Gabriel Falcao, Juan Gómez-Luna, Mohammed Alser, Lois Orosa, Mohammad 
Sadrosadati, Jeremie S. Kim, Geraldo F. Oliveira, Taha Shahroodi, Anant Nori, and Onur Mutlu,
"pLUTo: Enabling Massively Parallel Computation in DRAM via Lookup Tables"
Proceedings of the 55th International Symposium on Microarchitecture (MICRO), Chicago, IL, USA, 
October 2022.
[Slides (pptx) (pdf)]
[Longer Lecture Slides (pptx) (pdf)]
[Lecture Video (26 minutes)]
[arXiv version]
[Source Code (Officially Artifact Evaluated with All Badges)]
Officially artifact evaluated as available, reusable and reproducible.
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https://arxiv.org/pdf/2104.07699.pdf
http://www.microarch.org/micro55/
https://people.inf.ethz.ch/omutlu/pub/pLUTo_micro22-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/pLUTo_micro22-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/pLUTo_lecture-slides.pptx
https://people.inf.ethz.ch/omutlu/pub/pLUTo_lecture-slides.pdf
https://youtu.be/JyWxkeQA0W8?t=2495
https://arxiv.org/abs/2104.07699
https://github.com/CMU-SAFARI/pLUTo
https://arxiv.org/pdf/2104.07699.pdf


In-Flash Bulk Bitwise Execution
n Jisung Park, Roknoddin Azizi, Geraldo F. Oliveira, Mohammad Sadrosadati, Rakesh 

Nadig, David Novo, Juan Gómez-Luna, Myungsuk Kim, and Onur Mutlu,
"Flash-Cosmos: In-Flash Bulk Bitwise Operations Using Inherent 
Computation Capability of NAND Flash Memory"
Proceedings of the 55th International Symposium on Microarchitecture (MICRO), 
Chicago, IL, USA, October 2022.
[Slides (pptx) (pdf)]
[Longer Lecture Slides (pptx) (pdf)]
[Lecture Video (44 minutes)]
[arXiv version]
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https://arxiv.org/pdf/2209.05566.pdf
http://www.microarch.org/micro55/
https://people.inf.ethz.ch/omutlu/pub/FlashCosmos_micro22-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/FlashCosmos_micro22-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/FlashCosmos_SSD-lecture-slides.pptx
https://people.inf.ethz.ch/omutlu/pub/FlashCosmos_SSD-lecture-slides.pdf
https://www.youtube.com/watch?v=ioPERTy7bz4
https://arxiv.org/abs/2209.05566
https://arxiv.org/pdf/2209.05566.pdf


In-Flash Homomorphic Encryption
n Mayank Kabra, Rakesh Nadig, Harshita Gupta, Rahul Bera, Manos Frouzakis, Vamanan 

Arulchelvan, Yu Liang, Haiyu Mao, Mohammad Sadrosadati, and Onur Mutlu,
"CIPHERMATCH: Accelerating Homomorphic Encryption based String 
Matching via Memory-Efficient Data Packing and In-Flash Processing"
Proceedings of the 30th International Conference on Architectural Support for 
Programming Languages and Operating Systems (ASPLOS), Rotterdam, Netherlands, 
April 2025.
[Slides (pptx) (pdf)]
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https://arxiv.org/pdf/2503.08968
https://arxiv.org/pdf/2503.08968
https://arxiv.org/pdf/2503.08968
https://arxiv.org/pdf/2503.08968
https://arxiv.org/pdf/2503.08968
https://arxiv.org/pdf/2503.08968
https://asplos-conference.org/
https://asplos-conference.org/
https://people.inf.ethz.ch/omutlu/pub/CIPHERMATCH_asplos25-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/CIPHERMATCH_asplos25-talk.pdf
https://arxiv.org/pdf/2503.08968


Processing in Memory:
Two Types

1. Processing near Memory
2. Processing using Memory
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PIM Review and Open Problems
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Onur Mutlu, Saugata Ghose, Juan Gomez-Luna, Rachata Ausavarungnirun, 
Mohammad Sadrosadati, and Geraldo F. Oliveira,
"A Modern Primer on Processing in Memory"
Invited Book Chapter in Emerging Computing: From Devices to Systems - 
Looking Beyond Moore and Von Neumann, Springer, 2022.

https://arxiv.org/pdf/2012.03112 

https://people.inf.ethz.ch/omutlu/pub/ModernPrimerOnPIM_springer-emerging-computing-bookchapter21.pdf
https://people.inf.ethz.ch/omutlu/projects.htm
https://people.inf.ethz.ch/omutlu/projects.htm
https://people.inf.ethz.ch/omutlu/projects.htm
https://arxiv.org/pdf/2012.03112


A Recent Short Paper [IMW 2025]

n Onur Mutlu, Ataberk Olgun, and İsmail Emir Yüksel,
"Memory-Centric Computing: Solving Computing's 
Memory Problem"
Invited Paper in Proceedings of the 17th IEEE International 
Memory Workshop (IMW), Monterey, CA, USA, May 2025.
[Slides (pptx) (pdf)]

https://www.arxiv.org/pdf/2505.00458 

https://www.arxiv.org/pdf/2505.00458
https://www.arxiv.org/pdf/2505.00458
https://www.arxiv.org/pdf/2505.00458
https://www.arxiv.org/pdf/2505.00458
https://ewh.ieee.org/soc/eds/imw/
https://ewh.ieee.org/soc/eds/imw/
https://people.inf.ethz.ch/omutlu/pub/onur-IMW-MemoryCentricComputing-19-May-2025.pptx
https://people.inf.ethz.ch/omutlu/pub/onur-IMW-MemoryCentricComputing-19-May-2025.pdf
https://www.arxiv.org/pdf/2505.00458


Eliminating the Adoption Barriers

How to Enable Adoption 
of Processing in Memory
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Potential Barriers to Adoption of PIM
1. Applications & software for PIM

2. Ease of programming (interfaces and compiler/HW support)

3. System and security support: coherence, synchronization, 
virtual memory, isolation, communication interfaces, …

4. Runtime and compilation systems for adaptive scheduling, 
data mapping, access/sharing control, …

5. Infrastructures to assess benefits and feasibility
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All can be solved with change of mindset



We Need to Revisit the Entire Stack

n With a memory-centric mindset
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Micro-architecture
SW/HW Interface

Program/Language
Algorithm
Problem

Logic
Devices

System Software

Electrons

We can get there step by step



A Very Recent PhD Thesis
n https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-

successfully-defends-his-phd/ 

166

https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/
https://safari.ethz.ch/geraldo-francisco-de-oliveira-junior-successfully-defends-his-phd/


PIM Tutorials [MICRO’23, ISCA’23, ASPLOS’23, HPCA’23, ISCA’24]

n Lectures + Hands-on labs + Invited talks 

https://events.safari.ethz.ch/isca-pim-tutorial/

https://www.youtube.com/live/GIb5EgSrWk0

https://events.safari.ethz.ch/isca-pim-tutorial/
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PIM Tutorial November 2024 Edition

168https://events.safari.ethz.ch/micro24-memorycentric-tutorial/ 
https://www.youtube.com/watch?v=KV2MXvcBgb0 

https://events.safari.ethz.ch/micro24-memorycentric-tutorial/
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PIM Tutorial @ PPoPP/HPCA/CGO/CC

169https://events.safari.ethz.ch/ppopp25-memorycentric-tutorial/ 
https://www.youtube.com/live/NkDY6osus6g 
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PIM Tutorial/Workshop @ ASPLOS 2025
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https://events.safari.ethz.ch/asplos25-MCCSys/doku.php  
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https://events.safari.ethz.ch/asplos25-MCCSys/doku.php
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PIM Tutorial/Workshop @ ICS 2025
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https://events.safari.ethz.ch/ics25-MCCSys/doku.php  
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PIM Tutorial/Workshop @ ISCA 2025
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https://events.safari.ethz.ch/isca25-MCCSys/doku.php  
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4th MCCSys Workshop @ HPCA 2026

173https://events.safari.ethz.ch/hpca26-MCCSys/ 
https://www.youtube.com/watch?v=3wtg4sTp1qw 

https://events.safari.ethz.ch/hpca26-MCCSys/
https://events.safari.ethz.ch/hpca26-MCCSys/
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MCCSys@ASPLOS’26 (Half Day)

5th Workshop on  Memory-Centric Computing Systems

A half-day workshop @ ASPLOS 2026
23rd March 2026 (Monday)

Organizers: Ismail Yuksel, Nisa Bostanci, Ataberk Olgun, Dr. Zhiheng 
Yue, Dr. Mohammad Sadrosadati, Dr. Geraldo F. Oliveira, Prof. Onur Mutlu

• Overview of PIM & 
PIM Taxonomy

• PIM in Memory & Storage
• Infrastructures for 

PIM Research
• Real-World PnM Systems

• PuM for 
Bulk Bitwise Operations

• Programming Techniques & 
Tools

• Research Challenges & 
Opportunities

MCCSys

https://events.safari.ethz.ch/asplos26-MCCSys/

More information & 
call for presentations: 

https://events.safari.ethz.ch/asplos26-MCCSys/
https://events.safari.ethz.ch/asplos26-MCCSys/
https://events.safari.ethz.ch/asplos26-MCCSys/


MCCSys@ICS’26 (Half Day)6th Workshop on  Memory-Centric Computing Systems

A full-day workshop @ ICS 2026
6th July 2026 (Monday)

Organizers: Ismail Yuksel, Nisa Bostanci, Ataberk Olgun, Dr. Zhiheng 
Yue, Dr. Mohammad Sadrosadati, Dr. Geraldo F. Oliveira, Prof. Onur Mutlu

• Overview of PIM & 
PIM Taxonomy

• PIM in Memory & Storage
• Infrastructures for 

PIM Research
• Real-World PnM Systems

• PuM for 
Bulk Bitwise Operations

• Programming Techniques & 
Tools

• Research Challenges & 
Opportunities

MCCSys

https://events.safari.ethz.ch/ics26-mccsys/ (Coming soon)

More information & 
call for papers: 

https://events.safari.ethz.ch/ics26-mccsys/
https://events.safari.ethz.ch/ics26-mccsys/
https://events.safari.ethz.ch/ics26-mccsys/


Tutorial on DRAM Bender & Ramulator

176https://events.safari.ethz.ch/asplos26-ramulator-drambender/ 

Tutorial on Ramulator & DRAM Bender:
Cutting-Edge Infrastructures for Real and Future Memory System Evaluation

A half-day tutorial @ ASPLOS 2026, Pittsburgh, USA
22nd March 2026 (Saturday)
Organizers: Nisa Bostanci, Ataberk Olgun, Ismail Yuksel, Haocong Luo, 
Prof. Onur Mutlu

R&DB: 

https://events.safari.ethz.ch/asplos26-ramulator-drambender/

More information & 
call for presentation: 

• Evaluating memory performance, emerging memory technologies, 
and architectural mechanisms

• Real DRAM device characterization studies 
• New features, extensions, and enhancements
• Cross-layer research that combines memory system simulation 

with real-chip DRAM characterization

https://events.safari.ethz.ch/asplos26-ramulator-drambender/
https://events.safari.ethz.ch/asplos26-ramulator-drambender/
https://events.safari.ethz.ch/asplos26-ramulator-drambender/
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More in My MICRO 2025 Keynote Talk

177https://www.youtube.com/watch?v=Mk6j9zP3s9E 

https://www.youtube.com/watch?v=Mk6j9zP3s9E


Open Source Tools: SAFARI GitHub

178https://github.com/CMU-SAFARI/

https://github.com/CMU-SAFARI/
https://github.com/CMU-SAFARI/
https://github.com/CMU-SAFARI/
https://github.com/CMU-SAFARI/
https://github.com/CMU-SAFARI/


Referenced Papers, Talks, Artifacts

n All are available at

https://people.inf.ethz.ch/omutlu/projects.htm 

https://www.youtube.com/onurmutlulectures 

https://github.com/CMU-SAFARI/ 

179

https://people.inf.ethz.ch/omutlu/projects.htm
https://www.youtube.com/onurmutlulectures


