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1. 24 HE Y 2

1.1 A 8

ZIZ 2ERE AMH[ATE 2SS HOHA HQE 7122 ZHo|H 7|&0| UCt ZHEHO|HE
7t A (Virtual Machine) 1t H|J.|_0|'05| 7pH3, WE7| o 20| -_rL , IBM, OfO|AZATEQ} ZI2
IT HA0lA ZiE|O|A0| B2 FAE ot %Eh %, 2 2LRE MH|A HSAE2 ZH0|L
HEN 2 AMEASOIA AMHIAE HSst QACH.

SLA(Service Level Agreement)= MH|A H|ZARL AFBAIRIC| H2UAMO|CE O A=
MH|AO| CHSE 2 Y25t S8 S0| LHEE[0] ULt SLA = HBEl= AMH|ALQL 7|CisH= SZof|
st 25 ZEE stHe| EME Soff SFEN MH|A 8o Cist @6HE Og = UX
QtoF MH|AE O|BSICH ZA[7 Mg 42 F7h #AS & Ao 24t LHES BAE =

ULt

a5 | VCPUs (i W22 (GiB) HEI ¥5 (i
General purpose t2.nano 1 05 MM ETH
General purpose . 1 1 HSHM STt
General purpose t2.small 1 2 HEUM S
General purpose 2.medium 2 4 oA E7H
General purpose 12.arge 2 8 UM St
General purpose t2.xlarge 4 16 2s
General purpose t2.2xlarge 8 32 HE

A

—_

oar

tH

[—

=
fol

[3% 1. Amazon EC2 QIAEA g

o218t SLA E A7|7| foiM= ds =22 fairness € EA5= AO| HLSCL 22RE
712k A AROIME T2 AMHIA AREAE EAst, 0 AMH|A AEARSO0| MH7ZLE HEshs
71558 A8 flol ¥2 Q4ES HULCE Fairness & EA5IA| Z5h= S2HRE A|AHIOIME=
CHE MH|A ARBARSO| AHe| ARS AREA AMEE + I W=, THef offf Mu|A
ALEZ7L Bteh AMES ARESHY SCHHE CHE MH|A AREAEL| 90| L 4+ A1

ZADfMoz SLA £ O|dE 4 giCh M2tM, M5 2HHQ| fairness & HATOZM MH|A
AEALS0| SLAE Sall RO{U2 2|2AS ABSIEE & 2RI} UCt

' 2R E ThYel 7ls9l Bl - AZEQ o FM AT 2(2018)
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(2 112 OfFE o MHIAAWS)IN MEL EC2 QAHASZ MASH= JZo|ct CPU o
22| 12|70 HEYD 45 ISUR Lhrof Z2ALC AHIA ABASS 0|8 SMEE Meyg

% Q.

, [cgroup/disk-group = = — S ~ lcgroup/mem-group -=a
[ 1
| |
| |
| |

High Low | I
weight=300 weight=100 I limit=1G I
\ /

N e - — == —

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

(2% 2. cgroup THY A|AR GA|]

2|54 ZHO|H0IME= cgroup = 0|8 ZiH|O|HSOAH AAS st Z2|sitt #HE
v2.6.24 0 22 merge = cgroup(control group)2 AlAR HOIM SZ

E02 MHE0 Ao & JUEE EF= 7|SO[CE cgroup 2 ASESS JEC=2 £2|dHH,
OIUANARICR ORE St 5 AFESICL cgroup AHAHRCZE= 2 Q1 EjA3o| IELE
IS0|FH, 2|AA(CPU, memory, disk, network)2| &4l= net_cls, ns, cpuacct, devices,
freezer @t 22 MEA|AR(AEED)0| EQ3IL.

£3|, cgroup 2 ‘blkio’2lz 25 CHHIO|AE 2[et MEA|ARS 2SI JX, 4=3-7 25
2}10|01 (Single-Queue Block Layer) 0| M= CFQ(Completely Fair Queueing) A&, HE|-F
=2 0|0{(Multi-Queue Block Layer)0iAl= BFQ(Budget Fair Queueing) AZ|E2{7}
weight O If2t /O 452 Isolation 8k7] fIai ZAStCt. Ot [2E 312 blkio AEAIAHQ
blkio.bfg.weight 7t TS Eslf video cgroup 2| weight € 800, compile cgroup 2
weight & 400 22 &H5t= Of|A|O|C}.
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2l=2 ZHO|HE 2/ 1/0 d

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

S Isolation =23 JHet

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#

1.2 7| =A™

AlSIS}7H

[1% 3.Blkio & E5F weight HZ OA[]

