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Next-generation Memory/Storage Systems

A Presentr: .
I DRAM: Main memory Memory

- Solidi-statie: Drive=(§SH)): Cache/buffer S0ra0e ooy = -h
for high performance environments HDD § HDD &,

I Hard Disk (HDD): Main storage media.

I Magnetic tapes: Deep data archiving @@@@
A Foreseealile-Futuree:
I Non-volatile memory (NVM): Enlarge
the scalability of in-memory computing
T Optane DIMM, NVDIMM, Process-in-Memory
AReasons: Density ¥ andlssol lssol s
A OCSSD, ZNS-SSD, Z-NAND, Optane
I HDDs & Tapes: Replaced by new
magnetic recording technologies
AObjectives: Density n 0

I~ SSDs: Take over the main storage Memory
A Promising Candidate: SMR

media Storage
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Non-volatile Computing
- Key Technology for Future IoTs

Non-Volatile Memory Hierarchy
Conventional NV Processor & Cache
Memory _ Memoristor NV Circuit/Chip,
H ierarchy Rengterf } STT-RAM NV Architecture,

' Cache

Energy Harvesting,
Normally-off Computing,
Quick Hibernation/Restore

SRAM P STT-RAM Process in Memory (PIM)

Non-Volatile NV Memory
In-Memory Big Data Computing,

Neuromorphic Computing
DRAM } ReRAM, PCM } @ NV Memory & Storage
l

Volatile

One Memory Architecture,
NV File System,

Secondary Storage Byte-Addressable FS

NV Storage
Non~ Hard Disks }FIashMemory, SMR HDD;
|

' Smart Storage
Volatile Key-VaI ue Storage Ultra-Scale Storage
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Research Directions

A Software: Non-Volatile System Software

I Most researches are based on the existing operating system designs.
- Memory Space: Managed by the memory management.
- Storage Space: Managed by the file systems.

I New non-volatile operating system and system software are needed by the non-
volatile computing environment.
- The objective is to get rid of unnecessary software stacks (e.g., page cache, swap).

A System: Non-Volatile Systems
I System in a Chip (SiC): Control units + memory + storage are all in a chip.
I Process -in/near -memory (PIM) : Computing + Memory + Storage

I Self-sustainable Sensor Nodes (Green loT)
- Instant backup & restore capabilities of NV processors.
- Low standby power of NV memory (& storage).
- Intermittent systems (Energy harvesting systems).

A Storage (including file systems):
I Approximate storage

I Smart storage (CXL)
i UPMAN

A Application (supported by Memory/Storage):
i E.g., DNA sequencing, graph processing, random forest
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1. Storage Systems -
Flash Drives and SMR Disks
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File-Oriented Fast Secure Deletion for
SMR Drives (|l EEE TCADb22,

A Observation
I Existing secure deletion approaches are inefficient
- File systems have no knowledge of the data layout on the storage device
- Storage devices are not aware of the file information in file systems
I This inefficiency is exaggerated on shingled magnetic recording (SMR) drive
A Goal: Enable file-oriented fast secure deletion on sequential-write-constraint SMR drives

A M a| n I d ea SMR storage space (Zone ID, addr.)

Space allocation request (file type)

T Minimize secure deletion overhead

Best-fit policy for cold fu‘es

- Adaptive guard barrier mechanism

Guarded
Space Lists

I Manage storage space with file awareness

P
First-fit policy for hot files

Adaptive guard barrier mechanism

- File-oriented space management design

o~ 1: . —_——> Sortedbyfid - >
I Enhance the space utilization e o fe o e ]
- Free space reclamation scheme | .
i'g?;z O Conventional STL BFFSD [ Host System ] él/ | L (Size, Ptra ros) Lvn
_ LOE+ - I/
€ 106 l Extended Serial ATA (fid) | (Slze Ptra i) §=’
il.ﬂEfD? i ; /g, \ ._‘ | 8-
o 1.0E+06 | T
Eﬂmms ‘ STL File-oriented Space Adaptive Guard ] [ Ghost Space ] I (Slze, Ptrsumu) P
21 0E+04 | Management Barrier Reclamation | 'I"
< L oes | S t Ghost
E 12;22 I Metadatla Update Secure Delenon New Fn‘e data Out-of- p!ace Update Ma:ili-:zrll'rsee : GuardeSSSpace v
1.0E+01 |
1.0E+00 o e m ’m () valid [ Ghost
i -———> Sorted by fid -——=>
Secure Deletion Latency l (ries 1 . | -
H . Metadata Zone 0 Zonel Zone 2 Zone N ! ! !
Reduction: 8660x PMR Region SMR Region o e e

Space Overhead: 14.21%

Shuo-Han Chen, Chun-Feng Wu, Ming-Chang Yang, and Yuan-Hao Chang,

Sequential-Write-Constrained SMR Drive

Reclaim 1 - S % of ghost space from each file

"A File-Oriented Fast Secure Deletion Strategy for Shingled Magnetic Recording Drives," IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems (TCAD), vol. 41, no. 8, pp. 2463-2476, Aug. 2022.
Shuo-Han Chen, Ming-Chang Yang, Yuan-Hao Chang, and Chun-Feng Wu, "Enabling File-Oriented Fast Secure Deletion on Shingled Magnetic Recording Drives," ACM/IEEE Design
Automation Conference (DAC), Las Vegas, Nevada, USA, Jun. 2-6, 2019. (Top Conference)
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SMR-Aware Deduplication

AWe are among the pioneers to propose an SMR-aware deduplication design to
improve the run time performance for SMR disks with considering (1) the SMR write
constraint and (2) the deduped chunk lifetime/behavior. (1 EEE TCAD&22, DA

I This design advocates a vertical integration solution by managing the host-managed SMR
drives with deduplication system.

I The idea is to predict and separate fthunk lifetimedbased on the semantic information.

AThe proposed design was evaluated by the Low Reference High Reference
ref_cnt== ref_cn >
famous Skylight disk emulation tool and
. 0 ChuEn:dl?r:eihZ“‘m":‘ﬁme Long Lifetime Long Lifetime
proved to improve performance for 82% . e < zone.
Younger Chunks Potentially Short .
chunk_tgwe = zone_time Lifetime Long Lifetime
Max Invalid H i i i WorkingLL Z  WorkingSL Z | __o Long Lifetime |
R:vaf:ler [ ax Invalid Heap Flngerpr-u_-lf__'l_':fr_ll-e ______ Victim ZonF orking = orking = _, Chink Copy
riter [ R f:’ PS%'?!;?'?!?!‘H%E,J_‘!T?., X i chunk_1 _; Short Lifetime
I e-f..1.. [ 400 1 chunk_3 : Chunk Copy |
i e o x| — ==--»  NewPBA
P — . At Joffset] | '
— - . --._| Ha[@[ e 1 | 700 11 RRRERRETET . - (> Previous PBA |
zone_id |#invalid_sectorsizone_tim valid_fp_list* s Tt chunk_43 ix. | |
[ N4 | 397 | 500 [fp1->fp_3->fp_d3%" P e X L (]  FreeChunk |
Ny k 4 ; )
—fpamiChunks HM-SMR Drive (Total N Zones)~ .~ . I S [ valid Chunk |
Sequentially e : : | !
2 L L = Y : ¥ [  nvalid Chunk :
3 \:I Long Lifetime
zone_0 zone_1 zone_2 zone_N-4 zone_N-3 zone_N-2 zone_N-1 3 Zone (LL_2) !
Potentially '
. H ' Short Lifetime .
Shingled Tracks Free_Z sL.z sLz Victim_Z LL_Z Working LL_Z Working SL_Z '~ Zzone(SL_2) |

- Chun-Feng Wu, Martin Kuo, Ming-Chang Yang, and Yuan-Hao Chang, "Performance Enhancement of SMR-based Deduplication SystemslEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems (TCAD), vol. 41, no. 9, pp. 2835-2848, Sep. 2022.

