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Background: Storage Software Stack

> in di i i S = RPN
Adopted in diverse computl.ng domains py Spor‘k &) B
* Databases, cloud computing, and HPC s
pplication
» Components R \ A
_ . | Storage SW stack
* Page cache manager: buffer hot data in main memory | Fagecache !
* |/O engine: concurrently access data residing in SSD — v
* Narrow down performance gap between processors \L__1/O engine ],
and storage devices A
NVMe SSD
1
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Background: Existing Page Cache Manager Design

» Linux kernel page cache

* Kernel space implementation _ Linux kernel _

. | User Space !

* Fails to follow up on SSD performance boost AP
: Ctx switch

* Heavy overhead (e.g., global locking) Roml spuce:
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»Hardware trend -> High-performance SSD :
* High bandwidth: surpass 14GB/s o v

* Low latency: ~10us ~ TEo ,
Interrupt+

NVMe SSD

Intel Optane SSD  Samsung PM1743
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Background: Existing Page Cache Manager Design

» Linux kernel page cache

* Kernel space implementation _ Linuxkernel TriCache __

_ | User Space !1User Space |

* Fails to follow up on SSD performance boost (_APP__Jii[_APP__ ]!

.y head lobal locki Coxswitchy | Msdpagsing !

eavy overhead (e.g., global locking) Rernel space’ | Eﬂ

» User-space page cache (TriCache [OSDI’22]) 1 Page cache , LCache mer. thi,

* Efficient user-space SPDK I/O engine o v v :

. . : [ 1! K :

* Multiple threads manage cache without lock e '--—§_F1[3 ——————

_ Interrupt* Pollmg<>

* Message passing between cache mgr. and APPs NVMe 53D
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Preliminary Study

» Performance analysis
* Macro-benchmark

= TriCache =—® = TriCache |deal === Kernel —® =Kernel Ideal
* Compare with ideal cases @251 ———32.33%_~2 [ 77.51% -3

D 20 oo o L 1004 »
>Poor scalability with CPU cores o e - ]
* Kernel: 36.76% degradation = 36.76% | 25 //\\ e .
 TriCache: 32.33% degradation 2 4 B & 0 42 4 23 A 5w 8

(a) Performance of various cores. (b) Performance of various SSDs.

»Cannot scale with SSDs
* Kernel: 52.54% performance gap
* TriCache: 77.51% performance gap
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Motivation: Heavy Storage Tax

»Root cause: host-centric designs

. _ _ (" Host-centric cache managers )

* Both designs exclusively reside on the host _ Linuxkernel ~__ TriCache __
! User Space ! ! User Space ;

> Levy heavy storage tax LIy — .
Ctx switch  Msg passing |

e CPU tax ool + ! 9
 Kernel space 1| I: .

e Communication tax [ Page cache ]' |[Cache mgr. th. i
* Interference tax a8 "y v
\: Driver X SPDK :

Interrupt+ PoIIing< >

NVMe SSD
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Motivation: Heavy Storage Tax

»Root cause: host-centric designs

* Both designs exclusively reside on the host _ Linuxkernel ~ __ TriCache __

! User Space !'1 User Space ;

> CPU tax AP [_APP__] .

""" .-7X - | Msg passing

* Kernel page cache: locking (18.98%) and heavy 1/0 engine (21.45%) ff’fs_"'_”fc-h---\ | :l !

. TriCache: , Kernel space 1| I: i

TriCache: '[ Page cache ' 1[Cache mgr. th.]-

* Dedicate multiple host CPU threads per SSD for cache mgnt. ! G oo B :

|

* Exacerbate as the number of SSDs scales up : v & v !

. - . . I Driver J'[  SPDK :

* Deprive applications of precious computing resources e VT ———-- ,
|i|/0 Engine_LockDCacheCIient-ManagerQueyingm]Other Interrupt* PO”iﬂg<>

Dl/lsg “ljlasr?I:MlPoll client. Manager-SSD Queuing NVMe SSD

I |

==20— B0 ™30 50 60 70 8 90
Accumulated CPU time breakdown (s)

(a) CPU time breakdown.