1 .2.1 =20 O
CPU Intel® Xeon® CPU E5-2620 v4 @ 2.10GHz
H=2| 64G
NVMe SSD Intel DC P4500 2TB NVMe PCle 3.0 3D TLC 2.5” 1DWPD FW13D
oS Ubuntu 18.04, Linux Kernel 5.1.15
[E 1. A|AERI LA
section iodepth | Runtime rw bs cgroup
Seqg-read
256k
Seqg-write
Compile o Compile
ight=400
Rand-read (weig )
4k
Rand-write
32 20s
Seqg-read
256k
Seqg-write
Video o Video
ight=800
Rand-read (weig )
4k
Rand-write
[ 2.fio 22E 44 2 4% 4]
Al 242 [# 1] Z22H fio Q| job 2 [& 2]2F #0| F+M5HILCE.
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1.2.2  BFQ/7I0IH AFEd 4587t

2500
2157.5

2000

1500
1090.5

1000 700.4

500 419 9 403.8 426.5
mm -
0 I I

seq-read seq-write rand-read rand-write

mcompile mvideo

(a) BFQ scheduler bandwidth (MB/s)

2500

2000
1626.9 1626.9

1500
1000 698.5 693.3
550.1 551.7
500
" e

seq-read seq-write rand-read rand-write

mcompile mvideo

(b) Kyber scheduler bandwidth (MB/s)

[ 5. fio results]

MM A FURAIE FIdE = UCE AHMZE I F2 BFQ 2AIEE7t
sequential read/write 2| BR0l= fairness & & E&5t1 UR|2t, random read/write Of|A=
fairness & B& Zst1 UCk= HO|CL Ol random 1/O 20| 2FE ujf, BFQ AAE2{7}
7|22| ‘sector-domain fairness’& ZE ALEEY 42 throughput O] ZAE|W, latency 7t
S7t=7] W20 H=-7 25 0|09 AAHFEQ! CFQ I/0 AAIE2XE ‘time-domain
fairness’2 Z2tSiCE SHA[TH BE|-F =5 HO[00A= A[ZH0]| 2 fairness H&0| & |3
271 mizol [ 519 (a)t &2 7—.;‘-3'—% Hol Aoz ZZFCh FHNZEZ == A2
random read/write 0lA BFQ AF|E2{= Kyber A7|E2{2| &bt diYdl= Hs=2 HOICk=
ZoICt AA 1/0 &Y2| 90%+= random 1/O request 0|7| E0| random 1/O ZIH0IA £
T3 20| bandwidth 7F ZHIOZ ZHASH= MSHEIE HO|= ZHS A|AHIO| MSof Alzkst
et 7Al= =ZHoICt.

1.3 o4 ==

2|20 1450] 22 CHI0|AS0| BAIE Wet H2-7 25 00| ABSHE T
HEI-7F 22 0|05 FO| ARSI QUCH BT, TE-F 2= Holo)M 1/0 L5 EuHo)
fairess & B5t1AF st AZIE2lE BFQ AZIZ2{0|0, 0] E3t OF faimess & AHICH2
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=

BA5HA| 25t UCL ESH random 1/O request & A2|& M Ms0| 2| &7| w20,
22IRE *I*E*% A BFQ AA|IEE MEISHA| 22 AO|CL 0[2{8t Ao S2RE A|AH
HSAE2 1/0 20| CiSt SLA £ O|MSH=Hl 4|7t &SIHH, S2tRE A|AR AFBAEE2
A2 HHI*E HSER| ZSHCE,

ol

Mt 2 B2 ZE-7 =5 0|00 E2Ash= Kyber 2AAZZHE 4510 /0 g5 =t
fairness & 2% + A=F & A=O|Ct
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2 27 2

2.1 Kyber-fairness A7|&2

IEA

Polling

| Asyic |

| Discard]

kyber_dispaich_request()

| Others |

| Sync |

Polling

| Async |

ctx 2

budgetis?

[Discard]

| Cihers |

Budget Manager

| 8yne |

Polling

| asyne |

ctx N

|Discard]

[ [
| |
|dle state [ |
| |

| Gihers |

Weight

Global variables

Tokens

Ji

X

Icgroup{ [

[caroupd [

EgroupH |

NVMe

Device

kyber_pend_request()

[1E 6. Kyber-fairness AA|Z2] Overview]

struct kyber_ctx_queue
=slock: spinfock t
g ra.list: struct list_head[KYBER_NUM_DOMAINS]

struct blkcg_policy
<yber_blkg_files: .df_cftypes

struct kyber_queue_data

g kyber_blkcg_legacy_files: legacy cflypes
10 struct request_gueue”

G;kyber_cpd_alloc{g"p_t. int): .cpd_alloc_fn
akyberfcpdfmi‘;fsiruc'. bikcg_policy_data*): .cpd_init_fn
ﬂ,kyber_cpd_bm ruct blkeg_policy_data®): .cpd_init_fn
ak',rberftpdjreefszruct bikco_policy_data®): .cpd_free fn

