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Zolaly| ZHAETA 2|5A ZAH0|LHE I8t 1/0 45 Isolation T2 74

1. 3y HE Y 2

1.1 A 8

ZZ2 S2UHRE MH|ATL ZHEE HOMHA HQE 7122 ZH|O|H 7|=0]| QUCL ZAHO|H=
ZHAH A (Virtual Machine) 1t H|J.|_0|'0:| JHHT 27| OfE20f| -_rl , IBM, Ol0|32ATEQ} ZH2
IT LH0A ZAEO|H0| H2 FAE st %Ef. Z, U2 S2URE MH|A HZAES2 ZiH|0|YH

HEZ ALBARSOIAH MH|IAE AHISSH QUCH.

SLA(Service Level Agreement)= AfH|A H|ZAIRb ALAIRIS| SHAFAMO|CE O] HUA
MH[AO CHSH 2AR| 8ot S5 S0| LIEE|0| ULt SLA & HBEl= AH|ALE 7|CisH=s &
st 25 ZEE stHe| EME Soi SF2EN MH|A oy CHst QFHE O

QtoF MH|AE O|BSICH ZH|7F WS 42 F7h AUS & A7t 25t HES TAE
ULCE.

=k ] vCPUs (i Hl 22} (GiB) HE3I ds5 (i
General purpose t2.nano 1 0.5 LS B2
General purpose 1 1 ool F7H
General purpose t2.small 1 2 HEMM ST
General purpose 2.medium 2 4 SN F7t
General purpose 12/arge 2 8 HEUM S
General purpose t2.xlarge 4 16 HE
General purpose t2.2xlarge 8 32 HE

[3Z 1. Amazon EC2 QUAEA 93 MEH FH]

ol2{st SLA & Z|7|7] 8= ds isolation O] HR3Ct SEHRE 7|8 A|ARIOAM = T
HHIA ARSAI7H ZABHL, 0 MHIA ABAHS0| AH7L MBS 71552 AMSSH| Il ¥
232 HHiTt. Isolation |2 942 S2ALC AAHMOIAL THE AHIA AFBAIS0| Ao 222
QB ALBE 4 U7| THR0l, BHOF O MHIA AFBAPL THS AHRS ALGSHE SiCH Cf2

- Ol
0 rlo I'|O

MH[A ALBANSC| 450| LA £ U3, Zutdoz SLA £ |%c|>'|§ & QlCh [MEtM, 83
isolation 2 S5l AMH|A AHBAFEO| SLA & Sdlf ROE2 Z|AADS AESIEE & It
oICt
M.

' 2R E ThYel 7ls9l Bl - AZEQ o FM AT 2(2018)
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(22 112 OfutE # MHIAAWS)UIM ME22 EC2 AAHAS MMst= JZo|ck CPU o
HZ2| 1217 WEYD 45 ISHR Lik0| S2URL AHIA ASAES 0|2 SMEs Meg

% Q.

, [cgroup/disk-group = = = N ~ [cgroup/mem-group - =

High Low

weight=300 weight=100

Task 1690 Task 3800 css_set_table
| Task 3207 Task 4000
Task 1691 Task 3801 ——
p— Task 5200
Task 3802

[313 2. cgroup THY AJARL OA[]

2|5A ZHO|H0IME= cgroup & 0|83l ZIEH|O|HSO|AH AHE st H2[sich #HE
v2.6.24 O A2 merge = cgroup(control group)2 AlAH AMOA S2
dgez 0 AHoE = UEE EofFE= 7ISO0ICt cgroup 2 AlS3t 1EL= #i[5HH,
OIUAARICR ORRE &t F| AESHCE cgroup AHAEICZE= F& &0 EjA3o| JELT

TIE0FH, 2|AA(CPU, memory, disk, network)2| 2Hli= net_cls, ns, cpuacct, devices,
freezer ot Z2 MEA|AR(ZEED)0| EQ3IL},