600 800 1000
Latency breakdown (us)

(b) /0O latency breakdown.
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Motivation: Heavy Storage Tax

»Root cause: host-centric designs
* Both designs exclusively reside on the host

» Communication tax
* Kernel page cache: heavy I/0 engine
e TriCache:
* Tripartite structure: APP <-> Cache mgr. <->SSD
* Prolongs communication path
* 77.74% queuing latency due to communication

[l 1/0 Engine [[] Lock [_] Cache [&] Client-Manager Queuing [[]] Other
[ |Msg Pass [ | Msg Pall [l Manager-SSD Queuing

o Mar. J=——— Client
& | |
: | |

20 30 40 50 60 70 80 90

10
0/ Accumulated CPU time breakdown (s)
,Z 7'_7 4_0 - o) GRU time breakdown.
4 1111
e _ |
T —
400 600 800 1000

Latency breakdown (us)
(b) /0O latency breakdown.
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_ Linuxkernel ~ __ TriCache __

! User Space !'1 User Space

i APP__ ] [ APP ]

_________ 1 0

Cix switchy _ | L pcﬁsmg

 Kernel space 1 ! I:

[ Page cache ] [[Cache mgr. th]

' ceeeee ! |[Tripartite arch.

. i P v

| " 1

:[| Driver l: ! SPDK

Interrupt* PolIing<>
NVMe SSD




Motivation: Heavy Storage Tax

»Root cause: host-centric designs

* Both designs exclusively reside on the host _ Linuxkernel ~ __ TriCache __
! User Space ! ! User Space
> Interference tax L__APP__ I [__APP
i i : i Ctx switch  Msg passing
* Host-centric designs cannot detect SSD internal activities (e.g., GC) g A
. Kernel space |:

* multiple software layers sit between the host-centric manager and the SSD,

1
1
1
1
1
1
1
1
1
Cache mgr. th. !
1
1
1
1
1

1!
|
| Page cache i:
* Interference between GC and regular I/O requests ! G vevers !
1
 Compromise performance stability : v ' v
'___Driver : ! SPDK
Interrupt* PolIing<>
NVMe SSD
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Key insights

. . Computation frontend |, Storage backend
»Emerging computational SSDs e | 0e0) (e
* Multi-core ARM processor (4-16 cores) TR (BR[| >
core ctrl. -

* DRAM capacity (4-16GB)
* Process offloaded tasks from host

Request DRA

rocess |[f' !
P = :LPN : -0
WL _|[PPN z

____________ H|m[

»NVMe host memory buffer (HMB) feature

* A DMA-able region in host memory
. . . DRAM HMB region ]
* Allows SSDs to directly manage data in the region [ [ e _]

* Ensure rapid data accessibility for applications

e SSD-controlled page cache with the data cached on the host side

Plane 1

Flash PHY

,l [ TTT|PCle
[ Host Interface Ctrl. |

l

Offload cache management to CSDs!
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Our Solution

» 0Overcome CPU tax by
v Offloading cache management into CSDs

» Overcome communication and interference taxes by
v'Coordinate software (cache management) and hardware (SSD)

ScalaCache
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ScalaCache: Outline

> Overview
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ScalaCache: SW-HW coordination for cache mngt.

»Overview
* Lightweight: high-performance cache index structure
 Scalability: lockless cache mngt. and resource allocation
* Efficiency and stability: trimmed communication and GC-aware rplcmnt.
* = Reduce communication and interference taxes

} Remove CPU tax

User space [ HMB region
—CTent Teni ) Page frame 0 *** Page frame M
thread 0] [thrégg N (ENoe | e ] IPNDE. |
W a3

SPDK NVMe driver Ox1 0x20x3| 9
t NVMe .1 NVMe ' Rea.[ [ T ] 14 picmnt. | cmd
» queue 01 | queue N’ Ox10x20x3 7
"""""""" | Queue Index L | @rac Iy
____________________________________ _m_
| NVMe CSD |/{—> cache hit 0x10x20x3 || A
" " | —» Cache miss R
: Core 0 ces ~ Yy & N NN N
.k . ! : Fusion FTL  LPN .... S
(s —==-o=s 3 Look up 154
' GC state [B >
O PN M
| o o PR o | o
il ===is LAY A i Lockless Lockless resource
I LI RIERI NS cache mngt. ll  allocation

....................
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ScalaCache: Outline

»Design
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Cache Management Offloading

