20254 stasdiels| FAHSest=LU Y
NVMe dE#olH NVMeVirtd A%
A9, Hewl, A=
A et Q)W o] =A] 2~ 8l 3-8} 3}
holssyl2@inu.ac.kr, cshcms22@inu.ac.kr, kjun@inu.ac.kr*
Analysis of Performance Reproducibility and Limitations of the NVMe Emulator NVMeVirt

Jeonghyeon Kim, Subeen Choi, Kyungkoo Jun*

Dept. of Embedded Systems Engineering, Incheon National University

2

2nd ARA) A5 95 B

o 1T

2] 3

A EAs D, Wxvla § FIOS
A A e ] AR ERT 247
o] Fxo| 7|Wg WEA o7 XS gt
NVMeVirte Y22 sl w2 A5

F159] HAREANN FEAR

FA Wstell X A4 SSDE

I.AE

NVMe SSD =902 steglo] e dlort 71 SGAAl Al
g AR /0 W] £& AR oiFEAth 1. of& Beshr] $%
ATl A SSDE 283 delo] asA thefdt A E Fn
sto] ARk WMES dwde AHATohs dele ool Wep
NVMeVirt[3] 532 22 ol&go]Ad 7]uk 43S dgct [2]

NVMeVirte #FAAlel &2 SSDek sdstA 14+ = o
AR, o2& o EellolEl7} A SSDE BARIS W] 4% Xﬂﬁd*é ?i
T EETH3L 2 =EolAs NVMeVirte A4 SSD (KIOXIA XG6)9

n.tin
2
o

5 nlasta, dole] UlS BAFILE B =] v|ojE Bt gk
A% Hxe QA4 BAS 93 A} nle: =4 Anje] Az
s WA P Es A3,
¢ NVMe SSD$¢ NVMeVirt 7+ A% H

s A o wolslt)
¢ NVMeVirt9] Wi ¥gA A sk 4
F24 Ake AT,

A NVMeVirte] 445 EAF

00 O~

35 AFolel A9l T sl

on =2z

21. 49 &7 £ v

KIOXIA XG6(ol8} XG6)9F NVMeVirte] A% HluZ 9ls) &2 444
2 WX vl E01 FION0]12 AF&3t) A8e 7 13} 28 59 AFF A
B 2tfoll A Fageiel, NVMeVirts 32GB RAMS ~Eg#] Wl =& A}
L3S A A8 Ao 2 A A4S 98] TRIM HHol=2
2 w3 glo]E9) F2A ] 7341 Preconditioning 2 Pre-fill& |7}
A o A F2E 2 -5, Cool-down 2 Ramp-up & 24 7+ 2}
ol FHasjstt} [5-9]. w3 Al Wi BAlR AE Ane] dgds

45 BT olH ] AA FHol td s
Memory express (NVMe) ol & o8] NVMeVirte 214 Solid State Drive (SSD) 7+ A% FAMES st xjo]o] ¢els B
9} ]2 BAEE NVMeVirte] th¥et Ya2E=S o] gato] A Fa} A A7he o
o) etk A% 2ol NVMeVirte A4] SSDRT} e 22
goe %
Al A, gl Ee]] PR 7dE NVMeVirts 4
BRIt

ok
2

5 2AF AL 45T Bast Ak B mRe
s

s A9

<> o] M NVMeVer
NVMeVirte] Alg-d WadF22 45 A4 SSDe ths &4
olg et Ao = ETala,

U

E 1AM Sheslo] B AzEdo] Aok
35 A%
CPU Intel Xeon W-2255
DﬂEF/I 128GB
el Dell 06JWJY
’J‘i‘ Intel C422
EGAA Ubuntu 24.042 LTS
7 vA 51917
read
Preconditioning
read / randread TRIM randread Ramp-up Meosenent
[ Prepare Steady-state
TRIM Preconditionin Ramp-u Measurement
i H 9 J—{ Rampup }—{ H
Prepare
[ Initialization H Pre-fill H Cool-down ]
% 1. read(2H817]), write(4F2471), randread(:NE $17]) a2 0]
g w2244 243k .
N 5 e s sk iA, AT A S22 98 CPUY
T4 Fog 24 7 governo rg 1AL FAE J15E sAg
g e H2 Ade] WEds Folat FYAAY] T4 v #
2] 7]l Transparent Huge Pages®} Address Space Layout

Randomizations H|2Asgteh, mpx o ~E27] O 2429 A4
A WAE F5) NVMed] 2b& A #ejoh 234419 /O 2AEdE
At N Ess EF At

Wxula Yazc= Sapo Aoz s A= A FA =
A& 93] 128 KiB 555, #9< Flash Translation Layer QW=

0798



20254r siaS
— xee_A I xc6_B T NvMevVitA T NVMevirt B

~

250k
200k
150k
100k =
50k

3 0Ok

N

~

N

=]

x

< s N
o ke N

I 15k oy

o
10k Q
sk
ok

1 2 3
Run Idx

(a)

=

[o]

=
Bandwidth (MB/s)
w

Bandwidth (MB/s)
chrbnbw
%

°

o
~

=

1 2
Run ldx

(c)

Runzldx
(b)
9 2. T 9 AR A 24i(A, B)9l XG69F NVMeVirt WAk tf & =

3} [0PS. (a) £=2kel7], (b) &2F227], (c) HES7].