- Chun-Feng Wu, Ming-Chang Yang, and Yuan-Hao Chang, "Improving Runtime Performance of Deduplication System with Host-Managed SMR Storage Drives," ACM/IEEE Design Automation
Conference (DAC), San Francisco, USA, Jun. 24-28, 2018. (Top Conference)
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LLSM: A Lifetime -Aware Wear -Leveling for LSM
Tree on NAND Flash

(Il EEE TCADOGZ22, CA:

A Lifetime is a critical issue for flash memory-based SSDs. However, the existing

wear-leveling strategies fail to solve the endurance issues caused by LSM-tree
based key-value stores on SSDs

AWe design a lifetime-aware wear-leveling for LSM-tree on flash memory-based
SSDs to prolong the SSD lifetime via OCSSD
Level-Aware Block Allocation: properly allocate the data in the LSM-tree to the
memory blocks according to the data hotness based on the LSM-tree levels

Proactive Block Swapping: intelligently swap the old and young blocks to prevent
uneven wear-out among the memory blocks in terms of long-term usage

Logical Blocks
in LSM-tree

EC,, + ECmax
2

threshold ., p =

(2] —~Random WL —Dynamic WL —LLSM
if ECblock = thresholdswap 310

SST(1,1) || ssT(1,2) | o ' BlockID By, By, 200 W K
Erase Count 85 120] &
i i H Warm Data | rase ;:; !! -_I Bon By //” *g 270
e oy 222 | valid 3
H ] ’ b T o 250
- b ) 7 b
BlockID By, Bi, By s B fu
Erase Count E o 13 o 230
________________ Data {7} (=00 0) "'\ Y T 210
Physical Blocks || t-- ==
in OLS50 : - - " BlockID By 150
|__;,|:“:| |:||:| |:||:| Frase Count E ma E f Wait for Garbage Collection
i s o o P ot PRI
_________________ . - . - E

Block ID

A Extensive results show that the proposed LLSM improves the SSD lifetime up to 21.7%

Dharamjeet, Yi-Shen Chen, Tseng-Yi Chen, Yuan-Hung Kuan, and Yuan-Hao Chang, "LLSM: A Lifetime-Aware Wear-Leveling for LSM-Tree on NAND Flash Memory," IEEE Transactions on
Computer-Aided Design of Integrated Circuits and Systems (TCAD), vol. 41, no. 11, pp. 3946-3956, Nov. 2022. (Integrated with ACM/ | EEE CASES®622)

Dharamjeet, Yi-Shen Chen, Tseng-Yi Chen, Yuan-Hung Kuan, and Yuan-Hao Chang, "LLSM: A Lifetime-Aware Wear-Leveling for LSM-Tree on NAND Flash Memory," ACM/IEEE International

Conference on Compilers, Architecture, and Synthesis for Embedded Systems (CASES), Hybrid-Shanghai, China, Oct. 7-14, 2022. (Journal Track, Integrated with IEEE TCAD) (Top Conference)
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Enduring More Data through Enabling Page

Rewrite Capability on MLC Flash
AGoal [SAC 2022] [US 11,194,515]

I To sustain more and more data in flash-based storage system
I To minimize the adverse effect of effective disturbance while taking advantage of page-rewrite-
programming

- Effective disturbance - a page with a lower number of rewrites was disturbed because of rewriting an adjacent page with a higher
number of rewrite

AMain Idea

I The in-used blocks are divided into normal blocks and page-rewritable blocks and the idea is to

increase the likelihood of generating invalid data as much as possible on those page-rewritable
blocks that enable page rewrite

- Storing write -cold data to normal blocks and storing write -hot data to page-rewritable blocks
I To address the disturbance problem

- in-place rewrite - rewriting the same data to the same page can increase its Vt and make it less susceptible to the disturbance
- page migration i moving data to other pages that does not contain less valid data

( Host ]
=¥[-~-_itAddress Translator ] VIO
Hot/cold = = ! ! . . !
FTL data? ( Garbagé) Collector ] 1st [ [ ! Reserve ithis unused V., window for "
Layer Hot~yata i ——— : 4 1 ' 1
Y 3 __'1“_‘1‘:'3“1“_‘_"___ s FepiTeerer ] Rewrite 1 A 0 ; future update N vt
e - Ve . Voo
g Disturbance Handler ] 1 il T pa
a 1 o - \\
4 . " A4 V=2
Defauly’ Functions Rewrite'Functicns 2nd : R Ta S |
7 - 7 - Rewrite @ 4 3 o !
FCL [ Regd Function ] | Page-Rewritable/Read Function lij ,'I \\ ',’ ‘\l ) .
Layer ; - - & S L> vt
Program Function Page-Rewritable Program Function Let non-programmed cel¥Mm Vpass
" LA . N tO he l(ln -
Ergse Function Page-Rewritable Erase Function : .
1 A
vl 1z = > > > - v
———————————————————————————————— Reclain rz====z=== 6th 3 S0 F! ‘\‘ £ ‘\\ ¥ ‘\‘ F ‘\\ F *\ ‘I :
Flash ! [ | | i o w|| s ’ \ i \ v v \ oo
Chip I Bk [ Bk | one Blk |} I Blk || Blk | - Blk || | g1k |- | Bk |} Rewrite 3 2 A N R N T A § i fe !
I [ i 1:-]nra1'e \ 1 ] L L L L ‘V v L> vt
________________________________________ ’ . i3 v
Normal Blocks Page-rewritable Blocks : Free Keep lEttlng non—pr‘ogrammed cells to be “1 ke 7 pass
In-used Blocks Blocks

Yu-Ming Chang, Chien-Chung Ho, Che-Wei Tsao, Shu-Hsien Liao, Wei-Chen Wang, Tei-Wei Kuo, and Yuan-Hao Chang, "On Enduring More Data Through Enabling Page Rewrite Capability on
Multi-level-cell Flash Memory," ACM Symposium on Applied Computing (SAC), Virtual Conference, Apr. 25-29, 2022.

Ping-Hsien Lin, Wei-Chen Wang, Hsiang-Pang Li, Shu-Hsien Liao, Che-Wei Tsao, Yuan-Hao Chang, and Tei-Wei Kuo, "Memory System, Method of Operating Memory, and Non-transitory
Computer Readable Storage Medium," Patent No.: US 11,194,515, Date of Patent: Dec. 7, 2021.
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Rethinking the Interactivity of OS and Device
Layers in Memory Management ( ACM TECSO0 2

A Observation:

I The hybrid main-memory module uses DRAM as the cache of NVMs to enhance its
performance and lifetime. However, it also introduces new design challenges in both the
OS and the memory module.

AGoal:

I Rethinking the interactivity of OS and hybrid main-memory module, and propose a cross-
layer cache design to optimize the DRAM cache's hit ratio and minimize the time overhead
on the data movement between DRAM and NVM.,

AMain Idea:

I Keep List maintains the recent frequently accessed data information from the operating
system to optimize the hit ratio of the DRAM cache.

I Adaptive LRU List dynamically adjusts the length of the FIFO list and the lazy promotion
list based on recent access behavior to avoid unnecessary management operations.

I Data Grouper takes advantage of NVM's block-size read/write feature to reduce the writes
to flash memory without significantly sacrificing the DRAM cache hit rate.

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Memory Managemen[ St CLOCK-Pro "&iﬂww Dta Grouping) €L E:u CLOCK-Pro ”A(Slg (w/o Data Grouping) €1
Promotion 2008407 S R
———————— - e e e e e e e == —— e ——— ! ; 2.006+07
08 Inactive Active Data Type | Very Frequent | Frequent r Infrequent | wews o N eew
Lié!. Lllist T I ] e aM 32M 128M 256M oo 8M 32M  128M 25BM
sz M
___________ q : . ' ' (a) bzip2 (b) gee
i Demotion Adaptive | FIFO | Lazy Promotion |
e e e e e e e e — - LRU LlSt e — | THE NUMBER OF :\:ilsT:cpERATloNs oN THE NUMBER OF :ﬂ\;ﬂ[ oooooooooooo
i Promotion =TT : "| T R A0k G oDt repel —iC S S ——
- 1 :P: E 2 :P: 3.00E407 3.00E+07
Hybnd ! F : el o7 2.006407
! Adaptive Kee Cache Cache 100477 L00E+07
1 iy P Nothing . . o00E400 —_— . o000 B ——
i LRU List List Miss Hit M 128M
: " A DRAMSIZE M
]
1

8 am EHY
S)’Stﬁll'l DRAM SIZE
___________ » Demotion (c) gobmlc (d) perlbench

- Tse-Yuan Wang, Chun-Feng Wu, Che-Wei Tsao, Yuan-Hao Chang, Tei-Wei Kuo, and Xue Liu, "Rethinking the Interactivity of OS and Device Layers in Memory Management," ACM Transactions

on Embedded Computing Systems (TECS), vol. 21, no. 4, pp. 42:1-42:21, July 2022.
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Exploring Synchronous Page Fault Handling
A Observation [l EEE TCADo022, CODESO2

I Async page fault handler: Stable results.