£3l, cgroup 2 ‘blkio’2t= S5 ClHIO|AE It MEAARS Z|@et U4, 43-F =5
2}0]0{ (Single-Queue Block Layer)0liAf= CFQ(Completely Fair Queueing) AA|E2], HE|-F
=% #0]0{(Multi-Queue Block Layer)0iiAl= BFQ(Budget Fair Queueing) AZ|&2{7}

weight Of @2t I/O 4&S Isolation 5t7| fIs ZAHSHCL OF2ff [13 3]2 blkio AEA[ARS
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File Edit View

Search Terminal Help
root@suho-MS-7B23:/sys/fs/cgroup/blkio# echo 800 > video/blkio.bfq.weight
root@suho-MS-7B23:/sys/fs/cgroup/blkio# echo 400 > compile/blkio.bfq.weight

root@suho-MS-7B23:/sys/fs/cgroup/blkio#

weight £ 400 22 &=5h= GlA[O|C}.
root@suho-MS-7B23: /sys/fs/cgroup/blkio

[2% 3.Blkio & &%t weight HZ O|A[]

S| 2t
blkio.bfg.weight 7t TS S8 video cgroup 2| weight € 800, compile cgroup 2|

1.2 71 A1

[1E 4. BFQ 2#|E2{et 7t0[H AHE LoC H|x (Linux 5.2-rc2 7|&)]

10397 lines (9204 sloc)

1.2.1  Aery
2. CPU Intel® Core™ i5-8400 CPU @ 2.80GHz (6-Core)
Ml =2 15G
NVMe SSD Intel® SSD 760p Series (256 GB)
(0N Ubuntu 18.04, Linux Kernel 5.1.4
[E 1. A" 3]
section iodepth | size rw bs cgroup
Compile-group compile (weight=400)
32 20G randrw 4k
Video-group video (weight=800)
[ 2.fio ¥ & 2]
A% 872 [E 1]2 ZO0 fio©| job2 [E 2]9 Z0| PABICL.
School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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1.2.2  BFQ/7I0|H 27|E2] 454Gt

4000

3000

2000

1000

0
Read Write

mKyber mBFQ

(a) Average Latency (usec)

; 19.1 14.29
Syst
e 20.9 e | — - -

19.1 5.57
Read bg User 10.29
0 10 20 30 40 0 10 20 30
mBFQ mKyber m BFQ mKyber
(a) Bandwidth (MiB/s) (b) CPU Usage (%)

[2& 5. fio results]
ds HI7tE st Zu, 70| AAIE2{7t BFQ AAE2ELH W latency E & HASID U=
Ag H&E & AL Throughput ESH 710[H AF|ZEE{7t BFQ AAIZZELE 25U 2L,
ZHO|M= 710l AAZ2{7} BFQ AZ|E2{ECH BO| AMBStE AS SQISHAILCE

Video cgroup (weight=800) Compile cgroup (weight=400)
READ: bw=19.1MiB/s (20.0MB/s) READ: bw=19.1MiB/s (20.0MB/s)
Write: bw=19.1MiB/s (19.0MB/s) Write: bw=19.1MiB/s (19.0MB/s)

[ 3.BFQ AAIE2{9| isolation &3 Z1f]
J2|1 BFQ AAIE2{e] EMOIM= CFQ 2| policy € 0|0 HHUCID AMz=st 7| W20
weight O [HE bandwidth isolation O 7hsSt Aoz MZSIROLE, A =elst Zut
bandwidth isolation O] YLO{LtT UR| Q4RkCH,

HE[-7 =5 20|0{0flM [FUSHA I/O M& isolation & A5 11 ZAct= BFQ AAIEE
OF27tA| 1/O ds isolation O Z|IAUE[R] ¢ URACL £ BFQ AFHEE= 7H0[H

School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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AF|ERILEL} latency L bandwidth ZHOA £2| %2 BES 0T Q7| IR0, 1/0 M5
isolation O] A|HE|C2tE MO AFHEHZ AESE7|0l= F2(7F LY.