H2. Y AFE AY 201(A, B)S XG69F NVMeVirt Wixwk=L Az} 7}

JAZE9] 3-run A1 (pd0, p99) Hitgk.
p50 mean(ms) p99 mean(ms)
Device =3} +=3 £k =2 <=3 4=
b 27] b 871 27] b
XG6_A 1.335 1.379 0.108 1.592 5.691 0.257
XG6_B 1.335 1.319 0.108 1.489 5.953 0.256
NVMeVirt_A 2.212 1.270 0.196 3.075 | 21.365 0.930
NVMeVirt_B 2.212 3.927 0.196 4.047 6.477 0.930
AL 93l 4 KiB £55 AHSSith sk o7)9F 2718 B 26k,
W2 227 9] Garbage Collection (GC), wear leveling 5.2 <13+ A5
AxF ol S7)w ARES [4] 4% Wl AEE Input/Output
Operations Per Second IOPS)2} A4 A|7HS A3t} RE gazE

o] W4 H2]lE 98] Queue Depth (QD)=32% %3k

azed A dak= a9 13 2k o Ade] A4 s AL
2, 3 Al <ol 7} uhE Ho= st} e M-S TRIM ¢
AZMA Adgste] A& zrighdeh o F, e AT @
Preconditioning & —rz‘ﬂ 33 Ramp-up 2 MeasurementZ #vju} HHe-3k
thowbd 7] azse X AHE dAseg, dvig TRIMYE
Measurement7}4] 218jsto] o] d ©19] Js Hrslgith 2 H2 Az
2 I0PS9F MB/sZ, A4S p502t p99i AT 9714 pi0S Y
a, p99T AA SAL T 9%} D @ olstdS <fv|gith

234

= rL

F

22. 4%

a7 29 # 2+ NVMeVirt7} AR XG6 AT Aozt
Aes HolFrh XGeRTH AP e vkl A A 7ke] At} o] gk Ao
= 2794 o FEfth XGes Ages A v,
NVMeVirts= B w2 st A Aso] E34H AL pd9 Al Alte] 54
3] 7k, o= GC 7ie degoz wel

A zjo)o] = NVMeVirte] B& A a] ol Eeold AR 5
Ak 28 32 XG6 At 4 TR WE HYE A 9eA|
gh NVMeVirte @Y 9l +22 A7} 9;3 & WolEt) ol2ld A}

o]7} NVMeVirte] 2] o2 vhe A, & A Al 183 27]

FotllA 27] A EEE FEehs slow HAlth

2 2

=
2=
=0
A

ZO OJO

SRt Ly

ol
_|_,

AA A% Apolow EFeta, NVMeVirt7} Y9a==7r 4% Ws)
2wy

Fol AAl Ak FAMS Belth 27 29| FA% & 285
YAz sl AAARE

113}l 5ol A HS3k AS Heldh o=
X
=

AT Soll ol A AT Sl 28=

A
NVMeVirt7} Al 23
F e ofng,

daglE

Nats| SASESEUE|

Controller Controller
[Channel 1 J(_Channel 2 J--(_Channel 8 ] {Channel 1 J(_Channel 2 J---(_Channel 8 ]
Package 1} - Package 1}
Die 1 Die 2 Die 1 Die 2
(a) (b)
A 13, (a) KIOXIA XG6: A - o] - 4=

1% 3. NAND =9l W4
Z9l F22 299 HE83} 7V (b) NVMeVirt: thold Z#91=12 &
wghEfo] Ui WEA Al
mze
Hodgol A NVMe SSD9F NVMeVirte] A%
NVMeVirte= @49 #1973 wo] A4 43 4%
ek apAul ARE 7 A we} Fol=
7|z AR ToE AFH &4L M5t

=0 -

ot

1) 13
BALel|=
Ad 7Fsated, 1

A3t
J A7t
o)

el
002

}arr

ACKNOWLEDGMENT
“o] =R AR (TR EAR) FYoT ARE
ShARRUAICTHA A AL ol +48 AT
(I'TP-2025-RS-2023-00260175)

7185749 -

Z 1 E 3
[1] Haas, G., et al, "What Modern NVMe Storage Can Do, And How
To Exploit It,” PVLDB, 2023.

[2] A survey of SSD simulators and emulators, The Journal of

Supercomputing, 2025.

[3] Kim, S.-H., Shim, J., Lee, E., Jeong, S., Kang, I, and Kim,
J-S., "NVMeVirt: A Versatile Software-defined Virtual NVMe
Device,” Proc. USENIX FAST '23, pp. 379-394, 2023.

[4] Ren, T, Du, Y., Cui, J., Lv, Y., Li, Q. and Xue, C. ]., "Device-Level
Optimization Techniques for Solid-State Drives: A Survey,”
arXiv:2507.10573, Jul. 2025.

[5] Frankie, T., Hughes, G., and Kreutz-Delgado, K., "Analysis of
Trim Commands on Overprovisioning and Write Amplification in
Solid State Drives,” arXiv:1208.17%4, Aug. 2012.

[6] Maruf, A., Brahmakshatriya, S., Li, B., Tiwari, D., Quan, G., and
Bhimani, J., "Do temperature and humidity exposures hurt or
benefit your SSDs?,” Proc. DATE 22, pp. 352 - 357, 2022.

[7] Zhan, Y., et al., "Rethinking the Request-to-I0 Transformation
Process of File Systems for Full Utilization of High-Bandwidth
SSDs,” Proc. USENIX FAST '25, pp. 69 - 86, 2025.

[8] Jiang, X, et al., "Thermal Modeling of Hybrid Storage Clusters,”
J. Signal Process. Syst., vol. 72, no. 3, pp. 181 - 196, Sep. 2013.
[9] M. Beseda, V. Cortellessa, D. D. Pompeo, L. Traini, and M. Tucci,
“A Kernel-Based Approach for Accurate Steady-State Detection in

Performance Time Series,” Jun. 04, 2025, arXiv:2506.04204.

[10] Jens Axhoe. fio: flexible I/O tester. https://github.com/axboe/fio

0799