Analysis of Page Fault Occurrence

I Sync page fault handler: Number of page
faults fluctuates.
- High Peak: Reconstructing working set. %
- Low Bottom: After reconstructing working set. &
AGoal &
.. - . . . o
I Deal with the working set contention issue 5
so as able to remove the peak of page faults £
and reduce the occurrence of page faults. Z 1000
AMain Idea DA
I Adjust the designs of CFS CPU scheduler to s 75 77 78 79 80 81 82
fit sync page fault handling. System Time (Seconds)
I Prefetch and reconstruct the working set.
@ Page Fault
User lm o o o Proc B Memory-Intensive Process Non Memory-Intensive Process
Asy"“'k&rﬁé Check Page Context [ Conventional Functions [_] Adaptive Synchronous Page Fault Handler
Mode Fault Area [>SP DMA | giiten
(5] Page Fault Time, Out
DMA Ac
Slow Dgsisc?ss ) ;JA;;; |ProcA Proc A Proc B
Kernel Immediate Adaptive
@ Page Fault Time Out ‘ Mode C;’aejlt( :r 2%9 Synchronous Memory-Demand
Hfffe Proc A (2] (3] Proc A Proc B Page Prefetching CPU Scheduling
Syne -Gl Check Page| Access Schedule Asynchronous
Mode Fault Area | Devices Process Page Prefetching
by DMA

Yin-Chiuan Chen, Chun-Feng Wu, Yuan-Hao Chang, and Tei-Wei Kuo, "Exploring Synchronous Page Fault HandlinglEEE Transactions on Computer-Aided Design of Integrated Circuits and
Systems (TCAD), vol. 41, no. 11, pp. 3791-3802, Nov. 2022. (Integrated with ACM/IEEE CODES+ISSS'22)

Yin-Chiuan Chen, Chun-Feng Wu, Yuan-Hao Chang, and Tei-Wei Kuo, "Exploring Synchronous Page Fault Handling," ACM/IEEE International Conference on Hardware/Software Codesign and
System Synthesis (CODES+ISSS), Hybrid-Shanghai, Oct. 7-14, 2022. (Journal Track, Integrated with IEEE TCAD) (Top Conference)
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Search Tree Redesign on Phase Change Memory
- Rethinking Self -balancing Binary Tree over PCM

AWe exploit the write heterogeneity of phase change memory to improve the
performance of a self-balancing binary search tree by reducing the rotation
overheads of tree balancing (IEEE TCAD in 2022, ASP-DAC 2018)

I Observations:

- Rotations of tree balancing are not arbitrary: Some nodes have stronger relation

- Data-comparison writes eliminate unnecessary bit flips: Reducing the number of bit
flips can reduce the write energy and/or latency

I A write-heterogeneity-aware management scheme of the AVL tree structure is
developed for binding nodes with considerations of their relation
- The relation among nodes of an AVL tree is analyzed by examining possible rotations
- Our depth-first alternating traversal (DFAT) algorithm is then designed for tree indexing
- Gray code is leveraged by DFAT to reduce the average number of bit flips per write

LL Rotation LR Rotation °
&B >&D
RR Rotation RL Rotation
Binary code addre: Gray code (ld
‘ / ()llllllllllIlIOI ()l()()()()()()OO()()()(HI
o OITTTTTIITITITIITII0 | 0100000000000001
Index 0 1 2 3 4 5 6 7 8 9 10 1 12 13 14
G ay Code 0000 0001 0010 0011 0100 0101 0110 0111 1000 1001 1010 1011 1100 1101 1110

0111111111111111 | 0100000000000000
1000000000000000 | 1100000000000000
1000000000000001 1TO0000000000001

mcwﬁ:»

- Che-Wei Chang, Chun-Feng Wu, Yuan-Hao Chang, Ming-Chang Yang, and Chieh-Fu Chang, "Leveraging Write Heterogeneity of Phase Change Memory on Supporting Self-balancing Binary

Tree," IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems (TCAD), vol. 41, no. 6, pp. 1757-1770, Jun. 2022.

- Chieh-Fu Chang, Che-Wei Chang, Yuan-Hao Chang, and Ming-Chang Yang, A Roeatlhainnckiinngg BSenlafry Search Tree over Phase Changc¢

Asia and South Pacific Design Automation Conference (ASP-DAC), Jeju Island, Korea, Jan. 22-25, 2018.
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GraphRC: Accelerating Graph Processing on
Dual-addressing Memory with Vertex Merging
A Observation (ICCAD 2022)

I Graph processing task can be accelerated on dual-addressing memory.

I Memory accesses suffer from a low utilization rate due to the size mismatching between
graph data and the cache block size.

A Solutions

I Propose vertex merging (VM) that improves the cache block utilization rate by merging
memory requests from consecutive vertices.

I Then, identify data dependencies inherent in a graph that limits the effectiveness of VM.
Propose aggressive vertex merging (AVM) that merges vertices based its importance not
its data dependency.

AVM reduces execution time by \ VM
\'J vl
73 27% Whlle VM oﬁ:ers 22 51% Shard 0 = {0,1} Shard 0 = {0,1} Shard 1 = {2,3,4} Shard 0 = {0,1} Shard 1 = {2,3,4}
' ' idx | sre | ast | vai " - _ - - .
- cy§l t deVl Type |index | Field Type |Index |Field |Type |index |Field
reduction. ==
e CR |<01> |dst CR |<0,1> |dst
, 30 , 30
., %;g 3 ggg o CR |<01> |val CR |<0,1> |val
(] - e
S 33 S 53 o)‘,‘w <1,1> |al )______/_p.,; CW |<14> |src
g %g o ?g i [3) H cR |0 dst‘r/ ‘g CW | <14> |dst
2 0o 1
E }2 § 13 =143 e)'v CR <0,¥> (wal LE cw <1,4> | val
z K e
12 15 idx  [sre | dst | val Qv |2z | e /I 2 (c)
10 —t— — 3
SRR @‘) S i & o ezl (@ [w [ww | FANE
& NS 1 1 [i3i|i1} | 7
b CR |<0% |dst
=WV =FB =WV =FB go 9 i
o w <44> |all )x’
(a) VM applied to PR algo. on WV (b) AVM applied to PR algo. on 99
and FB datasets. WYV and FB datasets. (a) 9 (b) (d)

Wei Cheng, Chun-Feng Wu, Yuan-Hao Chang, and Ing-Chao Lin, "GraphRC: Accelerating Graph Processing on Dual-addressing Memory with Vertex Merging," ACM/IEEE International
Conference on Computer-Aided Design (ICCAD), San Diego, California, USA, Oct. 30 - Nov. 3, 2022. (Acceptance rate: 22.5%(132/586)) (Top Conference)
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Drift -tolerant Coding to Enhance the Energy
Efficiency of MLC PCM

(ISLPED 2022)

AResistance drift is a critical challenge of PCM. It may become more severe in

MLC PCM because more states are represented by a cell.