1.3 o4 ==

220e 1ds9| =5 ClH0|AS0| SAIE H2t d2-7F 25 20/0E MEdts AELI=
TE|-F =5 d0|0jE TO| A&t UCh SHAE, EE|-F =5 H0loM 1/0 ds
isolation 2 A| &5t} 5t= AHEE= BFQ AAE2{#0|H, O] ESH OFA! isolation 2 A|CHE
A|YotA| Zotn QUL ESH BFQ AAIE2{0| I/O &S isolation O] FHEIC; StEH2tE 1/O
d450| Al 9471 W=, S2RE= A|A”2 EA BFQ *5’1%31E HEfStAl 2 ZO|Lf. Ol2{gt
J20| 2R AA"R HSAEZ2 1/0 Yo et SLA & O[™st=Hl =17t LS,
SHRE AL ALBAE2 A2 MHIAE HSZA| Zetct,

ot 2 B2 HE|l-F 22 Y0]0{0f] BFQ AAIE2{t ZH0] proportional-share policy £
7tAH, 7I0|H AFEHAME 45k 1Y 5 A= 2AEY FSE & UHe SHE ST

School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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—

=25 1/0 A7|E2E Fot| 2ol EEl-7 &5 0|0 E40] E20]7| w20, HE|-F
=5 4(0[0fof] CHst MAAQl EFMS HA[SIRACE St 7|20 25 BE|-F =25 AAEEE

= Eo| FAet Hao| U= BFQ AFA|EZ(Qb FI0|H(Kyber) AHEZE 4510 A
ol === YA SIUCL DRz, z|Ao| AHFHE 35| 6l TE[-FHE 7HA|1L
= NVMe SSD 7} AF23H= NVMe E|&=A LC|HIO|A EZJO|HE BA3| HQUCH

2.1 BE|-F/ =5 d0[]

I 01)1

$Q

Scaled Latency

Rotational disk I/O | 1 s 1-9 months
SSD 1/0 I S m 1.5-4 days
NVMe SSD I/0 |1 s 17 hrs
Intel® Optane™ DCSSD I/0 mm 7 hrs
Intel® Optane™ DC persistent... s 15 min
Main memory access (DDR DIMM) mmmmm 4 min

Level 3 cache access M 1 min

Level 2 cache access | 7 S

Level 1 cache access | 2S
One CPU cycle 1s

0 200 400 600 800 1000 30000 50000 70000 345800 000 209954000

[13 6. Computer Latency at a Human Scale]

£ 1/O #ojojz= 25 CIHIOJA(BIELC|AZ, SSD &)2 UEH AYSS H2l6ke 2L
91'29| MEAIAROICE FHRE CHPOIAGIEE S)EH =g §4= 7Rz =5 HHo|A=
22|st7[7t Al gt &5 1/0 g|o[oj= 7|22l 1/0 &Y 2Tt OfL[2l, S CIHIO|A0|

Hddoks HSIEZE 271 W20 OlF =0[7] fIgh o AY¥S0| ZQsiCh Ui2tA], O|H
=35t CHdet AUSS A2I5H| 6iM =25 1/0 2ojols 2 22 850 Qltt
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mf|o[X|] 8 / 19
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. SW Queues=
tate el Corel}l 2 4
|
== Block Layer _'_ Smelt bIO() \‘ |
\ | * ‘ | |

| generic_make_request() |
\ = blk_mq_make_request()
Ll v | v v ‘\ \
‘ Software
‘ ‘ | Staging
fu Queue
‘ | =ctx
\ |
' |
MQ Scheduler (BFQ, Kyber, mq-deadline, none)
dispatch_request() & Hardware
blk_mqg_run_hw_queue() ‘ Dispatch
‘ Queue
| =hctx
-request_queue
nvme_queue_rq() & =gendisk
nvme_submit_cmd() ‘
00 00

[13 6. 252 7{E2| HE|-F &5 1/O hierarchy]

Uz, =% 1/0 200z 2l=A #2 LHO|A DfE 24[0]01t C|HIO|A E2LO|H ALO[O] |Z[SLLY.
o 2olols TIEAIAHN 2¥E =21 FAE MY descriptor 52 Soll =0 F4AR
Hf-"fﬂ—?—L Z% ofH, ClHjo|A EZIO|H= 2| SIEHO FZ(67|Ms =5 ClHIO|A)et
A= ottt Uf2tA, =5 1/0 #|0j0j= ofE 2fooofA &2 =2A A5
ol

HHShE AES S = O S YoM 452 flet F7HAQ A

mlo rul

%‘*Iﬁﬂll 5._|Eh

i == 1/0 20| =5 1/0 H0|0{2 FHojeA &1

o H|O|o{oflAo submit_bio() 42 E5
| EIC}. submit_bio() &t4+2 Edf 1/0 Hitol 22 3lgt
Ct.