Concluding Remarks



Summary
n Changing a paradigm is not easy

q Copernican revolution did not happen overnight: ~1500-~1700
q It took Brahe, Kepler, Galileo, and Newton, in addition to many
q Longstanding and entrenched dogma had to be overcome 

n We need to change the processor-centric paradigm
q This can enable many benefits, not all quantifiable or predictable
q It will not happen overnight

n Memory à combined computation and storage substrate
q Can lead to orders-of-magnitude energy & perf improvements 
q Unmodified DRAM chips are already capable of computation

n We have a lot more exciting research to do & efficiently enable
q We need to do research & design across the computing stack
q With a proper mindset and infrastructure shift
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182Source: http://spectrum.ieee.org/image/MjYzMzAyMg.jpeg
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A Leading Architect

184https://en.wikipedia.org/wiki/Eero_Saarinen 

https://en.wikipedia.org/wiki/Eero_Saarinen


Perhaps More Importantly: An Enabler

185https://en.wikipedia.org/wiki/Eero_Saarinen 

https://en.wikipedia.org/wiki/Eero_Saarinen


186



Funding Acknowledgments
n Alibaba, AMD, ASML, Bytedance, Google, Facebook, 

Futurewei, Hi-Silicon, HP Labs, Huawei, IBM, Intel, 
Microsoft, Nvidia, Oracle, Qualcomm, Rambus, Samsung, 
Seagate, VMware, Xilinx

n NSF
n NIH
n GSRC
n SRC
n CyLab
n EFCL
n SNSF
n HK ACCESS
n EU Horizon

187

Thank you!
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SAFARI Newsletter July 2024 Edition
n https://safari.ethz.ch/safari-newsletter-july-2024/

190

https://safari.ethz.ch/safari-newsletter-july-2024/
https://safari.ethz.ch/safari-newsletter-july-2024/
https://safari.ethz.ch/safari-newsletter-july-2024/
https://safari.ethz.ch/safari-newsletter-july-2024/
https://safari.ethz.ch/safari-newsletter-july-2024/
https://safari.ethz.ch/safari-newsletter-july-2024/
https://safari.ethz.ch/safari-newsletter-july-2024/
https://safari.ethz.ch/safari-newsletter-july-2024/


SAFARI Newsletter December 2025 Edition
n https://people.inf.ethz.ch/omutlu/pub/safari-

newsletter-december-2025.pdf 
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Concluding Remarks
n Goal: Enable computation capability in memory

n We highlighted major recent advances in Processing-in-DRAM
q Can lead to orders-of-magnitude energy & perf improvements 
q Unmodified DRAM chips are already capable of computation

n Memory should be designed as a combined computation and 
storage substrate
q Not as an inactive storage substrate
q Design mindset and flow should change

n Future of truly memory-centric computing is bright
q We need to do research & design across the computing stack
q With a proper mindset and infrastructure shift
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Food for Thought: Two Quotes
The reasonable man adapts himself to the world; 
The unreasonable one persists in trying to adapt the world to 
himself. 
Therefore, all progress depends on the unreasonable man.

George Bernard Shaw

Progress is impossible without change, 
and those who cannot change their minds 
cannot change anything.

195
Image: By Alvin Langdon Coburn - Illustrated London News, p. 575 (subscription required), PD-US, https://en.wikipedia.org/w/index.php?curid=49887931



And, One Poem

Whoso would be a man, 
must be a nonconformist. 
He who would gather mortal palms 
must not be hindered by the name of goodness, 
but must explore if it be goodness. 
Nothing is at last sacred 
but the integrity of your own mind. 
Absolve you to yourself, and you 
shall have the suffrage of the world. 

Ralph Waldo Emerson
196

https://thelongvictorian.com/2016/04/27/quotes-wisdom-wit-ralph-waldo-emerson/



Adoption Issues



Adoption: How to Ease Programmability? (I)

n Kevin Hsieh, Eiman Ebrahimi, Gwangsun Kim, Niladrish Chatterjee, Mike 
O'Connor, Nandita Vijaykumar, Onur Mutlu, and Stephen W. Keckler,
"Transparent Offloading and Mapping (TOM): Enabling 
Programmer-Transparent Near-Data Processing in GPU 
Systems"
Proceedings of the 43rd International Symposium on Computer 
Architecture (ISCA), Seoul, South Korea, June 2016. 
[Slides (pptx) (pdf)] 
[Lightning Session Slides (pptx) (pdf)] 
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Adoption: How to Ease Programmability? (II)

n Geraldo F. Oliveira, Alain Kohli, David Novo, 
Juan Gómez-Luna, Onur Mutlu,
“DaPPA: A Data-Parallel Framework for Processing-
in-Memory Architectures,”
in PACT SRC Student Competition, Vienna, Austria, October 
2023. 

https://arxiv.org/pdf/2310.10168.pdf
https://arxiv.org/pdf/2310.10168.pdf
https://arxiv.org/pdf/2310.10168.pdf
https://arxiv.org/pdf/2310.10168.pdf
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Adoption: How to Ease Programmability? (III)

n Jinfan Chen, Juan Gómez-Luna, Izzat El Hajj, YuXin Guo, 
and Onur Mutlu,
"SimplePIM: A Software Framework for Productive 
and Efficient Processing in Memory"
Proceedings of the 32nd International Conference on 
Parallel Architectures and Compilation Techniques (PACT), 
Vienna, Austria, October 2023.

https://people.inf.ethz.ch/omutlu/pub/SimplePIM_pact23.pdf
https://people.inf.ethz.ch/omutlu/pub/SimplePIM_pact23.pdf
http://pactconf.org/
http://pactconf.org/


Adoption: How to Ease Programmability? (IV)
n Geraldo F. Oliveira, Juan Gomez-Luna, Lois Orosa, Saugata Ghose, Nandita 

Vijaykumar, Ivan fernandez, Mohammad Sadrosadati, and Onur Mutlu,
"DAMOV: A New Methodology and Benchmark Suite for Evaluating Data 
Movement Bottlenecks"
IEEE Access, 8 September 2021.
Preprint in arXiv, 8 May 2021.
[arXiv preprint]
[IEEE Access version]
[DAMOV Suite and Simulator Source Code]
[SAFARI Live Seminar Video (2 hrs 40 mins)]
[Short Talk Video (21 minutes)]
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Adoption: How to Ease Programmability? (V)
n Appears in IEEE TETC 2023

202https://arxiv.org/pdf/2212.06292 

https://arxiv.org/pdf/2212.06292


Adoption: How to Maintain Coherence? (I)

n Amirali Boroumand, Saugata Ghose, Minesh Patel, Hasan 
Hassan, Brandon Lucia, Kevin Hsieh, Krishna T. Malladi, 
Hongzhong Zheng, and Onur Mutlu,
"LazyPIM: An Efficient Cache Coherence Mechanism 
for Processing-in-Memory"
IEEE Computer Architecture Letters (CAL), June 2016.
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Adoption: How to Maintain Coherence? (II)
n Amirali Boroumand, Saugata Ghose, Minesh Patel, Hasan 

Hassan, Brandon Lucia, Kevin Hsieh, Krishna T. Malladi, 
Hongzhong Zheng, and Onur Mutlu,
"CoNDA: Efficient Cache Coherence Support for Near-
Data Accelerators"
Proceedings of the 46th International Symposium on Computer 
Architecture (ISCA), Phoenix, AZ, USA, June 2019.
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Adoption: How to Support Synchronization?
n Christina Giannoula, Nandita Vijaykumar, Nikela Papadopoulou, Vasileios Karakostas, Ivan 

Fernandez, Juan Gómez-Luna, Lois Orosa, Nectarios Koziris, Georgios Goumas, Onur Mutlu,
"SynCron: Efficient Synchronization Support for Near-Data-Processing 
Architectures"
Proceedings of the 27th International Symposium on High-Performance Computer 
Architecture (HPCA), Virtual, February-March 2021.
[Slides (pptx) (pdf)]
[Short Talk Slides (pptx) (pdf)]
[Talk Video (21 minutes)]
[Short Talk Video (7 minutes)]
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Adoption: How to Support Virtual Memory?
n Kevin Hsieh, Samira Khan, Nandita Vijaykumar, Kevin K. Chang, Amirali 

Boroumand, Saugata Ghose, and Onur Mutlu,
"Accelerating Pointer Chasing in 3D-Stacked Memory: 
Challenges, Mechanisms, Evaluation"
Proceedings of the 34th IEEE International Conference on Computer 
Design (ICCD), Phoenix, AZ, USA, October 2016. 
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Adoption: Evaluation Infrastructures (I)
n Geraldo F. Oliveira, Juan Gomez-Luna, Lois Orosa, Saugata Ghose, Nandita 

Vijaykumar, Ivan fernandez, Mohammad Sadrosadati, and Onur Mutlu,
"DAMOV: A New Methodology and Benchmark Suite for Evaluating Data 
Movement Bottlenecks"
IEEE Access, 8 September 2021.
Preprint in arXiv, 8 May 2021.
[arXiv preprint]
[IEEE Access version]
[DAMOV Suite and Simulator Source Code]
[SAFARI Live Seminar Video (2 hrs 40 mins)]
[Short Talk Video (21 minutes)]
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Adoption: Evaluation Infrastructures (II)
n Ataberk Olgun, Juan Gomez Luna, Konstantinos Kanellopoulos, Behzad Salami, 

Hasan Hassan, Oguz Ergin, and Onur Mutlu,
"PiDRAM: A Holistic End-to-end FPGA-based Framework for 
Processing-in-DRAM"
ACM Transactions on Architecture and Code Optimization (TACO), March 2023.
[arXiv version]
Presented at the 18th HiPEAC Conference, Toulouse, France, January 2023.
[Slides (pptx) (pdf)]
[Longer Lecture Slides (pptx) (pdf)]
[Lecture Video (40 minutes)]
[PiDRAM Source Code]
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Adoption: Evaluation Infrastructures (III)
n Haocong Luo, Yahya Can Tugrul, F. Nisa Bostanci, Ataberk Olgun, A. Giray 

Yaglikci, and Onur Mutlu,
"Ramulator 2.0: A Modern, Modular, and Extensible DRAM Simulator"
Preprint on arxiv, August 2023.
[arXiv version]
[Ramulator 2.0 Source Code]
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What About Other 
Types of Memories?



In-Flash Bulk Bitwise Execution
• Jisung Park, Roknoddin Azizi, Geraldo F. Oliveira, Mohammad Sadrosadati, Rakesh 

Nadig, David Novo, Juan Gómez-Luna, Myungsuk Kim, and Onur Mutlu,
"Flash-Cosmos: In-Flash Bulk Bitwise Operations Using Inherent 
Computation Capability of NAND Flash Memory"
Proceedings of the 55th International Symposium on Microarchitecture (MICRO), 
Chicago, IL, USA, October 2022.
[Slides (pptx) (pdf)]
[Longer Lecture Slides (pptx) (pdf)]
[Lecture Video (44 minutes)]
[arXiv version]
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§ Flash-Cosmos enables
• Computation on multiple operands with a single sensing operation
• Accurate computation results by eliminating raw bit errors in stored data

Flash-Cosmos: Basic Ideas

NAND	Flash	Chip

Page	Buffer

Operand	O1
Operand	O2	

Operand	O3
…

Operand	O32
Bitlines	(BLs)
Operand	O32

…

Operand	O3

Operand	O2	

Operand	O1

O1	&	O2& O3	&	…	&	O32

Simultaneous	sensing



Multi-Wordline Sensing (MWS): Bitwise AND
§ Intra-Block MWS: 

Simultaneously activates multiple WLs in the same block 
   à Bitwise AND of the stored data in the WLs
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Target	Cell:
Operate	

as	a	resistance	(1)
or	an	open	switch	(0)

0 0 0 0Result:

A bitline reads as ‘1’ only when all the target cells store ‘1’
à Equivalent to the bitwise AND of all the target cells 



Multi-Wordline Sensing (MWS): Bitwise AND
§ Intra-Block MWS: 

Simultaneously activates multiple WLs in the same block 
   à Bitwise AND of the stored data in the WLs
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Target	Cell:
Operate	

as	a	resistance	(1)
or	an	open	switch	(0)

0 0 0 1Result:

A bitline reads as ‘1’ only when all the target cells store ‘1’
à Equivalent to the bitwise AND of all the target cells 

Flash-Cosmos (Intra-Block MWS) enables 
bitwise AND of multiple pages in the same block 

via a single sensing operation



Other Types of Bitwise Operations

Flash-Cosmos also enables 
other types of bitwise operations 
(NOT/NAND/NOR/XOR/XNOR) 

leveraging existing features of NAND flash memory

https://arxiv.org/abs/2209.05566.pdf

https://arxiv.org/abs/2209.05566.pdf


Results: Real-Device Characterization

No changes to the cell array 
of commodity NAND flash chips

Can have many operands
(AND: up to 48, OR: up to 4)

with small increase in sensing latency (< 10%) 