AWe design a drift-tolerant coding to improve the energy efficiency and resolve the

Program with
Full-SET

resistance drift errors of MLC PCM without sacrificing the data accuracy

Drift-tolerant Code: remap 3-bit datawords into 4-bit drift-tolerant codes to tolerate the

resistance drift errors of MLC PCM when applies Partial-SET to accelerate PCM writes
Write Process Segmentation: divide the write process into fast and slow write units to

improve the write performance of drift-tolerant coding

001

Data | DT Codes Drifted Codes
“01” drifts to “00”
000 oo ——m———————= 0000
001 0101 F-——————--- > 0100 [o1Jo1{o1JorJor o1 ] ... |
010 1001 F-————————- > 1000 :
[ . [oo [ 11[10] 1]
e L > 1100 Fast Write Unit (FWU) 0 ~
J 1o | 111 Slow Write Unit (SWU) 0~ e
No resistance drift >
FIF[F
— 101 1110 WI|W|W| SWU | SWU | SWU | SWU
U|u|uU 0 1 2 3
10 | 0110 f—————————- »| o010 o1
M1 | 011 p—————————— >

A Extensive results show that the drift-tolerant coding

reduces 6. 2b1l17.

- Yi-Shen Chen, Yuan-Hao Chang, and Tei-Wei Kuo, "Drift-tolerant Coding to Enhance the Energy Efficiency of Multi-Level-Cell Phase-Change Memory" ACM/IEEE International Symposium on

1% ener gy

Low Power Electronics and Design (ISLPED), Boston, MA, USA, Aug. 1-3, 2022. (Top Conference)
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Evolving Skyrmion Racetrack Memory as

Energy -Efficient Last -Level Cache Devices
A Observation: (ISLPED 2022)

I Skyrmion racetrack memory (SK-RM) stores data (o) Racetrack with 8 skyrmion data bits and 3 access ports
bits on the racetrack via skyrmions and relies on e Gotantd " daabno e O
shift operations to read/write data bits. 2 "?|.5.:;-f-ﬂ&f}},fi".:;{{:- o ﬂ
i However, shift operations lead to unpredictable =
data access performance or excessive energy w)swift (e Detect (Read)
consumption Tai.nﬁmd ra |:.."‘£'.. Head
AGoal: D:”
i Drawing benefits from both the bit-interleaved and (o) insert {write) fe) Remove (Gelte)
word-based mapping approaches Tanﬂq:]]w_ad Tai.ﬂ:mw
- Word-based mapping: Lower energy, but higher Botiom " atom
latency ( —
- Bit-interleaved mapping: Lower latency, but higher e p—— lodlstore _ _
energy (c) Advanced Data-Comparison Write %{:( w ) _ou ):
Buffer track Buffer track Buffer track & l( L2 )

Fetch/Evict

AMain idea:

SK-RM-DMW Strategy

I Dual erte MOde (DWM) Strategy gz‘: L \Verrigg{’Sh{fr . Verric(:aJ)ShD‘t . g [Cacheline InterleavingReversedLayout]
- Combine data write method of bit-interleaveds = } S @ 21| verveel permutation scheme. )

[ Adaptive Write Mechanism ]

and word-based mapping approaches

- Utilize the feature of shifting skyrmions across
racetracks

- Include buffer tracks at each access ports

Access port Access port Access port

22.89% & 44.62% reduction in latency and energy consumption.

Ya-Hui Yang, Shuo-Han Chen, and Yuan-Hao Chang, "Evolving Skyrmion Racetrack Memory as Energy-Efficient Last-Level Cache Devices" ACM/IEEE International Symposium on Low Power
Electronics and Design (ISLPED), Boston, MA, USA, Aug. 1-3, 2022. (Top Conference)
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3. Machine Learning Technigues with
NVM



Minimizing the Read Latency of
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Flash Memory to

20

Preserve Inter -tree Locality in Random Forest

A Motivation:
I Data move between the limited main memory space
inferencing in memory-limited embedded system.

A Goal:

(ICCAD 2022)

and the flash storage frequently while

I Reduce the swapping operations between DRAM and flash memory during inference

A Design philosophy

I Reconstruct the trained RF model after training phase to pack the to-be-used-together

nodes together in flash pages.

- Considering both intra- inter- locality to reconstruct the trained RF model
- Collecting the locality information in normal training process (OOB testing)

Training Phase

[

-
—_—

)

Reconstructing Phase

)

J |

Decision Tree Distributor

Out of Bag Testing Training Trees

[ Tree selecting H Level extracting ]—-[ Node sorting
N

I
node vector

—— Node Packing Mechanism

: < Thievet

Frequency-aware placing strategy

Path-aware placing strategy
- > Thiever

J
Tree Structure Maintainer _—

yes
S
no

Overview ofLaRF

Node compression J

Children space reser\’ing]
g

Collecting locality information

.&"@ @f }.

strategy Path-aware placing strategy

|48 |16 ]19]5 [17]

|12 \ 2 |13| 14
=

Same level with descending counter value

Same order value in different decision tree

Node packing mechanism

- Yu-Cheng Lin, Yu-Pei Liang, Tseng-Yi Chen, Yuan-Hao Chang, Shuo-Han Chen, and Wei-Kuan Shih, "On Minimizing the Read Latency of Flash Memory to Preserve Inter-tree Locality in

Random Forest," ACM/IEEE International Conference on Computer-Aided Design (ICCAD), San Diego, California, USA, Oct. 30 - Nov. 3, 2022. (Acceptance rate: 22.5%(132/586)) (Top

Conference)
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Planting Fast -growing Forest with NVM (AMINE)
A Motivation: DO i OBLE (Il EEE TC

i Heavy write traffic in random forest D@ @
I Write traffic may hurt both the performance PR
and lifetime of NVRAM

AGoal:
i Enable a faster random forest constructing method, and prolong the lifespan of NVRAM
A Design philosophy
i Replace partial writing operations by reading operation while construction a RF model
- Only keep the data index in landmark nodes, and the follower nodes read their data
by the index stored in their previous landmark node.
i Change the manner to read data from dataset to limited DRAM
- Using sample-based access manner instead of feature-based access manner

l Training Data Set | @ Landmark @Datakeys=(D, D, ., D, ---Featurebased [ B FF o By
PO— Bagg_m_gFramev*vorR* ............ : Q Follower _.R— 7 R-—. T —Sample-based D, ©.10,1@, - 1®] 308
ng lramework . N ; ea ea ® Value P — .
Amine D, 9,'9,0, 1 @] 30B
= 0 # of features: 30 L
) Split Function: L andmat g Of features ’{: o!'le :: oo
a - Constructor ||& N # of data: 100,000 : RS
a5 Compute o ) = L ) IR
g. TG Tracking & 5— s 9 ‘ AT E‘U Digox 191,901,011 O
= entropy NaRaae "‘E E o O T oo g o 1 U g e 100KB100KB100KB 100KB
= v [7 2 ¥w 8B € ¢ e 3 - \ J
=4l Tree Models =77 Datakeys 7] I o Pl P Training data set
| - = - P P PP
3 NSNS EE S E BB i i i D s NVRAM e
ORANY - NVRAM i The design philosophy of Amine. RSN NVRAM oo

The difference between samptbased and
feature-based readers.

Yu-Pei Liang, Tseng-Yi Chen, Yuan-Hao Chang, Yi-Da Huang, and Wei-Kuan Shih, "Planting Fast-growing Forest by Leveraging the Asymmetric Read/Write Latency of NVRAM-based Systems,"
IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems (TCAD), vol. 41, no. 10, pp. 3304-3317, Oct. 2022.