G7IMBE €A 25 /0 7F AlZEA
Hitof| oet ClA3 FHO| YHt 1/0 & £ HIOHE A5 gl H22| FHo| Y=
S= ZE&ots bio f2AlESS MFYECE Olnf, SHAL| 1/0 30| CjAT H0lM H&520]Z|
2 0e] BE= HIGHOF oA bio ot 0 JH7F MdE ZOICE bio S2 linked-list
Ef2 oix|0f T

submit_bio()& Soff XEH2 bio =2 generic_.make_request() &0lA ClHIO|A
EClO|HO|A  HSSk= make_request_fn() (2 2HAHOIA= nvme_request_rq()7t SHEE)
=2 ClHIO|A E2{0|HOIAM 275h= request 2|2 THS0{ C|HIO|A E2}0|E{0f| MESHTL,
School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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Zolaly| HAETA 2lsA ZHO|HE ¢

roh

F 1/0 A% Isolation Z|YUQ3 7Het

Request #1ZA= 1 7l 0|&2| bio E2 FHE|0] UM, SHI2| request 7} O 742 bio &
2L =N bio FRAOICH Z{2[5H0F HTH AYUSS o Ho| & £+ A28z AHO| FEHS
=% = Ut
Ix AN .

71229 1/0 & Ho|0ls d2-7 YEIRV| WEO BEI-ZO ZZAMAM7E Sttel F7o
Yot A *EEIZI AAR0 EIAYS OFISHULE. &3] NUMA 7|8He] ZZAIM

AAEOIM O HSY0| BF 7HSEIU7| =0 2-level 2| =] F, & HE|-RE 7HI= 1/0
== ti[0]0{2] °4EH HYSIRAL, TE|-ZO ZRAMZL 24 ROl SEACR HIY &+ URR
5to] EEddS siiZet X0l EE|-F =5 2{|0|0{0|LCt.

AHZ3W=0|, B2 1/0 AP =2 latency £ 7HAlE ZHO2ZM ZA| X2|5HH
2 S0| =32 = UCt T2kA request = 2AIE20 28l merge, reorder S2
AUS HM BEAC= 2|E = ULE 2YE 2 request_queue = MFELCL HE[-F ==
2l010{0fl= 2] AH[Z21S0] S2AHSHA|2, 2 B2 isolation It latency Off 2+2l0] Y282 BFQ
AF|E2(Qt 7I0|H AA|E2E EMSIEE SHACL

2.2 BFQ A7|=2

Process 1
"X X)

Process 2
"X X)

Process 3

Dispatch Queue oo

Process 4
'YX

Queue sorted by sector

[ 7.CFQ 22E8 7HL]

School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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Local
Jopl L Appl 1 1OCK
rcfuest ?ueuc scheduler
add request Local npor &
et lic( Appl 2 Appl 2 CLOOK dispatch ()
—EPpE, tﬁf it request gueue scheduler : ;
request)[SEedrests '_:EI:D:CI[D s invocation
b4
. Application 1
- service loop
Local
Appl N ¢ 100K
gl. N| request queue  scheduler
eqnests s
[ - :
Dzl
BF{Q) Scheduler | | pevice
Legend:
Paths followed by requests from 1ssuing to dispatching
O Zomponents that move requests along the paths

[O% 8.BFQ AAIE2 7HL]

BFQ AAIE2= A2-7 25 20|00 UE CFQ(Completely Fair Queueing) AH|EZIE
HE|-7F £ 20|0{0)] 3t AAZECE & AAEE A2 ZEMA/ARE (process/thread)
AtOl0]l weight £ O|&4d} H|2|| HiE (Proportional Share) 5t C|A39| throughput 2 LI
7RIct= G0l 2, cgroup 2| interface & ARSI = SEXHS 7HX|1 ot & AFAIE29
2082 CFQ & AlZiEE A8l =xAez  22E=ZHI(Round-Robin)& 0| &3l
224 (Load-Balancing) 3HA[2t, BFQ &= A|ZH0| Ot ZE2MA/AHEDOICH M2 = U=
ME{(sector)e| & UEihH= /O Budget’ol2tl EiEl= WS Z ZEAMA/AYEDICE
2SI request OtCt MIE{o| £2FS St F, Z2AMA/AE0AH C{AF9| throughput =
i E5h= AFA|E21{0|Ct.