ESP significantly improves
the reliability of computation results

(no observed bit error in the tested flash cells)
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Results: Performance & Energy

Flash-Cosmos provides significant performance & 
energy benefits over all the baselines

The larger the number of operands,
the higher the performance & energy benefits
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Flash-Cosmos: In-Flash Bulk Bitwise Execution

• Jisung Park, Roknoddin Azizi, Geraldo F. Oliveira, Mohammad Sadrosadati, Rakesh 
Nadig, David Novo, Juan Gómez-Luna, Myungsuk Kim, and Onur Mutlu,
"Flash-Cosmos: In-Flash Bulk Bitwise Operations Using Inherent 
Computation Capability of NAND Flash Memory"
Proceedings of the 55th International Symposium on Microarchitecture (MICRO), 
Chicago, IL, USA, October 2022.
[Slides (pptx) (pdf)]
[Longer Lecture Slides (pptx) (pdf)]
[Lecture Video (44 minutes)]
[arXiv version]

218https://arxiv.org/pdf/2209.05566.pdf 

https://arxiv.org/pdf/2209.05566.pdf
https://arxiv.org/pdf/2209.05566.pdf
https://arxiv.org/pdf/2209.05566.pdf
https://arxiv.org/pdf/2209.05566.pdf
https://arxiv.org/pdf/2209.05566.pdf
https://arxiv.org/pdf/2209.05566.pdf
http://www.microarch.org/micro55/
https://people.inf.ethz.ch/omutlu/pub/FlashCosmos_micro22-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/FlashCosmos_micro22-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/FlashCosmos_SSD-lecture-slides.pptx
https://people.inf.ethz.ch/omutlu/pub/FlashCosmos_SSD-lecture-slides.pdf
https://www.youtube.com/watch?v=ioPERTy7bz4
https://arxiv.org/abs/2209.05566
https://arxiv.org/pdf/2209.05566.pdf


PAPI LLM Inference System
[ASPLOS 2025]



PAPI: Hybrid System for Near-Memory LLM Inference

n Yintao He, Haiyu Mao, Christina Giannoula, Mohammad Sadrosadati, Juan 
Gomez-Luna, Huawei Li, Xiaowei Li, Ying Wang, and Onur Mutlu,
"PAPI: Exploiting Dynamic Parallelism in Large Language Model 
Decoding with a Processing-In-Memory-Enabled Computing System,"
Proceedings of the 30th International Conference on Architectural Support for 
Programming Languages and Operating Systems (ASPLOS), Rotterdam, 
Netherlands, April 2025.
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PAPI’s Key Idea

Enable online dynamic task scheduling in a 
heterogeneous PIM-enabled architecture via online 

identification of kernel properties in LLM decoding



222

PAPI’s Key Components

Hybrid PIM units 
to cater to different parallelism levels of 

FC and attention kernels

Dynamic LLM kernel scheduling
to cater to dynamically changing 

parallelism levels

A new PIM-enabled computing system design
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PAPI’s Architecture

Handles memory-bound or 
compute-bound FC kernels
• Execution of FC kernels
• Dynamic scheduling

Handles memory-bound 
attention kernels
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PAPI’s Architecture

Hybrid PIM units handle memory-bound FC & attention 
kernels with different computational and memory demands
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Scheduler
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Attn-
PIM

Attn-
PIM

Attn-
PIM

Interconnect

FC-
PIM

Processing
Units (PUs)

High-Speed 
Interconnect

High-Performance Processor

Attn-PIM Devices

High-Performance Processor

When FC kernels are compute-bound:
Assign FC kernels to PUs

When FC kernels are memory-bound:
Assign FC kernels to FC-PIM

FC-
PIM

Processing
Units (PUs)

Scheduler

Host CPU

Scheduler
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Hybrid PIM Units (I)

Attn-
PIM

Attn-
PIM

Attn-
PIM

Interconnect

FC-
PIM

Processing
Units (PUs)

High-Speed 
Interconnect

Scheduler

High-Performance Processor

Host CPU

Attn-PIM devices store KV cache; 
separated from 

the High-Performance Processor

FC-PIM device placed in 
the High-Performance Processor

FC-
PIM

Attn-
PIM

Attn-
PIM

Attn-
PIM
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Hybrid PIM Units (II)
Floating-Point Processing Units (FPU)

FC-PIM

Bank Groups (BGs)

Bank 1 Bank 2

Bank 3 Bank 4
BG C

BG B

BG A

Attn-PIMs

Bank 1 Bank 2

Bank 3 Bank 4

BG A

BG D

BG B
BG C

…

…

Higher Computation Capability 
to cater to FC kernels

Higher Memory Capacity 
to cater to attention kernels

BG A

BG D

BG B
BG C

More FPUs per Bank

More Bank Groups per Stack
More Attn-PIM Devices



PAPI Runtime Scheduler
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①Monitor Parallelism Levels
• RLP & TLP

② Arithmetic Intensity Predictor
• Estimate arithmetic intensity of FC kernels

• Compare with memory-boundedness threshold

③ Schedule the FC Kernels
• Map FC kernels to either FC-PIM or PUs

Offline: identify memory-boundedness threshold 



Evaluation Methodology
Performance and Energy Analysis:
− Simulation using AttAcc [ASPLOS’24] and Ramulator 2 [IEEE CAL’23]

Baselines:
− AttAcc [ASPLOS’24]

− GPU+HBM-PIM (NVIDIA A100 GPU + Samsung’s HBM-PIM)
− PIM-only (PIM devices in AttAcc)

Workloads: Three transformer-based LLMs
– LLaMA-65B, GPT-3 66B, GPT-3 175B

Datasets: Dolly
− Creative-writing tasks
− General-QA tasks

230



0
0.5

1
1.5

2
2.5

3

4 16 64 4 16 64 4 16 64 4 16 64 4 16 64 4 16 64 4 16 64 4 16 64 4 16 64

spe=1 spe=2 spe=4 spe=1 spe=2 spe=4 spe=1 spe=2 spe=4

Sp
ee

du
p

A100+AttAcc A100+HBM-PIM AttAcc-only PAPI

Performance Analysis
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LLAMA-65B GPT-3 66B GPT-3 175B

Initial RLP

TLP=1 TLP=2 TLP=4 TLP=1 TLP=2 TLP=4 TLP=1 TLP=2 TLP=4

PAPI improves performance by 1.8X, 1.9X, and 11.1X 
compared to AttAcc, GPU+HBM-PIM, and PIM-only, respectively

AttAcc GPU+HBM-PIM PIM-only PAPI
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Energy Analysis
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LLAMA-65B GPT-3 66B GPT-3 175B

Batch size

Spe=1 Spe=2 Spe=4 Spe=1 Spe=2 Spe=4 Spe=1 Spe=2 Spe=4

PAPI improves energy efficiency by 3.4X, 3.4X, and 1.2X 
compared to AttAcc, GPU+HBM-PIM, and PIM-only, respectively

Initial RLP

AttAcc GPU+HBM-PIM PIM-only PAPI

4 16 64 4 16 64 4 16 64 4 16 64 4 16 64 4 16 64 4 16 64 4 16 64 4 16 64



More in the Paper 

• Details on PAPI’s implementation
– PAPI’s heterogeneous architecture
– PAPI’s runtime scheduler
– System integration
– Data partitioning across PIM devices (both Attn-PIM & FC-PIM) 

• Detailed evaluation results
– PAPI’s speedup across different RLP & TLP levels
– Ablation study for PAPI’s speedup

• Area/power analysis
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More in the Paper 
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https://arxiv.org/pdf/2502.15470
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Conclusion

LLM kernels have different computation and memory 
bandwidth demands across different RLP & TLP levels

LLM kernels have dynamically changing RLP and TLP levels

Memory-bound kernels exhibit different computation 
demands depending on kernel type
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•PAPI
•  A new PIM-enabled heterogeneous system design 
• that caters to varying demands of LLM kernels 
• by scheduling them dynamically to computation-

centric processing units and hybrid PIM units 
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PAPI largely improves both performance and energy 
efficiency over best prior LLM decoding system

• 1.8× speedup
• 3.4× energy efficiency increase
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PAPI: Hybrid System for Near-Memory LLM Inference

n Yintao He, Haiyu Mao, Christina Giannoula, Mohammad Sadrosadati, Juan 
Gomez-Luna, Huawei Li, Xiaowei Li, Ying Wang, and Onur Mutlu,
"PAPI: Exploiting Dynamic Parallelism in Large Language Model 
Decoding with a Processing-In-Memory-Enabled Computing System,"
Proceedings of the 30th International Conference on Architectural Support for 
Programming Languages and Operating Systems (ASPLOS), Rotterdam, 
Netherlands, April 2025.
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Workload Studies



Accelerating GPU Execution with PIM (I)
n Kevin Hsieh, Eiman Ebrahimi, Gwangsun Kim, Niladrish Chatterjee, Mike 

O'Connor, Nandita Vijaykumar, Onur Mutlu, and Stephen W. Keckler,
"Transparent Offloading and Mapping (TOM): Enabling 
Programmer-Transparent Near-Data Processing in GPU 
Systems"
Proceedings of the 43rd International Symposium on Computer 
Architecture (ISCA), Seoul, South Korea, June 2016. 
[Slides (pptx) (pdf)] 
[Lightning Session Slides (pptx) (pdf)] 

239

https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_isca16.pdf
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_isca16.pdf
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_isca16.pdf
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_isca16.pdf
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_isca16.pdf
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_isca16.pdf
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_isca16.pdf
http://isca2016.eecs.umich.edu/
http://isca2016.eecs.umich.edu/
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_kevinhsieh_isca16-talk.pptx
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_kevinhsieh_isca16-talk.pdf
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_kevinhsieh_isca16-lightning-talk.pptx
https://users.ece.cmu.edu/~omutlu/pub/TOM-programmer-transparent-GPU-near-date-processing_kevinhsieh_isca16-lightning-talk.pdf


Accelerating GPU Execution with PIM (II)
n Ashutosh Pattnaik, Xulong Tang, Adwait Jog, Onur Kayiran, Asit K. 

Mishra, Mahmut T. Kandemir, Onur Mutlu, and Chita R. Das,
"Scheduling Techniques for GPU Architectures with Processing-
In-Memory Capabilities"
Proceedings of the 25th International Conference on Parallel 
Architectures and Compilation Techniques (PACT), Haifa, Israel, 
September 2016.
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Accelerating Linked Data Structures
n Kevin Hsieh, Samira Khan, Nandita Vijaykumar, Kevin K. Chang, Amirali 

Boroumand, Saugata Ghose, and Onur Mutlu,
"Accelerating Pointer Chasing in 3D-Stacked Memory: 
Challenges, Mechanisms, Evaluation"
Proceedings of the 34th IEEE International Conference on Computer 
Design (ICCD), Phoenix, AZ, USA, October 2016. 
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Accelerating Dependent Cache Misses
n Milad Hashemi, Khubaib, Eiman Ebrahimi, Onur Mutlu, and Yale N. Patt,

"Accelerating Dependent Cache Misses with an Enhanced 
Memory Controller"
Proceedings of the 43rd International Symposium on Computer 
Architecture (ISCA), Seoul, South Korea, June 2016. 
[Slides (pptx) (pdf)] 
[Lightning Session Slides (pptx) (pdf)] 
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Accelerating Runahead Execution 
n Milad Hashemi, Onur Mutlu, and Yale N. Patt,

"Continuous Runahead: Transparent Hardware Acceleration for 
Memory Intensive Workloads"
Proceedings of the 49th International Symposium on 
Microarchitecture (MICRO), Taipei, Taiwan, October 2016.
[Slides (pptx) (pdf)] [Lightning Session Slides (pdf)] [Poster (pptx) (pdf)]
Best paper session.
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Accelerating Climate Modeling
n Gagandeep Singh, Dionysios Diamantopoulos, Christoph Hagleitner, Juan 

Gómez-Luna, Sander Stuijk, Onur Mutlu, and Henk Corporaal,
"NERO: A Near High-Bandwidth Memory Stencil Accelerator for 
Weather Prediction Modeling"
Proceedings of the 30th International Conference on Field-Programmable Logic 
and Applications (FPL), Gothenburg, Sweden, September 2020.
[Slides (pptx) (pdf)]
[Lightning Talk Slides (pptx) (pdf)]
[Talk Video (23 minutes)]
Nominated for the Stamatis Vassiliadis Memorial Award.
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Accelerating DNA Read Mapping
n Jeremie S. Kim, Damla Senol Cali, Hongyi Xin, Donghyuk Lee, Saugata Ghose, Mohammed Alser, 

Hasan Hassan, Oguz Ergin, Can Alkan, and Onur Mutlu,
"GRIM-Filter: Fast Seed Location Filtering in DNA Read Mapping Using Processing-in-
Memory Technologies"
BMC Genomics, 2018.
Proceedings of the 16th Asia Pacific Bioinformatics Conference (APBC), Yokohama, Japan, 
January 2018.
[Slides (pptx) (pdf)]
[Source Code]
[arxiv.org Version (pdf)]
[Talk Video at AACBB 2019]
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Accelerating Approximate String Matching
n Damla Senol Cali, Gurpreet S. Kalsi, Zulal Bingol, Can Firtina, Lavanya Subramanian, Jeremie S. 