Overview of Amine.
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SGIRR: Sparse Graph Index Remapping for
ReRAM Crossbar Operation Unit

AObservation (ICCAD 2022)
I Placing an adjacency matrix on the ReRAM web-Google
crossbar array with operation units for s 142 43 m4 w5 6 a7 mg
accelerating matrix multiplication may lead to 57087
unnecessary operation units cost and 1600000

undesirable energy dissipation.
I Reason: Most the real-world graphs are too

1400000

sparse and discrete for the ReRAM crossbar o
array to utilize effectively, suffering from sparse . 980982
matrix-vector multiplication (SpMV) problem. .
A Goa| R00000
I Design an effective index remapping algorithm to @«
minimize the total number of operation units in 100000
ReRAM crossbar arrays and energy . B Vald entry
consumption. Invalid entry
AContribution 0 2 o E Operation unit
I We propose a two-stage spatial-aware algorithn
and an operation-unit-aware column filtering o‘e 4 /e L)) .m0 L
approach to derive the graph order permutation, M L)L) e m) [
achieving better crossbar operation unit usage 0\ Sl I
and energy consumption than the existing work. 9 1 |1:| E -3 D4 ? E' ? —
(a) Original graph (b) Cost 4 operation units (c) Cost 2 operation units

- Cheng-Yuan Wang, Yao-Wen Chang, and Yuan-Hao Chang, "SGIRR: Sparse Graph Index Remapping for ReRAM Crossbar Operation Unit and Power Optimization," ACM/IEEE International

Conference on Computer-Aided Design (ICCAD), San Diego, California, USA, Oct. 30 - Nov. 3, 2022. (Acceptance rate: 22.5%(132/586)) (Top Conference)
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512Gb In-Memory -Computing 3D NAND Flash Supporting

Similar Vector Matching Operations on Al Edge Devices
A Observation (ISSCC 2022)

I Existing vector similarity search (VSS) on edge devices -
is not ir?efﬁcient 4 (VSS) J VSS Flow of Edge Devices

- Long search latency and large search energy due

to large invalid data movement Off-line 1. Move feature data to storage
I Exploiting 3D NAND with in-memory computing (IMC) | v
for VSS will face two major challenges: Edge Processor ~ Proposed 1 0 Edge Storage
- A low-readout accuracy by using the wide range Vt- 4PNy 3D NAND-based -
level of cells ( 4. Compute :Qi Pooled Sampling storage
- The large-readout power consumption for the N for Vector Matching
possible data-patterns. | 2. Query the storage with an input
A GOal Enable 3D NAN D'based IMC fOI‘ Slml|al‘ vector On'hne 3. Move all data (10)("50%0 Compute
matching to boost the VSS performance L LAY
A Main Idea 3. Move similar data (1x ) to compute
GAdopted Apool samplingo as-—twe--maj oi~-sear<cir-——airgo
O D E @ g smrage (" Proposed 3D NAND nvCIM Macro
w g w E ' / Page Buffer w/ Input Vector

i Reuse the selective-BL read function on page buffer 7TV 1 evs 11 input condifion

with unary data format [HTI| ™ —
@ A 1-3-3 Gray code with buffer zone (BZ133) for TLC szD"’NA?ZD 5|35 NAND Ay (2]
cells, guarding against a low readout accuracy for VVM contratier| | chi S ||w/ Vector Mapping for Pooled Sampling
operation p = ||& 1-3-3 Gray Code w/ Buffer-Zone
) : (BZ133) I
9 Dynamic-feedback-based current-summation (DFCS) — — Gel Current Summalion al CL
scheme to guard against the wide summation current 3D NAND based Proposed 3
nvCIM Structure Dynamic-Feedback Current Summatione

range of VVM operations.

of Edge Storage (DFCS) Scheme + ADC )

Han Wen Hu, Wei-Chen Wang, Chung-Kuang Chen, Yung-Chun Lee, Bo-Rong Lin, Huai-Mu Wang, Yen-Bo Lin, Yu-Chao Lin, Chih-Chang Hsieh, Chia-Ming Hu, Yi-Ting Lai, Yuan-Hao Chang,
Hsiang-Pang Li, Han-Sung Chen, Tei-Wei Kuo, Keh-Chung Wang, Meng-Fan Chang, Chun-Hsiung Hung, and Chih-Yuan Lu, "A 512Gb In-Memory-Computing 3D NAND Flash Supporting
Similar Vector Matching Operations on Al Edge Devices," IEEE International Solid-State Circuits Conference (ISSCC), San Francisco, California, USA, Feb. 20-24, 2022. (Top Conference)
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ICE: An Intelligent Cognition Engine with NAND
Processing -in-Memory for Vector Similarity Search

A Observation (MICRO 2022)

I Existing vector similarity search (VSS) on edge devices is not inefficient
- Long search latency and large search energy due to large invalid data movement
i Exploiting 3D NAND with nonvolatile in-memory computing (nvIMC) for VSS will face two major
challenges:

- Digital-based solution: ECC is critical to the nvIMC design for VSS applications since it guarantees data reliability
- Analoa-based solution: numerous ADCs and DACs increases the chip size

Extract feature vector via Siamese network Process vector similarity search
(Offline: weight feature vectors; Online: input query (feature vector)) (e.g., L2 distance)
Processor & DRAM Store the entire dataset Processor& DRAM  distances (similarities)

— Move out the
% —— o entire dataset

Weight feature vectors

[ ;

==
Input query (input feature vector)

von Neumann architecture

A Goal: Enable 3D NAND-based digital nvIMC to accelerate the VSS applications

||’f(e'J — W ||2

A Main Idea
I Exploit bit-error tolerant data encoding to |VectorS:mh'antySearchmg(VSS}FIowofEdgeDewces| (oo BL oy By )
mitigate the bit-error influence (O ine RS e o e ooy, JEE Y sz
,: WLG5 operations w/ BET

i Adopt modified page buffer to achieve single*

; N SSL, data encoding
bit multiplication after computation unfolding | Edge Processor Edge Storage (ICE) | thg g Jeme LI A
.. A ! e D d = E -\ ”E ”E for partial products
I Add z;_ ne gv twods compl ié(“ﬂ'dn@t [] m csnlgl%ﬁl\mgge [ stcrage EJ&.E = Mgﬂergased /C/SL b ol pocuct
to ac leve sign- it computations in | 2 Query the storage with an input 3'% | T e/ N
. accumU|at|O.n State_ . !OH-HH& 3. Move the entire dataset to compute k i ‘;’ Mod|ﬁed(<:3/ NewAdded e T
I Propose a hierarchical top-n search to filter S o A o o0 00 M 5 f Page Buffer (PB) ﬂg,f;‘mfmum
|nval|d data and Output the mOSt Slmllar L___““_““_1_3_E)_uip_u_t_tlle_:n_o_sifl_rrlll_a_r_aff\,_'vf[ ___________ I: Input Query (i.e., BET-based Input Vector) ~ VVM results

answer during conducting VSS applications

Han-Wen Hu, Wei-Chen Wang, Yuan-Hao Chang, Yung-Chun Lee, Bo-Rong Lin, Huai-Mu Wang, Yen-Po Lin, Yu-Ming Huang, Chong-Ying Lee, Tzu-Hsiang Su, Chih-Chang Hsieh, Chia-Ming
Hu, Yi-Ting Lai, Chung-Kuang Chen, Han-Sung Chen, Hsiang-Pang Li, Tei-Wei Kuo, Meng-Fan Chang, Keh-Chung Wang, Chun-Hsiung Hung, and Chih-Yuan Lu, "ICE: An Intelligent Cognition
Engine with 3D NAND-based In-Memory Computing for Vector Similarity Search Acceleration,” ACM/IEEE International Symposium on Microarchitecture (MICRO), Chiago, lllinois, USA, Oct. 1-5,
2022. (Top Conference)
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RNA-seq Quantification on Processing in
memory Architecture (DPU) (NVMSA 2022)

AGoal : We choose RNA-seq quantification to be a case study, understanding
the characteristics of sequencing on UPMEM DPU.