»Challenge: cannot directly offload existing cache management 2,1_['8‘2’:;':'1‘?63;“‘*'
. . . .. . . <16
»Observation: CSD internal FTL mapping similar to cache indexing 514 conputin
. . C e : £ 4ol sty
»FusionFTL: consolidates their indirection layers 20
0.6
* Translate LPN to page frame or flash address based on a flag bit gg-g.
. . . Z0.0
e Simplify redundant address translations N
qcapabilityF.) °
|:|Lwog|caladdr |:| Flash addr. DPage frame addr. Origin flash addr.
R RTE R e TS
FusionFTL 1 !
LPN : B : W
Look up : Look up : Look up
PN I JEE __Nin EE_ §
1)9‘1'0 Return Hd(//ii 0 _?1%0 E T 19;:0 R
Page frame addr. : 1‘3?6/\’;\ : R@_q;,‘%kw'\' o
; o ; i
I Transfer data |1 Transfer data
Flash [T T T 11t (11 fedd— CT LI [ot—
(a) Cache hit. (b) Cache miss. (c) Eviction.
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Concurrent 1/O processing inside CSDs

» Potential bottleneck: Multiple CSD cores compete for critical resources
throughout the I/O path (e.g., FusionFTL, free page frames, and flash)

» Concurrent processing model within CSD:

* Resource partitioning: address space, page frames, and flash
* Assigns them to CSD cores as private resources
* Split I/0 request based on address space division to exploit each CSD core

* Each core access private resources without contention, which enables lock-
free I/O processing

( Host interface controller )
I/O Request [T 1 o

Removing CPU tax: taxed CPUs are freed up for applications’ use

( Flash PHY ]I”

No ﬂgsb conflict
NAND Die J: NAND Die RENAND Die & ANAND Die SIS

NAND Die BB NAND Die NAND Die [Jiig

[NAND Die|
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Cache Access on the Host Side

»Overloading:
* Computing capability of the CSD is still limited
* Processing all requests by CSDs leads to overloading issue

»Goal: Avoid overloading CSDs and shorten hit path

> Queuelndex:
 Within each client thread User space  ([FIVIB region

. _ . Page frame 0 °°** Page frame M
Client Client

e | thres [TPNOx2 |+ [ [PNOx. |
 Buffer frame address to accelerate cache Iookup[th o)~ undin] | ‘

SPDK NVMe driver " O 0%2 0x3 (e 2
* Balance the load between the CSD and the host :[--Nvm-e;-... e [rea L]
 queue 0/ 0ok up

________

1S0H ———

________

<

________________________________________ Dire ccesst —

Irect access
| NVMe CSD | {—> cache hit 0x10x20x3 || A
7 | —>cache miss Red.| [ |«

— I Fusion FTL

l— —— = \! 3 Look up

it r . GC state |
O roN NN
=S e B il Lockless

1(__Partitioned flash die J,

____________________

Lockless resource

allocation

<«—— JdS0
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Coordination between Host and CSDs

» Trimmed communication:
* By offloading cache mgmt., clients can directly access the cache and flash
* Transform tripartite architecture into bipartite architecture
* Bundle missing pages with discontinuous addr. into a single NVMe cmd.

»Reduced GC interference:
* GC report: share the internal GC state to host
* GC-aware replacement policy to prioritize the reclamation of clean pages

User space User space usBipartite arch. ) 0x01 0% (oot = TR

| Application | Application f Appllcatlon | l I

_ehswitch o ¥ Fast —— oror — I |

Kernel space ¥ Slow M passmgiSS/ow [ SPDK I/O engine ] I/O request ﬁ : Miss G :
Cache server Cache server R F3 l S .- S

[ NVMVIe 55D ] NVMe 5D ] = L /O process :
(a) Kernel storage stack. (b) TriCache. (c) Our solution. ‘e Ff‘iff?l‘f‘f__________-___) ' '
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Concurrent cache built on a CSD array

»Goal: Achieve scalability across multiple CSDs

> Parallel processing model: Organizes multiple CSDs into a CSD array
* Distribute 1/O requests to multiple CSDs
* Leverage multiple CSDs to handle requests concurrently
* Aggregate computing power of multiple CSDs to deliver scalable perf.