ofd 2¥= 2(sHoF &A| Z¥sHor & Wi, BFQ AH|E2i= idle(R%F) CIAINM 71 HA
I/O Budget & A& £ e TZHA/AYEE WA MESICE Mi2tA, LMoz 22 |/0
Budget & 712 ZEMA/AME= 2 1/0 Budget & 712 Z2M|A/AZERD fE| 2q2(ECH

I/O Budget 2 1/0 weight 0| 7|8t5t0] 71|”E| Lot HEE D2MA/AYES| O WSSO
7|gr5t0] ol Y& =, 1/0 weight & —i—-?—l( priority) @O[2t1l OlsiE = UCf. 1/0

weight 22 4 T0|2], 1.1 29| [OF 2]01|A1i1 2y = ULk

School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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2.3 7I0|H A7|EH

Hardware dispatch

Software staging Dispatch request
| Kyber Scheduler
queues y queues

Request completion

Add latency sample

Resizing
info. Latency histogram

bucket bucket bucket bucket'bucket bucket bucket bucket
1 2 3 4 5 6 7 8

<«

[33 9. 70| 2AAHIEY FYE]

7I0|H AAHIE2H= 72 Z0[(queue depth)E RAst= WAC 2 MEEE (throttling)2 Z0f
latency & Z&st= HE|-F 25 2002 AF|=2{0]|C}.

oI AHEE & 471A9] =HIQI(Domain)g 7ZHAlZ oLt Hol =Mol2 Read
SHQIa Write =H[QIO|Ct Read E=H|QI2 S7| 2 (Synchronous request)&2 218t 40|11
Write =212 H|E7| 2 (Asynchronous request)== 2[st A0|2t e +~& QlCh erte
30| WORICH= X2 HIS7| Q30| [ORICH= 0|1, Ol &7| 2%l Read 23°

@S (Starvation) ZA7h 2Ae = UCt MEMM, HISZ7| Q0 oiet [t BHIES 75%=2
AHSHH 25%2| 7 32 57| Q40| A8Y £+ U= 510 0[2{st A E o &SR

AEA=  “/sys/block/*/queue/iosched” 20 OfHol Zask=  “read_lat_nsec”,
“write_lat_nsec”9| MtUS 4504 target read latency @ target write latency ©| 222t
AYsta, 7I0|H AF|E2= runtime O ZAHAHOE latency SHE XASIC) Latency £
2ZH317| 23t hardware dispatch queue 0| & (dispatch) == request & &35,
i z;‘*OWI Qo Zzte| =m|elS0| 712l EE(Token)E2| & RAstct ZF EHiQle] EZ
A8 2= sbitmap(scalable bitmap)e E35if Zt2|ECt 0243t ZatZ, Hardware dispatch
queue 2| depth £ £0|H request & latency & &Y 4+ A0 4227t =2 20| Ot
S {27t HAEZ|T latency |HE HE YA HASHA EH Q=S CHE latency =
Z0|E= iAo merge & = U= 7127F E0{E0 throughput 0] FOFZICE

70| AFAE219| runtime OAQ] 1tHS EM, Of request OiCH Hardware dispatch
queue 22| request completion & latency MEYS AASICE MEF = H|0|E{E 0|8

O

School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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ZOpH| 2HAE M 2|54 ZH0|LHE 23 I/O 45 Isolation Z2|UL3 7HL

8712| bucketS F0 FIAEIUMS 2l 5|, ZZRHS 2 latency 2 M50 M9l EZ9|
M-8 s2ez2 AT

After request

£} 3
Not congestion Total latency checke| Zatzt
_— » 0] Bad?! domain2| queue
depthZ total latencyfl H[|

5 =

BE domain| queue
depthZ total latencyoi|
Hlg5te =4

Congestion

[23 10. Kyber AAE2 =0 EZ e 2E LUE[F]