Kim, Rachata Ausavarungnirun, Mohammed Alser, Juan Gomez-Luna, Amirali Boroumand, 
Anant Nori, Allison Scibisz, Sreenivas Subramoney, Can Alkan, Saugata Ghose, and Onur Mutlu,
"GenASM: A High-Performance, Low-Power Approximate String Matching 
Acceleration Framework for Genome Sequence Analysis"
Proceedings of the 53rd International Symposium on Microarchitecture (MICRO), Virtual, 
October 2020.
[Lighting Talk Video (1.5 minutes)]
[Lightning Talk Slides (pptx) (pdf)]
[Talk Video (18 minutes)]
[Slides (pptx) (pdf)]
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Accelerating Sequence-to-Graph Mapping
n Damla Senol Cali, Konstantinos Kanellopoulos, Joel Lindegger, Zulal Bingol, Gurpreet S. 

Kalsi, Ziyi Zuo, Can Firtina, Meryem Banu Cavlak, Jeremie Kim, Nika MansouriGhiasi, 
Gagandeep Singh, Juan Gomez-Luna, Nour Almadhoun Alserr, Mohammed Alser, 
Sreenivas Subramoney, Can Alkan, Saugata Ghose, and Onur Mutlu,
"SeGraM: A Universal Hardware Accelerator for Genomic Sequence-to-Graph 
and Sequence-to-Sequence Mapping"
Proceedings of the 49th International Symposium on Computer Architecture (ISCA), New 
York, June 2022.
[arXiv version]
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Accelerating Basecalling + Read Mapping
n Haiyu Mao, Mohammed Alser, Mohammad Sadrosadati, Can Firtina, Akanksha Baranwal, 

Damla Senol Cali, Aditya Manglik, Nour Almadhoun Alserr, and Onur Mutlu,
"GenPIP: In-Memory Acceleration of Genome Analysis via Tight Integration of 
Basecalling and Read Mapping"
Proceedings of the 55th International Symposium on Microarchitecture (MICRO), 
Chicago, IL, USA, October 2022.
[Slides (pptx) (pdf)]
[Longer Lecture Slides (pptx) (pdf)]
[Lecture Video (25 minutes)]
[arXiv version]
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Accelerating Basecalling
n Taha Shahroodi, Gagandeep Singh, Mahdi Zahedi, Haiyu Mao, Joel Lindegger, 

Can Firtina, Stephan Wong, Onur Mutlu, and Said Hamdioui,
"Swordfish: A Framework for Evaluating Deep Neural Network-based 
Basecalling using Computation-In-Memory with Non-Ideal 
Memristors"
Proceedings of the 56th International Symposium on 
Microarchitecture (MICRO), Toronto, ON, Canada, November 2023.
[Slides (pptx) (pdf)]
[arXiv version]
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Accelerating Time Series Analysis (I)
n Ivan Fernandez, Ricardo Quislant, Christina Giannoula, Mohammed Alser, Juan 

Gómez-Luna, Eladio Gutiérrez, Oscar Plata, and Onur Mutlu,
"NATSA: A Near-Data Processing Accelerator for Time Series Analysis"
Proceedings of the 38th IEEE International Conference on Computer 
Design (ICCD), Virtual, October 2020.
[Slides (pptx) (pdf)]
[Talk Video (10 minutes)]
[Source Code]

250https://arxiv.org/pdf/2010.02079 

https://people.inf.ethz.ch/omutlu/pub/NATSA_time-series-analysis-near-data_iccd20.pdf
https://people.inf.ethz.ch/omutlu/pub/NATSA_time-series-analysis-near-data_iccd20.pdf
https://people.inf.ethz.ch/omutlu/pub/NATSA_time-series-analysis-near-data_iccd20.pdf
http://www.iccd-conf.com/
http://www.iccd-conf.com/
https://people.inf.ethz.ch/omutlu/pub/NATSA_time-series-analysis-near-data_iccd20-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/NATSA_time-series-analysis-near-data_iccd20-talk.pdf
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Accelerating Time Series Analysis (II)
n Ivan Fernandez, Christina Giannoula, Aditya Manglik, Ricardo Quislant, 

Nika Mansouri Ghiasi, Juan Gomez Luna, Eladio Gutierrez, Oscar Plata 
and Onur Mutlu,
"MATSA: An MRAM-Based Energy-Efficient Accelerator for Time 
Series Analysis"
IEEE Access, March 2024.
[arXiv version]
[IEEE Access version]
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Accelerating Graph Pattern Mining
n Maciej Besta, Raghavendra Kanakagiri, Grzegorz Kwasniewski, Rachata Ausavarungnirun, Jakub 

Beránek, Konstantinos Kanellopoulos, Kacper Janda, Zur Vonarburg-Shmaria, Lukas Gianinazzi, 
Ioana Stefan, Juan Gómez-Luna, Marcin Copik, Lukas Kapp-Schwoerer, Salvatore Di Girolamo, 
Nils Blach, Marek Konieczny, Onur Mutlu, and Torsten Hoefler,
"SISA: Set-Centric Instruction Set Architecture for Graph Mining on Processing-in-
Memory Systems"
Proceedings of the 54th International Symposium on Microarchitecture (MICRO), Virtual, 
October 2021.
[Slides (pdf)]
[Talk Video (22 minutes)]
[Lightning Talk Video (1.5 minutes)]
[Full arXiv version]
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Accelerating HTAP Database Systems
n Amirali Boroumand, Saugata Ghose, Geraldo F. Oliveira, and Onur Mutlu,

"Polynesia: Enabling High-Performance and Energy-Efficient Hybrid 
Transactional/Analytical Databases with Hardware/Software Co-Design"
Proceedings of the 38th International Conference on Data Engineering (ICDE), 
Virtual, May 2022.
[arXiv version]
[Slides (pptx) (pdf)]
[Short Talk Slides (pptx) (pdf)]
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Accelerating ML Inference
n Amirali Boroumand, Saugata Ghose, Berkin Akin, Ravi Narayanaswami, Geraldo 

F. Oliveira, Xiaoyu Ma, Eric Shiu, and Onur Mutlu,
"Google Neural Network Models for Edge Devices: Analyzing and 
Mitigating Machine Learning Inference Bottlenecks"
Proceedings of the 30th International Conference on Parallel Architectures and 
Compilation Techniques (PACT), Virtual, September 2021.
[Slides (pptx) (pdf)]
[Talk Video (14 minutes)]
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Accelerating Data-Intensive Workloads
n Junwhan Ahn, Sungjoo Yoo, Onur Mutlu, and Kiyoung Choi,

"PIM-Enabled Instructions: A Low-Overhead, 
Locality-Aware Processing-in-Memory Architecture"
Proceedings of the 42nd International Symposium on 
Computer Architecture (ISCA), Portland, OR, June 2015. 
[Slides (pdf)] [Lightning Session Slides (pdf)]  
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Accelerating Raw Signal Genome Analysis
n Melina Soysal, Konstantina Koliogeorgi, Can Firtina, Nika Mansouri 

Ghiasi, Rakesh Nadig, Haiyu Mao, Geraldo Francisco, Yu Liang, Klea 
Zambaku, Mohammad Sadrosadati, and Onur Mutlu,
"MARS: Processing-In-Memory Acceleration of Raw Signal 
Genome Analysis Inside the Storage Subsystem"
Proceedings of the 37th ACM International Conference on 
Supercomputing (ICS), Salt Lake City, UT, USA, June 2025.
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Accelerating Retrieval Augmented Generation
n Kangqi Chen, Rakesh Nadig, Andreas Kosmas Kakolyris, Manos 

Frouzakis, Nika Mansouri Ghiasi, Yu Liang, Haiyu Mao, Jisung Park, 
Mohammad Sadrosadati, and Onur Mutlu,
"REIS: A High-Performance and Energy-Efficient Retrieval 
System with In-Storage Processing"
Proceedings of the 52nd Annual International Symposium on Computer 
Architecture (ISCA), Tokyo, Japan, June 2025.
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FPGA-based Processing Near Memory
n Gagandeep Singh, Mohammed Alser, Damla Senol Cali, Dionysios 

Diamantopoulos, Juan Gómez-Luna, Henk Corporaal, and Onur Mutlu,
"FPGA-based Near-Memory Acceleration of Modern Data-Intensive 
Applications"
IEEE Micro (IEEE MICRO), 2021.
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Security Issues & Benefits



Security Issues in Processing in Memory
n Does PIM make security better or easier?

n Does PIM make security worse?

n Many interesting questions here

n Some recent papers:
n Evaluating Homomorphic Operations on a Real-World Processing-In-Memory 

System [IISWC 2023]
n Amplifying Main Memory-Based Timing Covert and Side Channels using 

Processing-in-Memory Operations [arxiv 2024]
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Homomorphic Operations on Real PIM Systems
n Harshita Gupta, Mayank Kabra, Juan Gómez-Luna, Konstantinos Kanellopoulos, 

and Onur Mutlu,
"Evaluating Homomorphic Operations on a Real-World Processing-In-
Memory System"
Proceedings of the 2023 IEEE International Symposium on Workload 
Characterization Poster Session (IISWC), Ghent, Belgium, October 2023.
[arXiv version]
[Lightning Talk Slides (pptx) (pdf)]
[Poster (pptx) (pdf)]
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PIM Amplifies Covert & Side Channels
n Nisa Bostanci, Konstantinos Kanellopoulos, Ataberk Olgun, A. Giray Yaglikci, 

Ismail Emir Yuksel, Nika Mansouri Ghiasi, Zulal Bingol, Mohammad Sadrosadati, 
and Onur Mutlu,
"Revisiting Main Memory-Based Covert and Side Channel Attacks in 
the Context of Processing-in-Memory"
Proceedings of the 55th Annual IEEE/IFIP International Conference on 
Dependable Systems and Networks (DSN), Naples, Italy, June 2025.
Officially artifact evaluated as available, reviewed, and reproduced.
[IMPACT Source Code]
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A Talk on Security of PIM Systems
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Real PIM Systems



Eliminating the Adoption Barriers

Processing-in-Memory 
in the Real World
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PIM Tutorial at ISCA 2024
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PIM Tutorial at MICRO 2024
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PIM Tutorials [MICRO’23, ISCA’23, ASPLOS’23, HPCA’23, ISCA’24]

n Lectures + Hands-on labs + Invited talks 

https://events.safari.ethz.ch/isca-pim-tutorial/

https://www.youtube.com/live/GIb5EgSrWk0
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n June 18: Lectures + Hands-on labs + Invited talks