Client thread Client thread =+ |[Client thread
Send I/0O request

Global logical address space

Stripe 0 Stripe 1 Stripe 2
I I I

¥ ¥ ¥ ()] ()Sub-address space
Req. routing
NVMe CSD O || NVMe CSD I ||NVMe CSD 2| |NVMe CSD N
FusionFTL FusionFTL FusionFTL FusionFTL
CSD array
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ScalaCache: Outline

> Evaluation
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Evaluation: Setup

» Implementation:
* Build our ScalaCache design based on FEMU emulator

» Platform:
* Kernel: traditional page cache implemented in Linux kernel
* TriCache: state-of-the-art user-space cache management
* Hardware: simply offloads cache management into CSDs
* ScalaCache: hardware-software coordinated user-space cache mgmt.

» Real-world workloads — MSR, FIU, and Tencent block trace
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Evaluation: Overall

»Bandwidth comparison with fixed 8 host CPU cores

»5.12xand 1.95xbandwidth improvement compared to Kernel and Hardware
»35.30% and 94.78% bandwidth improvement compared to TriCache which
employs 2 and 6 manager threads (i.e., TriCache-2M and TriCache-6M)
* Frees up taxed CPU for more client th. and benefits from lightweight design

BKemelllHardware [l TriCache-2M6C[]TriCache-4M4C[_JTriCache-6M2C[_]ScalaCache
.80+ | 10 _
\n =
o) gg ' | | O
O - _ [ =
=90 - i | =
= 40 A i H 1 + 0.5 8
s 30 - H S
g 20 - S
0 10 | | Z
0+ X T . 3 : 3 . 0.0
AN R O > > SIS
W& o « e
\ - - -
CHASELah Peking University




Evaluation: Overall

»Bandwidth comparison with fixed 8 client threads

* Relax the number of cores in TriCache (i.e., 8 cores for client threads) while
allocating extra cores as cache manager threads

»ScalaCache still outperforms TriCache (e.g., outperforms 2M8C by 29%)
* More manager threads in TriCache increase the communication cost

e ScalaCache removes this cost
E TriCache-2M8CE| TriCache-4MSCz TriCache-6M8C|:| ScalaCache

o
o

f,;gg ' mF10 .
& 70 4 S
O 60 =
50 - B =
S 40~ 05 8
= 30 - £
€ 204 o
m 10 - z

04 \

AN :
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Evaluation: Scalability with host CPU cores

»ScalaCache consistently shows improved scalability in all workloads
* E.g., surpasses TriCache-2M by 35.17% in src2

»Due to lightweight and lockless designs, including
* Lightweight cache management
* Lockless resource allocation framework
* Concurrent I/O processing

fm@u= Kcrnel e=@==Hardware e=@==TriCache-2M TriCache-4M TriCache-6M ==@==ScalaCache|
src2

v o259
:20-5'
—® 115 ¢
104 2
5] o mp—_

s
30{ | o
':20-55
» (10{ ¢

0 : 0 0 0 0
2 4 6 8 10 1 2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
# Cores # Cores # Cores # Cores # Cores # Cores
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Evaluation: Tail Latency

» Compare tail latency in write-intensive workloads
* 11% 99.99% |atency reduction compared to TriCache
* Unattainable with host-centric cache manager designs like TriCache

» Breakdown:
e Evaluate the tail latency of ScalaCache with and without GC awareness
* E.g., 17.44% 99.9t |atency in T1205

e Software-hardware coordinated fashion alleviates GC impact
>‘. TriCache |;| ScalaCache & ScalaCache w/o GC-aware - ScalaCache

©1.04 —~651 60+
) -
£08; £.60 50 “/
o 0.61 5’55' 40+ .
$ 0.4 S 504 S
2 §45. 301 -

D

o 11205 . 12982
E. 00' 40 T T T 20 T T T P———
5 T12 T2 PR P O P R D P O P
S 05 982 o’ 9 N P Q)qﬁb %’ 9 R P qoﬁb

Percentiles Percentiles
(a) Tail latency comparison. (b) Improvement of GC-aware replacement policy.
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Conclusion

» Challenges

Host-centric cache manager designs

Heavy storage taxes: CPU tax, communication tax, and interference tax
» Key insights

Cache management offloading and software-hardware coordination
»ScalaCache designs

Lightweight cache mgmt in CSD + Trimmed communication + GC avoidance

= Successfully reduce heavy storage taxes
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