A Concerns Almplementation Result
1600 50 =
s . . 9 1490 | D_kallisto =
i DPU constrains: e.g. no data sharing between DPUS g uy [silie wE
1000 1.+ kallisto (throughpu L = .
i Frequent data movement between CPU and DPU S B :E High throughput
. . 5 s Bl '
i DPU-based software design & o0 l oy N large datasize
0 , _——— Lo &
A Implementation gl o o o2
%3',162( - v va e waal 19 g
1. Host CPU broadcasts the hash table to all DPUs B 150 “* i v §
o @ | | S hi ici
2. Communication threads send read packets to DPU g @ it s & High efficiency
£ so | . 2 DPU program
3. Host CPU launches the DPU program 2 “””l I“”“””I ; 3
. . 0 s &
4. Communication threads get result back to host ks 135 7 s m BB VWAB S
. . . . mTime ~=Throughput
5.  Working thread will get a ID from queue and do intersection.
A Suggestions / Observations
_________________@_ Communlcatlgn thLeatds ______________ @ Communication threads Push ____+__ Pop -

PrepEr getresults | woincuee 1 UPMEM DPU system is a material
iﬁz ; 3 g E § '_5 g g g g E do intersection suitable for large data size
e 3 '? 3 @ & @ 2 i Frequent data transfers is an

PamlleltrarE _ Pamllel transfer zon:i:: - Overhead In DPU System
e {m@_} - i WRAM is expensive , we have to
@Broadcast | orty ot : design the data flow carefully
N P PR — . nly hash table emmmmmmememeeeeeeddt SiMple version of . .
is transferred into DPU set data stouctune in Kkollisto durmg DPU -based programming.

- Liang-Chi Chen, Shu-Qi Yu, Chien-Chung Ho, Yuan-Hao Chang, Da-Wei Chang, Wei-Chen Wang, and Yu-Ming Chang, "RNA-seq Quantification on Processing in memory Architecture:

Observation and Characterization,” IEEE Nonvolatile Memory Systems and Applications Symposium (NVMSA), Taipei, Taiwan, Aug. 23-25, 2022.
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5. Intermittent Systems
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Minimizing Age -of-Information of NVRAM -based
Intermittent Systems (NVMSA 2022)

A Motivation:
I Traditional replacement policy cannot minimize the Aol

I Even adopting the multi-level write, the energy still may be waste without considering

the buffer replacement policy
AGoal:

I Minimize the average Aol of the generated data of the sensor nodes.

I Design a buffer-replacement-policy-aware writing-mode decider
AMain ideas
I Predict the node behavior
- Approximate average the updating interval

I Balance the update frequency of the sensor nodes to prevent the soaring of Aol.

- 1.Duplication Check - 2. Updating-Frequency Balance

I Use the proper writing mode to write the data to NVRAM for further reducing the

energy consumption
- using light write if the data frequently update and tends to be replaced

System-architecture - pm: Updating-intervals | | Buffer management
- ’

, predictor scheme

Transmitter 7 e L |
Central <« — 2 Power Y

controller « Writing-mode decider | Transmitter

4 e -

/ RN Iy Write data
> ~
e | | I I

an NVRAM-based buffer for temporary storing received data Power

Data buffer (MLC NVRAM)

Incoming data

Replacing
the old version

Writing the data
to the buffer

Buffer is full? b

yes

Check the bit flag
<fan find the data with no | Replacingthe
1s in the bit flag? first coming data
%

Replacing the data from the sensor
which was updated last time with

the highest updating frequency

Overview of the proposed method

Buffer management scheme

Hung-Yu Lin, Yu-Pei Liang, Shuo-Han Chen, Yuan-Hao Chang, Tseng-Yi Chen, and Wei-Kuan Shih, "Minimizing Age-of-Information of NVRAM-based Intermittent Systems," IEEE Nonvolatile

Memory Systems and Applications Symposium (NVMSA), Taipei, Taiwan, Aug. 23-25, 2022.
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SACS: A Self -Adaptive Checkpointing Strategy
for Microkernel -Based Intermittent Systems

Aln this work, we propose a new self-adaptive checkpointing strategy for improving
the performance of microkernel-based intermittent systems. (1 sLPED622, Best

I By observing the number of performed context switches in each run time, our design adaptively
adjusts the checkpointing interval to achieve a good balance between the execution progress
(performance) and the number of performed checkpoints.

I At runtime, we design a checkpoint checker that (1) determines the necessity of performing
checkpoints and (2) conservatively enlarges the checkpointing interval.

I At reboot time, we design a reboot-time reconfiguration procedure that approaches the suitable
checkpointing interval according to the execution status learned from previous run times.

A Compared to a state-of-the-art design called ELASTIN, our approach could
reduce the execution time by 50.6% under unstable harvesting condition.

Reboot Unit

____________________________ == T ptr H_ptr 107
4 hY l |
Power | Reboot-Time ] 10°
Cl,_y [ scsCa_
L = plih || ~CEEEEEE |
. ] =10 s
: : scsc B usc,“_. +SCSChz + o+ SCSChmoy L i 2 ‘z
l e 1 mean = m = A10 i b
Timer i Initialization [=:=3¢=-=% Reco¥ery ! o . o {3| s - B
Interruption N A n-1= n= 570 910 i
-------------------------- J=-5—-~ — 0 — 5 i
- e, T U Il | &
= w5
Save Timer Restore $ESC, = B 8 9 10'F &
Context M ISR Context Reboot 100 i
T [ = time stice [ Contet Switch EZZZZA Checkpoint [ tnitiatization NI Reconfiguration | Basic-Matt
o) _____Checkpoint Checker Fig. 5: Example of Reboot-Time Reconfiguration Fig. 7: Execution Time Under Stable Harvesting Condition
s s Task
:' X \. 4 Selection
1 i - RCSC 1 2 3 4 1 2 3
] Perform No i 1 of
| Checkpoint? i Cl, el o v
; eckpoin ! ! Cloww = [72“” if SCSCoa < Clota )
] e =
: ! s RTF % Cloa if SCSCota > Clota
i ! e SCSC,
! Perform Run.-Tlrne. E [0 ime Stice [ Context Switch 222 Checkpoint W Reconfiguration | RunTimeFactor(RTF) = | = éb,,,lll | @)
b Checkpoint Reconfiguration yi Fio. 4: E le of Run-Ti R f . SCSChmean
. = ler ig. 4: Example of Run-Time Reconfiguration

Yen-Ting Chen, Han-Xiang Liu, Yuan-Hao Chang, Yu-Pei Liang, and Wei-Kuan Shih, "SACS: A Self-Adaptive Checkpointing Strategy for Microkernel-Based Intermittent Systems" ACM/IEEE
International Symposium on Low Power Electronics and Design (ISLPED), Boston, MA, USA, Aug. 1-3, 2022. (Best Paper Nomination - Top Conference)
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Write -Cost Reduction for DNA Storage
A Observation (ACM TECS in 2022)

I Accessing digital data over DNA requires a series of extremely time-consuming processes,
and the rewriting cost is the predominant cost of DNA data storage system.

I DNA-based storage systems are usually lacking management.

AThis work is a pioneer in implementing a management scheme for the DNA-based
system and further reducing unnecessary laboratory operations. (ACM TECS in 2022)

I This design advocates a complete management scheme by comparing the latest data and
incoming data to know the updated part of the data with minimized reading overhead.

The idea is to manage the version when the number of versions exceeds the bits provided
by the primer.

I lower the total writing bits in each updated operation (i.e., insertion and deletion).
A Compared with the baseline solution, VERA can reduce the

- | Host System |
writing cost of the DNA storage system by 77%. —
i anaging Device
WAppend-Only CYazdi @ VERA Block | Control Unit |
1.40E+06 ‘ O |0-A-cold Rel. Ver, LS B
1206406 O |9-A-hot Modified Ver, Key Store | | VERA | Encoding/
<z A B C D E Decoding Unit
§ 1.00E+06 (Latest Date | Data Preprocessor F=
S 8.00E+05 O © T 2|3 il
Ee 0OE+05 © © 0 26 27 173 174 255 | Synthesis Device | | Sequencing Device |
8 Q Q
% 4.00£+05 O O N DNA Storage chip
¢ orage chi
© 2 008405 = ©
j O O | DNA Array |
0.00E+00 27 1 3
Write Read Insertion Deletion (Start Site)  (End Site)

Yi-Syuan Lin, Yu-Pei Liang, Tseng-Yi Chen, Yuan-Hao Chang, Shuo-Han Chen, Hsin-Wen Wei, and Wei-Kuan Shih, "How to Enable Index Scheme for Reducing the Writing Cost of DNA
Storage on Insertion and Deletion," ACM Transactions on Embedded Computing Systems (TECS), vol. 21, no. 3, pp. 30:1-30:25, May 2022.
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1. Storage Systems -
Flash Drives and SMR Disks



Lifetime & Read Optimization for
Bit -alterable Flash

A Observation

September 21, 2026

34

(IEEE TCAD in 2021, DAC 2019)

I Bit-alterable NAND flash has become a reality to offer the possibility of removing error
bits without page-based rewrites.
I However, bit-level rewrites has the similar latency as page-based rewrites

A Goal

I Maximize the read performance with minimal lifetime degradation.