Real PIM Tutorial [ISCA 2023]

https://events.safari.ethz.ch/
isca-pim-tutorial/ 

https://www.youtube.com/
live/GIb5EgSrWk0 
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Real PIM Tutorial [ASPLOS 2023]

https://events.safari.ethz.ch/
asplos-pim-tutorial/ 

n March 26: Lectures + Hands-on labs + Invited talks

https://www.youtube.com/
watch?v=oYCaLcT0Kmo 
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Real PIM Tutorial [HPCA 2023]

n February 26: Lectures + Hands-on labs + Invited Talks

https://www.youtube.com/
watch?v=f5-nT1tbz5w 

https://events.safari.ethz.ch/
real-pim-tutorial/

https://www.youtube.com/watch?v=f5-nT1tbz5w
https://www.youtube.com/watch?v=f5-nT1tbz5w
https://www.youtube.com/watch?v=f5-nT1tbz5w
https://www.youtube.com/watch?v=f5-nT1tbz5w
https://events.safari.ethz.ch/real-pim-tutorial/
https://events.safari.ethz.ch/real-pim-tutorial/
https://events.safari.ethz.ch/real-pim-tutorial/
https://events.safari.ethz.ch/real-pim-tutorial/
https://events.safari.ethz.ch/real-pim-tutorial/
https://events.safari.ethz.ch/real-pim-tutorial/


n  October 29: Lectures + Hands-on labs + Invited talks

https://events.safari.ethz.ch/micro
-pim-tutorial

https://www.youtube.com/watch
?v=ohU00NSIxOI 
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Real PIM Tutorial [MICRO 2023]

https://events.safari.ethz.ch/micro-pim-tutorial
https://events.safari.ethz.ch/micro-pim-tutorial
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FPGA-based Processing Near Memory
n Gagandeep Singh, Mohammed Alser, Damla Senol Cali, Dionysios 

Diamantopoulos, Juan Gómez-Luna, Henk Corporaal, and Onur Mutlu,
"FPGA-based Near-Memory Acceleration of Modern Data-Intensive 
Applications"
IEEE Micro (IEEE MICRO), 2021.
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Near-Memory Acceleration using FPGAs

IBM POWER9 CPU HBM-based FPGA board 

OCAPI

Source: AlphaDataSource: IBM

Near-HBM FPGA-based accelerator
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Two communication technologies: CAPI2 and OCAPI 
Two memory technologies: DDR4 and HBM

Two workloads: Weather Modeling and Genome Analysis



Performance & Energy Greatly Improve

275

5-27× performance vs. a 16-core (64-thread) IBM POWER9 CPU

HBM alleviates memory bandwidth contention vs. DDR4

12-133× energy efficiency vs. a 16-core (64-thread) IBM POWER9 CPU



UPMEM Processing-in-DRAM Engine (2019)
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n Processing in DRAM Engine 
n Includes standard DIMM modules, with a large 

number of DPU processors combined with DRAM chips.

n Replaces standard DIMMs
q DDR4 R-DIMM modules

n 8GB+128 DPUs (16 PIM chips)
n Standard 2x-nm DRAM process

q Large amounts of compute & memory bandwidth

https://www.anandtech.com/show/14750/hot-chips-31-analysis-inmemory-processing-by-upmem
https://www.upmem.com/video-upmem-presenting-its-true-processing-in-memory-solution-hot-chips-2019/
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UPMEM Memory Modules
• E19: 8 chips DIMM (1 rank). DPUs @ 267 MHz
• P21: 16 chips DIMM (2 ranks). DPUs @ 350 MHz

www.upmem.com

http://www.upmem.com/


2,560-DPU Processing-in-Memory System
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More on the UPMEM PIM System

https://www.youtube.com/watch?v=Sscy1Wrr22A&list=PL5Q2soXY2Zi9xidyIgBxUz7xRPS-wisBN&index=26 
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Experimental Analysis of the UPMEM PIM Engine

https://arxiv.org/pdf/2105.03814.pdf 

https://arxiv.org/pdf/2105.03814.pdf


Juan Gómez Luna, Izzat El Hajj, 
Ivan Fernandez, Christina Giannoula, 

Geraldo F. Oliveira, Onur Mutlu

Understanding a Modern 
Processing-in-Memory Architecture:
Benchmarking and Experimental Characterization

https://arxiv.org/pdf/2105.03814.pdf
https://github.com/CMU-SAFARI/prim-benchmarks

https://arxiv.org/pdf/2105.03814.pdf
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks


Recent SRC TECHCON Presentation
n Dr. Juan Gomez-Luna

q Benchmarking Memory-Centric Computing Systems: Analysis of Real 
Processing-in-Memory Hardware

q Based on two major works
n https://arxiv.org/pdf/2105.03814.pdf 
n https://arxiv.org/pdf/2207.07886.pdf 

282https://www.youtube.com/watch?v=nphV36SrysA 
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Key Takeaway 1
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KEY	TAKEAWAY	1
The	UPMEM	PIM	architecture	is	fundamentally	compute	bound.	
As	a	result,	the	most	suitable	workloads	are	memory-bound.
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Key Takeaway 2
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KEY	TAKEAWAY	2
The	most	well-suited	workloads	for	the	UPMEM	PIM	architecture	
use	no	arithmetic	operations	or	use	only	simple	operations	(e.g.,	
bitwise	operations	and	integer	addition/subtraction).	
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Key Takeaway 3
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KEY	TAKEAWAY	3
The	most	well-suited	workloads	for	the	UPMEM	PIM	
architecture	require	little	or	no	communication	across	DPUs	
(inter-DPU	communication).		



Juan Gómez Luna, Izzat El Hajj, 
Ivan Fernandez, Christina Giannoula, 

Geraldo F. Oliveira, Onur Mutlu

Understanding a Modern 
Processing-in-Memory Architecture:
Benchmarking and Experimental Characterization

el1goluj@gmail.com

https://arxiv.org/pdf/2105.03814.pdf
https://github.com/CMU-SAFARI/prim-benchmarks

https://arxiv.org/pdf/2105.03814.pdf
https://github.com/CMU-SAFARI/prim-benchmarks
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https://github.com/CMU-SAFARI/prim-benchmarks
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UPMEM PIM System Summary & Analysis
n Juan Gomez-Luna, Izzat El Hajj, Ivan Fernandez, Christina Giannoula, Geraldo 

F. Oliveira, and Onur Mutlu,
"Benchmarking Memory-Centric Computing Systems: Analysis of Real 
Processing-in-Memory Hardware"
Invited Paper at Workshop on Computing with Unconventional 
Technologies (CUT), Virtual, October 2021.
[arXiv version]
[PrIM Benchmarks Source Code]
[Slides (pptx) (pdf)]
[Talk Video (37 minutes)]
[Lightning Talk Video (3 minutes)]
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https://arxiv.org/abs/2110.01709
https://github.com/CMU-SAFARI/prim-benchmarks
https://people.inf.ethz.ch/omutlu/pub/Benchmarking-Memory-Centric-Computing-Systems_cut21-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/Benchmarking-Memory-Centric-Computing-Systems_cut21-talk.pdf
https://www.youtube.com/watch?v=nphV36SrysA&list=PL5Q2soXY2Zi8D_5MGV6EnXEJHnV2YFBJl&index=65
https://www.youtube.com/watch?v=SrFD_u46EDA&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=152
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PrIM Benchmarks: Application 
Domains
Domain Benchmark Short name

Dense linear algebra
Vector Addition VA

Matrix-Vector Multiply GEMV

Sparse linear algebra Sparse Matrix-Vector Multiply SpMV

Databases
Select SEL

Unique UNI

Data analytics
Binary Search BS

Time Series Analysis TS

Graph processing Breadth-First Search BFS

Neural networks Multilayer Perceptron MLP

Bioinformatics Needleman-Wunsch NW

Image processing
Image histogram (short) HST-S

Image histogram (large) HST-L

Parallel primitives

Reduction RED

Prefix sum (scan-scan-add) SCAN-SSA

Prefix sum (reduce-scan-scan) SCAN-RSS

Matrix transposition TRNS
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PrIM Benchmarks are Open Source
• All microbenchmarks, benchmarks, and scripts
• https://github.com/CMU-SAFARI/prim-benchmarks

https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
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Understanding a Modern PIM Architecture

https://arxiv.org/pdf/2105.03814.pdf
https://github.com/CMU-SAFARI/prim-benchmarks

https://arxiv.org/pdf/2105.03814.pdf
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks
https://github.com/CMU-SAFARI/prim-benchmarks


Understanding a Modern PIM Architecture
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https://www.youtube.com/watch?v=D8Hjy2iU9l4&list=PL5Q2soXY2Zi_tOTAYm--dYByNPL7JhwR9
https://www.youtube.com/watch?v=D8Hjy2iU9l4&list=PL5Q2soXY2Zi_tOTAYm--dYByNPL7JhwR9


More on Analysis of the UPMEM PIM Engine

https://www.youtube.com/watch?v=D8Hjy2iU9l4&list=PL5Q2soXY2Zi_tOTAYm--dYByNPL7JhwR9 

https://www.youtube.com/watch?v=D8Hjy2iU9l4&list=PL5Q2soXY2Zi_tOTAYm--dYByNPL7JhwR9
https://www.youtube.com/watch?v=D8Hjy2iU9l4&list=PL5Q2soXY2Zi_tOTAYm--dYByNPL7JhwR9
https://www.youtube.com/watch?v=D8Hjy2iU9l4&list=PL5Q2soXY2Zi_tOTAYm--dYByNPL7JhwR9


More on Analysis of the UPMEM PIM Engine

https://www.youtube.com/watch?v=Pp9jSU2b9oM&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=159 

https://www.youtube.com/watch?v=Pp9jSU2b9oM&list=PL5Q2soXY2Zi8_VVChACnON4sfh2bJ5IrD&index=159


294

ML Training on a Real PIM System

Short version: https://arxiv.org/pdf/2206.06022.pdf
Long version: https://arxiv.org/pdf/2207.07886.pdf

https://www.youtube.com/watch?v=qeukNs5XI3g&t=11226s

https://arxiv.org/pdf/2206.06022.pdf
https://arxiv.org/pdf/2206.06022.pdf
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ML Training on a Real PIM System
• Need to optimize data representation

(1) fixed-point
(2) quantization 
(3) hybrid precision 

• Use lookup tables (LUTs) to implement complex 
functions (e.g., sigmoid)

• Optimize data placement & layout for streaming

• Large speedups: 2.8X/27X vs. CPU, 1.3x/3.2x vs. GPU



ML Training on Real PIM Talk Video

296https://www.youtube.com/watch?v=60pkaI5AeM4 

https://www.youtube.com/watch?v=60pkaI5AeM4


ML Training on Real PIM Systems
n Juan Gómez Luna, Yuxin Guo, Sylvan Brocard, Julien Legriel, Remy Cimadomo, 

Geraldo F. Oliveira, Gagandeep Singh, and Onur Mutlu,
"Evaluating Machine Learning Workloads on Memory-Centric 
Computing Systems"
Proceedings of the 2023 IEEE International Symposium on Performance 
Analysis of Systems and Software (ISPASS), Raleigh, North Carolina, USA, 
April 2023.
[arXiv version, 16 July 2022.]
[PIM-ML Source Code]
Best paper session.