Ol EE e RE unEE2 /O latency & =HQIE 1, 90%2| 1/0 latency 2| E#ZE
81015101 congestion & LS 2E domain 2| F depth £ total latency Of HIZISHA
Z A5} Congestion 0] Ot A2, 9%2| total latency 2XE EQI5I0{ Za7t £2| UL

LHole| {7 depth Bt total latency 2 99% =220 H|2||SAH ZAETICL
2.4 NVMe 2|5A C2i0|H

NVMe &= ‘NVM Express’ 2| SUALUZA, PCle(PCl YA IZe||A) HAN H2t= H| 3ELY 7|
O HZS eIt =2 ¥= QI 1I0I* AZOICE AAIY, NVM dAmifAE= o2 £F9

HISIE 5183510 Zo|7t ZI CHE HH F(multiple long command queue) &2 A&3tL, Ol=
I/O0 RHSIEE £0|1, latency & £0] 42| S4S 7IA 2Lt

NVMe = NVM Express Workgroup OflA EES &350 A3t YO, HHIUSE C|O|E]
MEIA| 2525 Zelste Ciefet ARE 2E0AM AME 7HSSiTt.

School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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ZOpH| 2HAETM 2lsA ZHO|HE 2[5t I/0 M5 Isolation 3T 7o

Queue
Command

Submission

Host Memory

ell
New Head

Submission Queue Completion Queue
Tail Doorbell Head Doorbell

Queue Generate
Completion Interrupt

NVMe Controller

Command

[212! 12. NVMe Ring Doorbell S 23]

NVMe E2i0|H= IH SAEQ} AEERZE LI+0{A ULt Host = ZO{OICt 1/0O Submission
Queue 2t 1/0 Completion Queue & 7t QUCt & 1H¥2 ATEH, NVMe C|HIO| A0
LHE stuA & w, 2= 0|00l HFHEE2 request & NVMe FHHEZ HZASI0]
Submission Queue 0f| ‘27| &1, Ring Doorbell operation 2 Eof NVMe ZEZE2{0|AH MZ2
F{BHEJF Submission Queue Off %7IZ|QSS AUZICL 0|2 S0ISH HEEZ L= SAEQ
Submission Queue OA FUMEE 71AQt 2[5t SAEQ| Completion Queue Off ZItE
et Ohg QAHEES LMAIA HUES £l0| EW3S LES=ZM, NVMe LC[HIO|AQ|

request 7t 2| ElCt.

ASQ

e

SQ

[dZ 13. Round Robin Arbitration]
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ZYLA| 2EA 2|52 ZHO|HE I8t 1/0 45 Isolation ZH|U¥T 7HE

sQ [
4 % T

sQ i Weight(High) .

Priority 3

I'u;(:idlpm Zz :::::::: ° Weight(Medium) @
ority

s T

sQ T WL
s sa [ @

s T

[d& 14. Weighted Round Robin Arbitration]

NVMe ZEEZ{= SAEQ| Submission Queue & &QI5t7| 2I5f 7|24 22 Round Robin
Arbitration & ARESICH SHAZH request 2 M&=2ISH(prioritization)7} st HAL0=
Weighted Round Robln(WRR)E AMESHH M=Qlske £ QUCH

School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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2|5A ZAH0|HE I8t 1/0 45 Isolation Z2¢

RN

SYAA| 22N

3 A MIF

3.1 I MF ==

3.1.1 Isolation

_or_la_ 7H|:|I-

= Blo| AHotsts AAHEEC| F FA2 1/0 Ms Isolation O|Ct =, HE|-F =5 2{0]0{of|
cgroup 9| weight 0ff 7|85t 1I/O 4& Isolation 7|52 71 A5’1I§E1% Teist0f, 2etRE
SIZ0IM SLAO] 2 &5 MH|IAS B8 & QI St
3.1.2 845
I/O &5 lIsolation 7|52 F&5tHA, BFQ A#E HOt Y2 50| A=A YEE SiCh
3.1.3 74l B
2HEHE AT W 2E SASH SHAl ¢ ZHESHA| 510 Af20= & AHEHE &
{2 B4 g 4 UEE FHICL
3.2 A MF 24
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