AMain Idea

I ldentify different type of bit errors
- Read speed tracking mechanism
I Avoid unnecessary rewrites without lowering throughput
- Sensing latency reduction strategy
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Read Speed Improvement: 25.22%
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Shuo-Han Chen, Ming-Chang Yang, and Yuan-Hao Chang, "Optimizing Lifetime Capacity and Read Performance of Bit-Alterable 3D NAND Flash," IEEE Transactions on Computer-Aided Design
of Integrated Circuits and Systems (TCAD), vol. 40, no. 2, pp. 218-231, Feb. 2021.
Shuo-Han Chen, Ming-Chang Yang, and Yuan-Hao Chang, "The Best of Both Worlds: On Exploiting Bit-Alterable NAND Flash for Lifetime and Read Performance Optimization," ACM/IEEE
Design Automation Conference (DAC), Las Vegas, Nevada, USA, Jun. 2-6, 2019. (Top Conference)
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Harmonization for Data Lifetime and Block
Rete ntl O n tl m e Data Lifetime Estimation
AWe propose a Time Harmonization Strategy to = [ER- e O
har moni ze the Aretentio M e
WI t h d I f f er en t ﬁ d a t a | I Block Allocation and Data Placement Free Block Queues
. . Group5 Group4 Group3 Group?2 Group 1
written data (IEEE TC N 2021) = = = — /IGSE a4 EIG3 Elez af ]
I The mismatch of data lifetime requirement and ( o © —

flash block retention capability could induce

PN Garbage Collecting Lists

™
Timeline-Based Block Management and E?freshing

additional data migration overhead.

I Goal: (1) Estimate the data lifetime, and efficiently
(2) allocate suitable flash blocks to accommodate
data in accordance with the block retention
capability and the estimated data lifetime.

Refreshing * —
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Fig. 1. Example of refreshing Fig. 2. Example of garbage Fig. 3. Considering retention capability and data Fig. 4. Considering retention
operations. collection operations. lifetime during refreshing. capability and data lifetime
during garbage collection.

Ming-Chang Yang, Chun-Feng Wu, Shuo-Han Chen, Yi-Ling Lin, Che-Wei Chang, and Yuan-Hao Chang,
Harmonization," IEEE Transactions on Computers (TC), vol. 70, no. 3, pp. 428-439, Mar. 2021.

"On Minimizing Internal Data Migrations of Flash Devices via Lifetime-Retention



September 21, 2026

Reptail T Cutting Storage Tail Latency with
Inherent Redundacncy

A Observation (DAC 2021)

I Increasing SSD density raises read tail latency.
I Data-consistency protection creates data redundancy that is otherwise unused.
AGoal

I Achieve good performance, consistency and high density simultaneously on edge storage
AMain Idea
I Expose SSD to the data identicalness semantics

- Redundancy mapping & Journal defragmentation
I SSD has multiple replicas to fulfill a read request
- Low-overhead table

36

P90 p95 p99 © Record in journal 11 ,
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95t Read Tail Latency Reduction: 20%

Yun-Chih Chen, Chun-Feng Wu, Yuan-Hao Chang, and Tei-Wei Kuo, "Reptail: Cutting Storage Tail Latency with Inherent Redundancy," ACM/IEEE Design Automation Conference (DAC), San
Francisco, CA, USA, Dec. 5-9, 2021. (Acceptance rate: 23%) (Top Conference)
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Secure Deletion for EXT4 File Data and Metadata
on SMR-based (ASP-DAC 2021)

A Observation
I The efficiency of secure deletion is highly dependent on the data layout.
I The sequential-write constraint of SMR drive hinder the efficiency of secure deletion.
I However, the small-size nature of file system metadata aggravates the efficiency.
AGoal
I Facilitate the process of securely erasing both the deleted files and their metadata
simultaneously.
AMain Idea
I Metadata Redirection Mechanism
- Store file inode along with the file data
I Elastic Guard Barrier Scheme
- Divide SMR zones into smaller segments
i Anti-Fragmentation Space Allocator

Sequential Write Direction Tracks —»
\ Read Head

Valid Data

Guard
Regions

Write Head

H H Host System
- Pack small files into smallest segments | aoaton
_ Metadata Data Content {} 1/0 System Call
B e (g = e extd File System
[ SuperBlock [[[ GrowO[ [ Growpl | Grow2 | .
extd B = / — — e SSSA Metadata Redirection Elastic Guard Anti-fragmentation
: / Super | Group | Block | Inode | Inode Mechanism Barrier Scheme Space Allocator
File System f ff’ j'/ Block Desc. Bitmap | Bitmap table Data Blocks P
i 2L e ~aiwe
swrove [ 1 TH_ 1 111 [ | | {} Zoned Block Commands (ZBC)
Zone, Zone, Zone, Zone, Zone, Zone, 32MB Zone, E
SMR Drive I

Secure Deletion Latency Reduction: 91.3%

Ping-Xiang Chen, Shuo-Han Chen, Yuan-Hao Chang, Yu-Pei Liang, and Wei-Kuan Shih, "Facilitating the Efficiency of Secure File Data and Metadata Deletion on SMR-based Ext4 File System,"
ACMI/IEEE Asia and South Pacific Design Automation Conference (ASP-DAC), Tokyo, Japan, Jan. 18-21, 2021.
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Write -friendly Arithmetic Coding for NVM

A Observation

(ASP-DAC 2021)

I Storage-Class Memory technologies and data compression techniques can be used to
alleviate the energy consumption of wearable 10T devices

I However, the information gap between the PCM devices and data compression
techniques hinders the cooperation among the two techniques for achieving further

performance optimization
AGoal

I Design an energy-aware and write-friendly arithmetic coding (AC) to improve energy

efficiency of PCM
AMain ldea

I Exploit the property of encoding interval in arithmetic
coding to smartly choose an ideal encoded value consists
of most ignorable bits, so as to reduce the number of write
operations during the compression on PCM
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Yi-Shen Chen, Chun-Feng Wu, Yuan-Hao Chang, and Tei-Wei Kuo, "A Write-friendly Arithmetic Coding Scheme for Achieving Energy-Efficient Non-Volatile Memory Systems," ACM/IEEE Asia

and South Pacific Design Automation Conference (ASP-DAC), Tokyo, Japan, Jan. 18-21, 2021.

Encoding Interval = [0.246, 0.24601)
Sign  Exponent  Mantissa (52 bits)
IEEE754 001111111100 111101111......

Binary Frac. m EV=23=0.125
Iter. 1: 0.0011 EV +=2=0.1875
- Roll back and keep scanning
Iter. 4: 0.0011111 EV+=27-0.2421875 =
fter. 5: 0.00111111 EV += 2% = 0.24609375 V8
Iter. 6: 0.001111101 EV =0.2421875 + 2°

Iter. 12: 0.001111101111101 EV += 2'15:0.2460021?{

Preselected Upper Bits
IEEE 754 0011...111101111101 = >

g

<o ossible ignorable Bits = 40
Binary Frac. 0.0011111011111010...000 EV = 0.2460021...
Jter. 1; 0.0011111011111010...001 EV +=255

lter. 2: 0.0011111011111010...011 EV+=2>*

Iter. 38: 0.001..... 0o111...... 1 EV+=218= 0.246009...-)
Iter. 39: 0.001......01111......1 EV+= 2= 0.246017...>UE
Output EV as the write-friendly encoded value:

IEEE 754 0011...... 111......0011111111111111...... 1
Ignorable Bits = 38

39
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Wear-leveling -enabled B+ -tree over NVM
(IEEE TCAD in 2021) [ =fryues
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I To balance the amount of write traffic Fig. 1. Our observations

within a node space but considers the

global wear-leveling issue over the whole Bitmap _PIV DRY Nt P1V- TO Indicate insertion entry
NVRAM space as well [1011111[ 3] 0 [ 1| BDRY: To set boundary
N __CNT: Allocated frequency
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(a). Right boundary

I Circular node structure: Bitmap PIV BDRY CNT

- To move the start point of insertion in a tree [ 1111101 3] 6 | 1]
node for evenly distributing the amount of e —— a —
write traffic to each entry space within a Metadata] 65 | 70 | 75 | 80| 85| | 60 |
node.