297https://arxiv.org/pdf/2207.07886.pdf 

https://github.com/CMU-SAFARI/pim-ml 

https://arxiv.org/pdf/2207.07886.pdf
https://arxiv.org/pdf/2207.07886.pdf
https://arxiv.org/pdf/2207.07886.pdf
https://arxiv.org/pdf/2207.07886.pdf
https://ispass.org/ispass2023/
https://ispass.org/ispass2023/
https://arxiv.org/abs/2207.07886
https://github.com/CMU-SAFARI/pim-ml
https://github.com/CMU-SAFARI/pim-ml
https://github.com/CMU-SAFARI/pim-ml
https://arxiv.org/pdf/2207.07886.pdf
https://github.com/CMU-SAFARI/pim-ml
https://github.com/CMU-SAFARI/pim-ml
https://github.com/CMU-SAFARI/pim-ml
https://github.com/CMU-SAFARI/pim-ml
https://github.com/CMU-SAFARI/pim-ml


SpMV Multiplication on Real PIM Systems

n Appears at SIGMETRICS 2022
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https://arxiv.org/pdf/2201.05072.pdf 
https://github.com/CMU-SAFARI/SparseP 

https://www.youtube.com/watch?v=5kaOsJKlGrE 

https://arxiv.org/pdf/2201.05072.pdf
https://github.com/CMU-SAFARI/SparseP
https://github.com/CMU-SAFARI/SparseP
https://github.com/CMU-SAFARI/SparseP
https://www.youtube.com/watch?v=5kaOsJKlGrE


SparseP
Towards Efficient Sparse Matrix Vector Multiplication 

on Real Processing-In-Memory Architectures

Christina Giannoula
Ivan Fernandez, Juan Gomez-Luna, 

Nectarios Koziris, Georgios Goumas, Onur Mutlu



SparseP: Key Contributions

1. Efficient SpMV kernels for current & future PIM systems
• SparseP library = 25 SpMV kernels

• Compression, data types, data partitioning, synchronization, load balancing

•  

2. Comprehensive analysis of SpMV on the first 
commercially-available real PIM system 
• 26 sparse matrices
• Comparisons to state-of-the-art CPU and GPU systems
• Recommendations for software, system and hardware designers

 SparseP: https://github.com/CMU-SAFARI/SparseP
SparseP is Open-Source

 Full Paper: https://arxiv.org/pdf/2201.05072.pdf 
Recommendations for Architects and Programmers

https://github.com/CMU-SAFARI/SparseP
https://github.com/CMU-SAFARI/SparseP
https://github.com/CMU-SAFARI/SparseP
https://arxiv.org/pdf/2201.05072.pdf


SparseP Talk Video

301https://www.youtube.com/watch?v=5kaOsJKlGrE 

https://www.youtube.com/watch?v=5kaOsJKlGrE


More on SparseP
Christina Giannoula, Ivan Fernandez, Juan Gomez-Luna, Nectarios Koziris, Georgios Goumas, 
and Onur Mutlu,
"SparseP: Towards Efficient Sparse Matrix Vector Multiplication on Real 
Processing-In-Memory Architectures"
Proceedings of the ACM International Conference on Measurement and Modeling of Computer 
Systems (SIGMETRICS), Mumbai, India, June 2022.
[Extended arXiv Version]
[Abstract]
[Slides (pptx) (pdf)]
[Long Talk Slides (pptx) (pdf)]
[SparseP Source Code]
[Talk Video (16 minutes)]
[Long Talk Video (55 minutes)]

302https://arxiv.org/pdf/2201.05072.pdf 

https://github.com/CMU-SAFARI/SparseP 

https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_pomacs22-arxiv22.pdf
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_pomacs22-arxiv22.pdf
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_pomacs22-arxiv22.pdf
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_pomacs22-arxiv22.pdf
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_pomacs22-arxiv22.pdf
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_pomacs22-arxiv22.pdf
http://www.sigmetrics.org/sigmetrics2022/
http://www.sigmetrics.org/sigmetrics2022/
https://arxiv.org/pdf/2201.05072.pdf
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_sigmetrics22-arxiv22-abstract.pdf
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_sigmetrics22-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_sigmetrics22-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_sigmetrics22-long-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/SparseP-SpMV-in-Real-Processing-in-Memory-Systems_sigmetrics22-long-talk.pdf
https://github.com/CMU-SAFARI/SparseP
https://www.youtube.com/watch?v=3MqLGWk9Wo0
https://www.youtube.com/watch?v=5kaOsJKlGrE
https://arxiv.org/pdf/2201.05072.pdf
https://github.com/CMU-SAFARI/SparseP
https://github.com/CMU-SAFARI/SparseP
https://github.com/CMU-SAFARI/SparseP


Transcendental Functions on Real PIM Systems
n Maurus Item, Juan Gómez Luna, Yuxin Guo, Geraldo F. Oliveira, Mohammad 

Sadrosadati, and Onur Mutlu,
"TransPimLib: Efficient Transcendental Functions for Processing-in-
Memory Systems"
Proceedings of the 2023 IEEE International Symposium on Performance 
Analysis of Systems and Software (ISPASS), Raleigh, North Carolina, USA, 
April 2023.
[arXiv version]
[Slides (pptx) (pdf)]
[TransPimLib Source Code]
[Talk Video (17 minutes)]

303https://arxiv.org/pdf/2304.01951.pdf 

https://github.com/CMU-SAFARI/transpimlib 

https://people.inf.ethz.ch/omutlu/pub/TransPIMLib_ispass23.pdf
https://people.inf.ethz.ch/omutlu/pub/TransPIMLib_ispass23.pdf
https://people.inf.ethz.ch/omutlu/pub/TransPIMLib_ispass23.pdf
https://people.inf.ethz.ch/omutlu/pub/TransPIMLib_ispass23.pdf
https://people.inf.ethz.ch/omutlu/pub/TransPIMLib_ispass23.pdf
https://ispass.org/ispass2023/
https://ispass.org/ispass2023/
https://arxiv.org/abs/2304.01951
https://people.inf.ethz.ch/omutlu/pub/TransPIMLib_ispass23-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/MLonUPMEM-PIM_ispass23-talk.pdf
https://github.com/CMU-SAFARI/transpimlib
https://www.youtube.com/watch?v=lqqf4eaaEE4
https://arxiv.org/pdf/2304.01951.pdf
https://github.com/CMU-SAFARI/transpimlib
https://github.com/CMU-SAFARI/transpimlib
https://github.com/CMU-SAFARI/transpimlib


Sequence Alignment on Real PIM Systems
n Safaa Diab, Amir Nassereldine, Mohammed Alser, Juan Gómez Luna, Onur 

Mutlu, and Izzat El Hajj,
"A Framework for High-throughput Sequence Alignment using Real 
Processing-in-Memory Systems"
Bioinformatics, [published online on] 27 March 2023.
[Online link at Bioinformatics Journal]
[arXiv preprint]
[AiM Source Code]

304https://arxiv.org/pdf/2208.01243.pdf 

https://github.com/CMU-SAFARI/alignment-in-memory 

https://arxiv.org/pdf/2208.01243.pdf
https://arxiv.org/pdf/2208.01243.pdf
https://arxiv.org/pdf/2208.01243.pdf
https://arxiv.org/pdf/2208.01243.pdf
https://arxiv.org/pdf/2208.01243.pdf
https://arxiv.org/pdf/2208.01243.pdf
https://arxiv.org/pdf/2208.01243.pdf
https://arxiv.org/pdf/2208.01243.pdf
http://bioinformatics.oxfordjournals.org/
https://doi.org/10.1093/bioinformatics/btad155
https://arxiv.org/abs/2208.01243
https://github.com/CMU-SAFARI/alignment-in-memory
https://arxiv.org/pdf/2208.01243.pdf
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory


ⓒ  All rights reserved. American University of Beirut 2023.

n Sequence alignment on traditional systems is limited by the memory bandwidth bottleneck

n Processing-in-memory (PIM) overcomes this bottleneck by placing cores near the memory

n Our framework, Alignment-in-Memory (AIM), is a PIM framework that supports multiple 
alignment algorithms (NW, SWG, GenASM, WFA)
q Implemented on UPMEM, the first real PIM system

n Results show substantial speedups over both CPUs (1.8X-28X) and GPUs (1.2X-2.7X)

n AIM is available at: 
q https://github.com/CMU-SAFARI/alignment-in-memory 

Summary

https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory
https://github.com/CMU-SAFARI/alignment-in-memory


Better Sequence Alignment on Real PIM Systems
n Alejandro Alonso-Marín, Ivan Fernandez, Quim Aguado-Puig, Juan Gómez-Luna, 

Santiago Marco-Sola, Onur Mutlu, and Miquel Moreto,
"BIMSA: Accelerating Long Sequence Alignment Using Processing-In-
Memory"
Bioinformatics, [published online on] 21 October 2024.
[Online link at Bioinformatics Journal]
[biorXiv version]
[BIMSA Source Code]
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https://www.biorxiv.org/content/10.1101/2024.05.10.593513v3.full.pdf
https://www.biorxiv.org/content/10.1101/2024.05.10.593513v3.full.pdf
https://www.biorxiv.org/content/10.1101/2024.05.10.593513v3.full.pdf
https://www.biorxiv.org/content/10.1101/2024.05.10.593513v3.full.pdf
https://www.biorxiv.org/content/10.1101/2024.05.10.593513v3.full.pdf
http://bioinformatics.oxfordjournals.org/
https://doi.org/10.1093/bioinformatics/btae631
https://www.biorxiv.org/content/10.1101/2024.05.10.593513v3.full.pdf
https://github.com/AlejandroAMarin/BIMSA
https://arxiv.org/pdf/2208.01243.pdf


Homomorphic Operations on Real PIM Systems
n Harshita Gupta, Mayank Kabra, Juan Gómez-Luna, Konstantinos Kanellopoulos, 

and Onur Mutlu,
"Evaluating Homomorphic Operations on a Real-World Processing-In-
Memory System"
Proceedings of the 2023 IEEE International Symposium on Workload 
Characterization Poster Session (IISWC), Ghent, Belgium, October 2023.
[arXiv version]
[Lightning Talk Slides (pptx) (pdf)]
[Poster (pptx) (pdf)]

307https://arxiv.org/pdf/2309.06545.pdf 

https://people.inf.ethz.ch/omutlu/pub/HEonRealPIM_iiswc23.pdf
https://people.inf.ethz.ch/omutlu/pub/HEonRealPIM_iiswc23.pdf
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https://iiswc.org/iiswc2023/
https://iiswc.org/iiswc2023/
https://arxiv.org/abs/2309.06545
https://people.inf.ethz.ch/omutlu/pub/HEonRealPIM_iiswc23-lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/HEonRealPIM_iiswc23-lightning-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/HEonRealPIM_iiswc23-poster.pptx
https://people.inf.ethz.ch/omutlu/pub/HEonRealPIM_iiswc23-poster.pdf
https://arxiv.org/pdf/2309.06545.pdf


Accelerating Reinforcement Learning
n Kailash Gogineni, Sai Santosh Dayapule, Juan Gomez-Luna, Karthikeya Gogineni, Peng 

Wei, Tian Lan, Mohammad Sadrosadati, Onur Mutlu, Guru Venkataramani,
"SwiftRL: Towards Efficient Reinforcement Learning on Real Processing-In-
Memory Systems"
Proceedings of the 2024 IEEE International Symposium on Performance Analysis of 
Systems and Software (ISPASS), Indianapolis, Indiana, May 2024.
[Slides (pptx) (pdf)]
[arXiv version]

308https://arxiv.org/pdf/2405.03967 

https://arxiv.org/pdf/2405.03967
https://arxiv.org/pdf/2405.03967
https://arxiv.org/pdf/2405.03967
https://arxiv.org/pdf/2405.03967
https://arxiv.org/pdf/2405.03967
https://ispass.org/ispass2024/
https://ispass.org/ispass2024/
https://safari.ethz.ch/wp-content/uploads/UPMEM_Kailash_2024.pptx
https://safari.ethz.ch/wp-content/uploads/UPMEM_Kailash_2024.pdf
https://arxiv.org/abs/2405.03967
https://arxiv.org/pdf/2405.03967


Accelerating ML Training on Real PIM Systems

n Steve Rhyner, Haocong Luo, Juan Gómez-Luna, Mohammad Sadrosadati, Jiawei 
Jiang, Ataberk Olgun, Harshita Gupta, Ce Zhang, and Onur Mutlu,
"PIM-Opt: Demystifying Distributed Optimization Algorithms on a 
Real-World Processing-In-Memory System"
Proceedings of the 33rd International Conference on Parallel Architectures and 
Compilation Techniques (PACT), Long Beach, CA, USA, October 2024.
[Slides (pptx) (pdf)]
[PIM-Opt Source Code]
[arXiv version]

n
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Accelerating ML Training on Real PIM Systems

n Appears at PACT 2024
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Accelerating GNNs on Real PIM Systems
n Christina Giannoula, Peiming Yang, Ivan Fernandez, Jiacheng Yang, Sankeerth 

Durvasula, Yu Xin Li, Mohammad Sadrosadati, Juan Gomez Luna, Onur Mutlu, 
and Gennady Pekhimenko,
"PyGim: An Efficient Graph Neural Network Library for Real 
Processing-In-Memory Architectures"
Proceedings of the ACM International Conference on Measurement and 
Modeling of Computer Systems (SIGMETRICS), Stony Brook, NY, USA, June 
2025.
[PyGim Source Code]

311https://arxiv.org/pdf/2402.16731 

https://arxiv.org/pdf/2402.16731
https://arxiv.org/pdf/2402.16731
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Accelerating GNNs on Real PIM Systems

n https://arxiv.org/pdf/2402.16731 
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Samsung Function-in-Memory DRAM (2021)

313https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power

https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power
https://news.samsung.com/global/samsung-develops-industrys-first-high-bandwidth-memory-with-ai-processing-power


Samsung Function-in-Memory DRAM (2021)
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Samsung Function-in-Memory DRAM (2021)
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Samsung Function-in-Memory DRAM (2021)
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Samsung AxDIMM (2021)
n DDRx-PIM

q DLRM recommendation system
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Baseline System