(b). Left boundary
Fig. 2. Circular node structure

I Global wear-leveling strategy: Next check: IREH?T(UTted:a,| ‘ Cursor: Node 0
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Fig. 3. Global wear -leveling  [[w7[[s ][ ] [[30[[32]] |

Dharamjeet, Tseng-Yi Chen, Yuan-Hao Chang, Chun-Feng Wu, Chi-Heng Lee, and Wei-Kuan Shih, "Beyond Write-reduction Consideration: A Wear-leveling-enabled B+-tree Indexing Scheme
over an NVRAM-based Architecture," IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems (TCAD), vol. 40, no. 12, pp. 2455-2466, Dec. 2021.
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Write -Reduction Multiversion Scheme to
Support Dual -range Query over NVM
A Observation (IEEE TVLSI in 2021)

I multi-version indexing scheme will rewrite duplicate information for achieving an
efficient multi-versioned data query, and it will generate a massive amount of write
traffics to an NVRAM space

i all multi-version indexing schemes cannot simultaneously provide efficient key and

version-range queries

AGoal
I To propose a write-reduction multi-version indexing scheme with efficient dual-range-
guery operations over NVRAM-based storage
AMain Idea
i Efficient key-range-query
- Preserves the partial nature of the MVBT (multi-version tree), but reduces the
amount of write traffic to NVRAM by a pointer-based split mechanism.
I Efficient version-range-query
- Aggregates the version data belonging to the same index together (version forest)
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ETERCBEE T P PR | e 2.E+05

|TB | Multi-version Tree | VB |V Tree ‘V Tree, | . | 48.7% Lsifi"‘ L_lﬂ'.”“"’ L_‘SS"PZ%
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. ey _ 1ok 100k 500K _ 1K 10K 100K 500K
Fig. 1. Duery |ndeX|ng scheme Fig. 2. Key- range performance (read bytes) Fig. 3. version-range performance (read bytes)

I-Ju Wang, Yu-Pei Liang, Tseng-Yi Chen, Yuan-Hao Chang, Bo-Jun Chen, Hsin-Wen Wei, and Wei-Kuan Shih, "Enabling Write-reduction Multiversion Scheme with Efficient Dual-range Query
over NVRAM," IEEE Transactions on Very Large Scale Integration Systems (TVLSI), vol. 29, no. 6, pp. 1244-1256, Jun. 2021.
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Scheduling -aware Prefetching (NVMSA 2021)

A Observation:

I GPU tasks usually show weak temporal locality because the relation between two warps
IS independent.

I Applying page replacement approaches on GPU tasks usually suffers from the fast
locality saturation issue. Thus, even when larger DRAM is equipped in the GPU, the
DRAM hit ratio cannot be further improved.

AGoal:

I Aiming to provide low-cost energy-efficient GPU memory extension systems, this work
proposes a scheduler-aware prefetching design to improve system performance.
AMain ldea:

I Memory Manager fully utilizes the information of the internal hardware warp scheduler

inside GPU device to perform data prefetching without changing the writing way of the
GPU program.
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Tse-Yuan Wang, Chun-Feng Wu, Che-Wei Tsao, Yuan-Hao Chang, and Tei-Wei Kuo, "Scheduling-Aware Prefetching: Enabling the PCle SSD to Extent the Global Memory of GPU
Device," IEEE Nonvolatile Memory Systems and Applications Symposium (NVMSA), August 2021.
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3. Machine Learning Technigues and
Processing -in-Memory with NVM
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Random Forest I/O -aware Algorithm
AObservation (SAC 2021)

I During training random forest, performance drops significantly when the dataset size is
larger than the available memory size.
I Reasons: Randomly bagging data causes unnecessary data movements.

AGoal
I Reduce unnecessary data movement by avoiding loading useless data and smartly
selecting the data according to their reuse pattern in the following tree building steps
AMain ldea
I Decision Tree Building Module: Perform on-demand data loading according to the
available memory space.
I Data Loader Module: Pre-process data to easily locate useful data without reading them
multiple times during data loading.
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Camelia Slimani, Chun-Feng Wu, Yuan-Hao Chang, Stephane Rubini, and Jalil Boukhobza, "RaFIO: A Random Forest I/O-Aware Algorithm," ACM Symposium on Applied Computing (SAC),
Gwangju, South Korea, Mar. 22-26, 2021.
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Space-efficient Graph Placement on ReRAM
Crossbar OL{ [ t] S 11640,255]

A Observation
I Placing an adjacency matrix on the crossbar array for accelerating matrix multiplication
may lead to unnecessary energy wasting.
I Reason: Elements in the graph adjacency matrix are usually sparse and discrete, and
thus extra crossbar OUs are required for processing because of the low-utilization.
AGoal
I Interested in proposing a hardware/software co-design solution to solve the sparse and
discrete issues by clustering graph nodes on the crossbar accelerators.
AMain ldea
I Remap and shuffle the original adjacency matrix with being aware of the graph localities.

Crossbar Utilization Study
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Ting-Hsuan Lo, Chun-Feng Wu, Yuan-Hao Chang, Tei-Wei Kuo, and Wei-Chen Wang, "Space-efficient Graph Data Placement to Save Energy of ReRAM Crossbar," ACM/IEEE International
Symposium on Low Power Electronics and Design (ISLPED), Virtual Conference, Jul. 26-28, 2021. (Top Conference)

Wei-Chen Wang, Ting-Hsuan Lo, Chun-Feng Wu, Yuan-Hao Chang, and Tei-Wei Kuo, "Memory Device and Operation Method Thereof," Patent No.: US 11,640,255, Date of Patent: May 2,
2023.
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4. Intermittent Systems
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ICheck T Progressive Checkpointing for
Intermittent Systems (IEEE TCAD in 2021)

A Observation:

I Prior checkpointing approaches rely on capacitor
measurement (i.e., for checkpoint timing).

I The power failure rate of intermittent devices is often
lower nearby the start of a power-on cycle.
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Wen Sheng Lim, Chia-Heng Tu, Chun-Feng Wu, and Yuan-Hao Chang, "iCheck: Progressive Checkpointing for Intermittent Systems," IEEE Transactions on Computer-Aided Design of
Integrated Circuits and Systems (TCAD), vol. 40, no. 11, pp. 2224-2236, Nov. 2021.
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Energy -Reduction On -chip Memory Management
on Intermittent Systems

Motivation (RTAS 2021)

Existing intermittent systems rarely considered the energy consumed during moving
data and may waste precious power resource over data movement.

Goal

Adopting a STT-RAM-based scratchpad memory and a small volatile cache to be the
on-chip memory to enable an energy-reduction intermittent system.

Main Challenge

- How to identify the data access pattern in the run time
and further distinguish the read/write behavior.
- How to monitor the lifetime of STT-RAM-based SPM

Main Idea

- Maximizing the space utilization of both SPM and cache.
- Avoiding moving the write-intensive data into SPM.

Fig. 1 Architecture of hybrid on-chip

memory architecture and ERCM?2 Fig. 2 augmented cache design Fig. 3 The proposed write counter
scheme. unit.

- Yu-Pei Liang, Yu-Ting Fang, Shuo-Han Chen, Yen-Ting Chen, Tseng-Yi Chen, Wei-Lin Wang, Wei-Kuan Shih, and Yuan-Hao Chang, "Brief Industry Paper: An Energy-Reduction On-Chip
Memory Management for Intermittent Systems," IEEE Real-time and Embedded Technology and Application Symposium (RTAS), Virtual Conference, May 18-21, 2021. (Top Conference)