AxDIMM System

Ke et al. "Near-Memory Processing in Action: Accelerating Personalized Recommendation with AxDIMM", IEEE Micro (2021)



SK Hynix Accelerator-in-Memory (2022)
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SK Hynix Accelerator-in-Memory (2022)
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AliBaba PIM Recommendation System (2022)
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SK Hynix CXL Processing Near Memory (2023)
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Samsung CXL Processing Near Memory (2023)
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Processing in Memory:
Two Types

1. Processing near Memory
2. Processing using Memory
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Processing-in-Memory: Two Types

Processing-Near-Bank

DRAM BankDRAM
(e.g., 3D-Stacked Memory)

Vault
Controller

PHY Processing-
Near-Vault

DRAM Vault

1 Processing-Near-Memory: Computation logic is added to the    
same die as memory or to the logic layer of 3D-stacked memory

2 Processing-Using-Memory: uses the operational principles of 
memory cells & circuitry to perform computation

Processing-
Using-DRAM

…

…



Processing-in-Memory Landscape Today 
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[UPMEM	2019][Samsung	2021][SK	Hynix	2022]

[Samsung	2021]

And, many other experimental chips and startups

[Alibaba	2022]



Processing-in-Memory Landscape Today
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Processing-in-Memory Landscape Today
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Opportunity: 3D-Stacked Logic+Memory
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Logic

Memory

Other “True 3D” technologies
under development



Tesseract System for Graph Processing

Crossbar Network

…
…

…
…

DRAM
 Controller

NI

In-Order Core

Message Queue

PF Buffer

MTP

LP

Host Processor

Memory-Mapped
Accelerator Interface

(Noncacheable, Physically Addressed)

Interconnected set of 3D-stacked memory+logic chips with simple cores

Logic

Memory

Ahn+, “A Scalable Processing-in-Memory Accelerator for Parallel Graph Processing” ISCA 2015.



Logic

Memory

Tesseract System for Graph Processing
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Crossbar Network

…
…

…
…

DRAM
 Controller

NI

In-Order Core

Message Queue

PF Buffer

MTP

LP

Host Processor

Memory-Mapped
Accelerator Interface

(Noncacheable, Physically Addressed)

Communications via
Remote Function Calls



Logic

Memory

Tesseract System for Graph Processing
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Crossbar Network

…
…

…
…

DRAM
 Controller

NI

In-Order Core

Message Queue

PF Buffer

MTP

LP

Host Processor

Memory-Mapped
Accelerator Interface

(Noncacheable, Physically Addressed)

Prefetching



Evaluated Systems

HMC-MC

128
In-Order
2GHz

128
In-Order
2GHz

128
In-Order
2GHz

128
In-Order
2GHz

102.4GB/s 640GB/s 640GB/s 8TB/s

HMC-OoO

8 OoO
4GHz

8 OoO
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8 OoO
4GHz

8 OoO
4GHz

8 OoO
4GHz

8 OoO
4GHz

8 OoO
4GHz

8 OoO
4GHz

DDR3-OoO Tesseract
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Tesseract 

Cores

Ahn+, “A Scalable Processing-in-Memory Accelerator for Parallel Graph Processing” ISCA 2015.



Tesseract Graph Processing Performance

+56% +25%
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13.8x
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>13X Performance Improvement

Ahn+, “A Scalable Processing-in-Memory Accelerator for Parallel Graph Processing” ISCA 2015.

On five graph processing algorithms



Tesseract Graph Processing System Energy
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HMC-OoO Tesseract with Prefetching

Memory Layers Logic Layers Cores

> 8X Energy Reduction

Ahn+, “A Scalable Processing-in-Memory Accelerator for Parallel Graph Processing” ISCA 2015.



More on Tesseract
n Junwhan Ahn, Sungpack Hong, Sungjoo Yoo, Onur Mutlu, and 

Kiyoung Choi,
"A Scalable Processing-in-Memory Accelerator for Parallel 
Graph Processing"
Proceedings of the 42nd International Symposium on Computer 
Architecture (ISCA), Portland, OR, June 2015.
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)]
Top Picks Honorable Mention by IEEE Micro.
Selected to the ISCA-50 25-Year Retrospective Issue 
covering 1996-2020 in 2023 (Retrospective (pdf) Full 
Issue).
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https://sites.coecis.cornell.edu/isca50retrospective/
https://sites.coecis.cornell.edu/isca50retrospective/


A Short Retrospective @ 50 Years of ISCA
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Accelerating Graph Pattern Mining
n Maciej Besta, Raghavendra Kanakagiri, Grzegorz Kwasniewski, Rachata Ausavarungnirun, Jakub 

Beránek, Konstantinos Kanellopoulos, Kacper Janda, Zur Vonarburg-Shmaria, Lukas Gianinazzi, 
Ioana Stefan, Juan Gómez-Luna, Marcin Copik, Lukas Kapp-Schwoerer, Salvatore Di Girolamo, 
Nils Blach, Marek Konieczny, Onur Mutlu, and Torsten Hoefler,
"SISA: Set-Centric Instruction Set Architecture for Graph Mining on Processing-in-
Memory Systems"
Proceedings of the 54th International Symposium on Microarchitecture (MICRO), Virtual, 
October 2021.
[Slides (pdf)]
[Talk Video (22 minutes)]
[Lightning Talk Video (1.5 minutes)]
[Full arXiv version]
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Accelerating Machine Learning Inference 
n Amirali Boroumand, Saugata Ghose, Berkin Akin, Ravi Narayanaswami, Geraldo 

F. Oliveira, Xiaoyu Ma, Eric Shiu, and Onur Mutlu,
"Google Neural Network Models for Edge Devices: Analyzing and 
Mitigating Machine Learning Inference Bottlenecks"
Proceedings of the 30th International Conference on Parallel Architectures and 
Compilation Techniques (PACT), Virtual, September 2021.
[Slides (pptx) (pdf)]
[Talk Video (14 minutes)]
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Google Edge Neural Network Models

We analyze inference execution using 24 edge NN models 

13 CNN

Face Detection

6 RNNTransducers

Speech Recognition

2 LSTMs

Language Translation

Image Captioning

3 RCNNGoogle Edge TPU



Diversity Across the Models
Insight 1: there is significant variation in terms of 

layer characteristics across the models
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Diversity Within the Models

For example, our analysis of edge CNN models shows: 

1

2

Insight 2: even within each model, layers exhibit 
significant variation in terms of layer characteristics
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Variation in FLOP/Byte: up to 244x across layers

Variation in MAC intensity: up to 200x across layers



Mensa High-Level Overview
Edge TPU Accelerator Mensa
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Identifying Layer Families
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Mensa:  Throughput Improvement
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Mensa: Highly-Efficient ML Inference
n Amirali Boroumand, Saugata Ghose, Berkin Akin, Ravi Narayanaswami, Geraldo 

F. Oliveira, Xiaoyu Ma, Eric Shiu, and Onur Mutlu,
"Google Neural Network Models for Edge Devices: Analyzing and 
Mitigating Machine Learning Inference Bottlenecks"
Proceedings of the 30th International Conference on Parallel Architectures and 
Compilation Techniques (PACT), Virtual, September 2021.
[Slides (pptx) (pdf)]
[Talk Video (14 minutes)]
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Accelerating Mobile Workloads
n Amirali Boroumand, Saugata Ghose, Youngsok Kim, Rachata Ausavarungnirun, Eric 

Shiu, Rahul Thakur, Daehyun Kim, Aki Kuusela, Allan Knies, Parthasarathy 
Ranganathan, and Onur Mutlu,
"Google Workloads for Consumer Devices: Mitigating Data Movement 
Bottlenecks"
Proceedings of the 23rd International Conference on Architectural Support for 
Programming Languages and Operating Systems (ASPLOS), Williamsburg, VA, USA, 
March 2018.
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)] [Poster (pptx) (pdf)]
[Lightning Talk Video (2 minutes)]
[Full Talk Video (21 minutes)]
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Accelerating DNA Read Mapping
n Jeremie S. Kim, Damla Senol Cali, Hongyi Xin, Donghyuk Lee, Saugata Ghose, Mohammed Alser, 

Hasan Hassan, Oguz Ergin, Can Alkan, and Onur Mutlu,
"GRIM-Filter: Fast Seed Location Filtering in DNA Read Mapping Using Processing-in-
Memory Technologies"
BMC Genomics, 2018.
Proceedings of the 16th Asia Pacific Bioinformatics Conference (APBC), Yokohama, Japan, 
January 2018.
[Slides (pptx) (pdf)]
[Source Code]
[arxiv.org Version (pdf)]
[Talk Video at AACBB 2019]
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In-Storage Genomic Data Filtering [ASPLOS 2022] 

n Nika Mansouri Ghiasi, Jisung Park, Harun Mustafa, Jeremie Kim, Ataberk Olgun, Arvid 
Gollwitzer, Damla Senol Cali, Can Firtina, Haiyu Mao, Nour Almadhoun Alserr, Rachata 
Ausavarungnirun, Nandita Vijaykumar, Mohammed Alser, and Onur Mutlu,
"GenStore: A High-Performance and Energy-Efficient In-Storage Computing 
System for Genome Sequence Analysis"
Proceedings of the 27th International Conference on Architectural Support for 
Programming Languages and Operating Systems (ASPLOS), Virtual, February-March 
2022.
[Lightning Talk Slides (pptx) (pdf)]
[Lightning Talk Video (90 seconds)]
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https://people.inf.ethz.ch/omutlu/pub/GenStore_asplos22-arxiv.pdf
https://people.inf.ethz.ch/omutlu/pub/GenStore_asplos22-arxiv.pdf
https://asplos-conference.org/
https://asplos-conference.org/
https://people.inf.ethz.ch/omutlu/pub/GenStore_asplos22-lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/GenStore_asplos22-lightning-talk.pdf
https://www.youtube.com/watch?v=Vi1af8KY0g8


In-Storage Metagenomics [ISCA 2024] 
n Nika Mansouri Ghiasi, Mohammad Sadrosadati, Harun Mustafa, Arvid Gollwitzer, 

Can Firtina, Julien Eudine, Haiyu Mao, Joel Lindegger, Meryem Banu Cavlak, 
Mohammed Alser, Jisung Park, and Onur Mutlu,
"MegIS: High-Performance and Low-Cost Metagenomic Analysis with 
In-Storage Processing"
Proceedings of the 51st Annual International Symposium on Computer 
Architecture (ISCA), Buenos Aires, Argentina, July 2024.
[Slides (pptx) (pdf)]
[arXiv version]
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https://arxiv.org/pdf/2406.19113
https://arxiv.org/pdf/2406.19113
https://arxiv.org/pdf/2406.19113
https://arxiv.org/pdf/2406.19113
https://iscaconf.org/isca2024/
https://iscaconf.org/isca2024/
https://safari.ethz.ch/wp-content/uploads/MegIS-ISCA24-V6.pptx
https://safari.ethz.ch/wp-content/uploads/MegIS-ISCA24-V6.pdf
https://arxiv.org/abs/2406.19113
https://arxiv.org/pdf/2406.19113


Accelerating Raw Signal Genome Analysis
n Melina Soysal, Konstantina Koliogeorgi, Can Firtina, Nika Mansouri 

Ghiasi, Rakesh Nadig, Haiyu Mao, Geraldo Francisco, Yu Liang, Klea 
Zambaku, Mohammad Sadrosadati, and Onur Mutlu,
"MARS: Processing-In-Memory Acceleration of Raw Signal 
Genome Analysis Inside the Storage Subsystem"
Proceedings of the 37th ACM International Conference on 
Supercomputing (ICS), Salt Lake City, UT, USA, June 2025.
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https://arxiv.org/pdf/2506.10931
https://arxiv.org/pdf/2506.10931
https://arxiv.org/pdf/2506.10931
https://hpcrl.github.io/ICS2025-webpage/
https://hpcrl.github.io/ICS2025-webpage/
https://arxiv.org/pdf/2506.10931


Accelerating Retrieval Augmented Generation
n Kangqi Chen, Rakesh Nadig, Andreas Kosmas Kakolyris, Manos 

Frouzakis, Nika Mansouri Ghiasi, Yu Liang, Haiyu Mao, Jisung Park, 
Mohammad Sadrosadati, and Onur Mutlu,
"REIS: A High-Performance and Energy-Efficient Retrieval 
System with In-Storage Processing"
Proceedings of the 52nd Annual International Symposium on Computer 
Architecture (ISCA), Tokyo, Japan, June 2025.
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Many More Examples …
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Onur Mutlu, Saugata Ghose, Juan Gomez-Luna, Rachata Ausavarungnirun, 
Mohammad Sadrosadati, and Geraldo F. Oliveira,
"A Modern Primer on Processing in Memory"
Invited Book Chapter in Emerging Computing: From Devices to Systems - 
Looking Beyond Moore and Von Neumann, Springer, 2022.

https://arxiv.org/pdf/2012.03112 

https://people.inf.ethz.ch/omutlu/pub/ModernPrimerOnPIM_springer-emerging-computing-bookchapter21.pdf
https://people.inf.ethz.ch/omutlu/projects.htm
https://people.inf.ethz.ch/omutlu/projects.htm
https://people.inf.ethz.ch/omutlu/projects.htm
https://arxiv.org/pdf/2012.03112


PAPI: Hybrid System for Near-Memory LLM Inference

n Yintao He, Haiyu Mao, Christina Giannoula, Mohammad Sadrosadati, Juan 
Gomez-Luna, Huawei Li, Xiaowei Li, Ying Wang, and Onur Mutlu,
"PAPI: Exploiting Dynamic Parallelism in Large Language Model 
Decoding with a Processing-In-Memory-Enabled Computing System,"
Proceedings of the 30th International Conference on Architectural Support for 
Programming Languages and Operating Systems (ASPLOS), Rotterdam, 
Netherlands, April 2025.
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CENT: GPU-Free System for Near-Memory LLM Inference
n Yufeng Gu, Alireza Khadem, Sumanth Umesh, Ning Liang, Xavier Servot, Onur 

Mutlu, Ravi Iyer, and Reetuparna Das,
"PIM Is All You Need: A CXL-Enabled GPU-Free System for Large 
Language Model Inference,"
Proceedings of the 30th International Conference on Architectural Support for 
Programming Languages and Operating Systems (ASPLOS), Rotterdam, 
Netherlands, April 2025.
Officially artifact evaluated as available, functional, and reproducible.
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PAPI LLM Inference System [ASPLOS 2025]
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PAPI over best prior LLM decoding system
• 1.8× speedup

• 3.4× energy efficiency increase

https://arxiv.org/pdf/2502.15470


CENT LLM Inference System [ASPLOS 2025]
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CENT over best prior GPU LLM inference system
• 2.3× higher throughput

• 5.2× higher tokens per dollar
• 2.4× lower hardware cost

https://arxiv.org/pdf/2502.07578


RowHammer Review History



Original RowHammer Paper [ISCA’14]

360

n Yoongu Kim, Ross Daly, Jeremie Kim, Chris Fallin, Ji Hye Lee, Donghyuk Lee, Chris 
Wilkerson, Konrad Lai, and Onur Mutlu,
"Flipping Bits in Memory Without Accessing Them: An Experimental 
Study of DRAM Disturbance Errors"
Proceedings of the 41st International Symposium on Computer Architecture 
(ISCA), Minneapolis, MN, June 2014. 
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)] [Source Code and 
Data] [Lecture Video (1 hr 49 mins), 25 September 2020]
One of the 7 papers of 2012-2017 selected as Top Picks in Hardware and 
Embedded Security for IEEE TCAD (link). Selected to the ISCA-50 25-
Year Retrospective Issue covering 1996-2020 in 2023 (Retrospective 
(pdf) Full Issue). Winner of the 2024 IFIP Jean-Claude Laprie Award in 
dependable computing (link).

https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_isca14.pdf
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_isca14.pdf
http://cag.engr.uconn.edu/isca2014/
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_kim_talk_isca14.pptx
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_kim_talk_isca14.pdf
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_kim_lightning-talk_isca14.pptx
https://people.inf.ethz.ch/omutlu/pub/dram-row-hammer_kim_lightning-talk_isca14.pdf
https://github.com/CMU-SAFARI/rowhammer
https://github.com/CMU-SAFARI/rowhammer
https://www.youtube.com/watch?v=KDy632z23UE
https://wp.nyu.edu/toppicksinhardwaresecurity/
https://people.inf.ethz.ch/omutlu/pub/RowHammer_50YearsOfISCA-Retrospective_isca23.pdf
https://people.inf.ethz.ch/omutlu/pub/RowHammer_50YearsOfISCA-Retrospective_isca23.pdf
https://sites.coecis.cornell.edu/isca50retrospective/
https://safari.ethz.ch/rowhammer-paper-wins-the-2024-jean-claude-laprie-award/


Some More Historical Perspective
n RowHammer: first example of a circuit failure mechanism 

causing a widespread system security vulnerability

n It led to large body of work in security attacks, mitigations, 
architectural solutions, analyses, device-level works, …

n It led to large industrial effort: DDR4, DDR5 and other 
standards already modified in major ways

n Work building on RowHammer continues
q See many top venues in 2020-2026
q Dedicated RowHammer sessions in top conferences

n Initially, it was dismissed by some reviewers
q Rejected from MICRO 2013
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Initial RowHammer Reviews (MICRO 2013)



Reviewer A -- Security is Not “Realistic”



Reviewer A -- Security is Not “Realistic”



Rebuttal to Reviewer A



Reviewer A -- Demands



Reviewer C – No Architectural Content



Reviewer C -- Leave It to DRAM Vendors



Reviewer D -- Nothing New in RowHammer



ISCA 2014 Submission



Reviewer D – Already Done on Youtube 





Reviewer D Continued…



Rebuttal to Reviewer D



Reviewer E





Rebuttal to Reviewer E



As Evaluators of Scientific Work …

Can We Do Better?



Suggestions to Reviewers
n Be fair; you do not know it all (past, present, future)

n Be open-minded; you do not know it all (past, present, future)

n Be accepting of diverse research methods: there is no        
single way of doing research or writing papers

n Be constructive, not destructive; also accept more

n Do not have double standards… suppress your biases…

Do not block or delay progress for non-reasons



A Fun Reading: Food for Thought
n https://www.livemint.com/science/news/could-einstein-get-

published-today-11601014633853.html 
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https://www.livemint.com/science/news/could-einstein-get-published-today-11601014633853.html
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Aside: A Recommended Book
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Raj Jain, “The Art of 
Computer Systems 
Performance Analysis,” 
Wiley, 1991.
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Raj Jain, “The Art of 
Computer Systems 
Performance Analysis,” 
Wiley, 1991.
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Raj Jain, “The Art of 
Computer Systems 
Performance Analysis,” 
Wiley, 1991.



Reviews After the Paper Was Published (I)
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Reviews After the Paper Was Published (II)
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Reviews After the Paper Was Published (III)
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A Delayed Rebuttal 

387



Suggestions to Reviewers
n Be fair; you do not know it all (past, present, future)

n Be open-minded; you do not know it all (past, present, future)

n Be accepting of diverse research methods: there is no        
single way of doing research or writing papers

n Be constructive, not destructive; also accept more

n Do not have double standards… suppress your biases…

Do not block or delay progress for non-reasons



Suggestion to Community

We Need to Fix the 
Reviewer Accountability 
& Closed-Mindedness 

Problem



Takeaway

Main Memory Needs 
Intelligent Controllers



Takeaway

Research Community 
Needs

Accountable &       
Open-Minded Reviewers



Suggestions for Patching the System

n Accept papers liked a lot by some reviewers

n Not based on majority voting

n A majority agreement should not be necessary

n Avoid increasing negativity and bias
q E.g., “Anti-champion” is a bad idea
q We already have enough negativity in the system

n Litmus test: Our goal is to advance science efficiently
q Not have “everyone” agree on acceptance



As Students and Producers of Science …

Can We Do Better?



Suggestion to Researchers: Principle: Passion

Follow Your Passion
(Do not get derailed

by naysayers 
& toxic comments)



Suggestion to Researchers: Principle: Resilience

Be Resilient



Principle: Learning and Scholarship

Focus on
learning and scholarship



Principle: Learning and Scholarship

The quality of your work 
defines your impact



Principle: Work Hard

Work Hard to       
Enable Your Passion



Principle: Good Mindset, Goals & Focus

You can make a      
good (great) impact               

on the world
And, you should not be derailed



Suggested Reading

https://safari.ethz.ch/architecture/fall2021/lib/exe/fetch.php?media=youandyourresearch.pdf 
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https://safari.ethz.ch/architecture/fall2021/lib/exe/fetch.php?media=youandyourresearch.pdf


Remember Ambit?
n Vivek Seshadri, Donghyuk Lee, Thomas Mullins, Hasan Hassan, Amirali 

Boroumand, Jeremie Kim, Michael A. Kozuch, Onur Mutlu, Phillip B. Gibbons, 
and Todd C. Mowry,
"Ambit: In-Memory Accelerator for Bulk Bitwise Operations Using 
Commodity DRAM Technology"
Proceedings of the 50th International Symposium on 
Microarchitecture (MICRO), Boston, MA, USA, October 2017.
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)] [Poster (pptx) (pdf)]
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https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-poster.pptx
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-poster.pdf


Remember Ambit?
n Vivek Seshadri, Donghyuk Lee, Thomas Mullins, Hasan Hassan, Amirali 

Boroumand, Jeremie Kim, Michael A. Kozuch, Onur Mutlu, Phillip B. Gibbons, 
and Todd C. Mowry,
"Ambit: In-Memory Accelerator for Bulk Bitwise Operations Using 
Commodity DRAM Technology"
Proceedings of the 50th International Symposium on 
Microarchitecture (MICRO), Boston, MA, USA, October 2017.
[Slides (pptx) (pdf)] [Lightning Session Slides (pptx) (pdf)] [Poster (pptx) (pdf)]
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Rejected 4 times: 
2x ISCA, 1x MICRO, 1X HPCA

https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17.pdf
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17.pdf
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http://www.microarch.org/micro50/
http://www.microarch.org/micro50/
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-lightning-talk.pptx
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-lightning-talk.pdf
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-poster.pptx
https://people.inf.ethz.ch/omutlu/pub/ambit-bulk-bitwise-dram_micro17-poster.pdf


Ambit
n First work on charge-sharing based bitwise ops in DRAM

q Extends and completes our IEEE CAL 2015 paper

n Disruptive -- spans algorithms to circuits/devices 
q Requires hardware/software cooperation for adoption

n Led to a large amount of work in DRAM and NVM
q The work continues to build

n Initially, it was dismissed by many reviewers
q Rejected from 4 conferences!
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ISCA 2016: Rejected
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MICRO 2016: Rejected
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HPCA 2017: Rejected

406



ISCA 2017: Rejected

407



Ambit Sounds Good, No?

408

Review from ISCA 2016



Very Interesting and Novel, ….. BUT …

409



… This Will Never Get Implemented

410



Another Review 

411

Another Review from ISCA 2016



… This Will Never Get Implemented

412



Yet Another Review

413

Yet Another Review from ISCA 2016



A Review from HPCA 2017: REJECT
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A Review from ISCA 2017

415



Another Review from ISCA 2017

416



ISCA 2017 Summary: Nitpicks

417



The Reviewer Accountability Problem

418



MICRO 2017: Accepted

419



Some Questions to Ponder
n Do all research ideas need to be commercially viable?

q If yes, when? Immediately? How can one predict the future?

n Can a “non-viable” idea become viable?
q Or inspire something else that could be useful?

n Does a paper have to solve all problems with an idea?
q Or can it do enough to enable fast & efficient progress?

n Are all reviews bias free and hidden/visible-COI free?
q Or should we simply accept more works to enable fast progress?

n What do we lose from being more positive and accepting?
420



Suggestion: Litmus Test

Our Litmus Test     
Should be to    

Efficiently Advance 
Scientific Endeavor

421

Ask: Is my review scientific? Does it rely on a crystal ball?



Suggestion to Researchers: Principle: Resilience

Be Resilient



Suggestion to Researchers: Principle: Passion

Follow Your Passion
(Do not get derailed

by naysayers)



Principle: Build Infrastructure

Build Infrastructure to 
Enable Your Passion



Principle: Work Hard

Work Hard to       
Enable Your Passion



Principle: Learning and Scholarship

Focus on
learning and scholarship



Suggestion: Litmus Test

Our Litmus Test     
Should be to    

Efficiently Advance 
Scientific Endeavor

427

Ask: Is my review scientific? Does it rely on a crystal ball?