Ej.domain_tokens: struct sbitmap_gueue[KYBER_NUM_DOMAINS]
sync_depth: unsigned int

"ruou_!alenw struct kyber_cpu_latency _ percpu *

er; struct fimer_list

cy_blickets: unsigned intKYBER_OTHER]ZIKYBER_LATENCY_BUCKETS]
Ejlatency_timeout: unsigned InfKYBER_OTHER]

Ejdomain_pa9: InfKYBER_OTHER]

B tatency_targels: uB4[KYBER_OTHER]

struct kyber_hcix_data
g lock: spinlock_t
[} ros: struct list_head{KYBER_NUM_DOMAINS]
Egcur_domain: unsigned int

struct kyber_fairness

3 pd: struct blkcg_policy_data

Ejbatching: unsigned int ‘E:'g:'[r‘ fiﬁn:::: ~
Zhcgs: struct kyber_ctx_gueuve® CI. n“ =
ELKcq_map: siruct sbitmap[KYBER_NUM_DOMAINS] 2 ol
B domain_wait: struct sbq_waitfKYBER_NUM_DOMAINS] 'f'_':"me_' b:"_:"
Ejdomain_ws: struct sbg wait_state*[KYBER_NUM_DOMAINS] ot Sitart
Egwait_index: atomic_{KYBER_NUM_DOMAINS]
[2% 7. Kyber 2#|Z2{ UML Diagram]
7|22 Kyber AF|EZ2{= kyber_ctx_queue, kyber_queue_data, kyber_hctx_data &
NZEA[el RAZ FPE0] UACE 2 B2 0710 cgroup QIEIHIO|AE  AMESEZ |t
blkeg_policy F+RAHE M5t FZXA0M EL= Sh= IIUSI SHIATE ¥4 =
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WEA|IFAFACE. J2|3 cgroup O M= mf Ot i cgroup Off 1 O 1 2 WEEE=
kyber_fairness #2AI& TH=0] kyber A#H|E2 WHOIA fairness EE 711 US
HAISHULCE

struct kyber_fairness {
struct blkcg policy_data pd;
unsigned int weight;
struct list_head rgs;
int budget;
bool idle;
spinlock_t lock;
}s

[ 8. kyber_fairness Tt2A]
kyber_fairness #Za= & 6 712| Ht{tHe=2 [0 ULCE
pd: cgroup Of| st HEE 7A|1 U= Hez ohed AR UHHS= ZAUGHOFSICE

weight: cgroup 2| blkio.kyber.weight I0IAM S0|2= B2 27|72 100012 Z(CH
100077tA| 44 7+SSICt.

rgs: request £ dispatch & [f, budget 0| £Z35t0 pending ¢! request &2 7HA|1 U=
remainder queue O|LC},

budget: fairness & 2ol i cgroup 0| A2 4= U= 2| sector =& 727|111 ULt
idle: software queue 0| s cgroup 2| request 7t 2 M true 7t E|= H40|C}.

lock: kyber_fairness 2ile XY H4Z Za57| 20| lock & 08510 S7(ZHo=Z
CIO[EHE 2t2|sto{oF Strt.

ron

static struct request *kyber_dispatch_request(struct blk_mq_hw_ctx *hctx)
{
struct kyber_queue_data *kqd = hctx->queue->elevator->elevator_data;
struct kyber_hctx_data *khd = hctx->sched_data;
struct kyber_fairness *kf;
struct request *rq;
int ret;
int i;
spin_lock(&khd->1lock);

if (khd->batching < kyber_batch_size[khd->cur_domain]) {
rq = kyber_dispatch_cur_domain(kqd, khd, hctx);
if (rq)
goto out;

School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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khd->batching = 0;
for (i = 0; i < KYBER_NUM_DOMAINS; i++) {
if (khd->cur_domain == KYBER_NUM_DOMAINS - 1)
khd->cur_domain = 0;
else
khd->cur_domain++;
rq = kyber_dispatch_cur_domain(kqd, khd, hctx);
if (rq)
goto out;
}
rq = NULL;
out:
spin_unlock(&khd->1ock);
return rq;

[2& 9. kyber_dispatch_request()]

static struct request *

kyber_dispatch_cur_domain(struct kyber_queue_data *kqd,
struct kyber_hctx_data *khd,
struct blk_mg_hw_ctx *hctx)

struct list_head *rgs;

struct request *rq;

struct blkcg gq *blkg;

struct kyber_fairness *kf;

int ret;

int nr;

int i;

rqs = &khd->rgs[khd->cur_domain];

rq = list_first_entry_or_null(rgs, struct request, queuelist);
if (rq) {
nr = kyber_get_domain_token(kqd, khd, hctx);
if (nr >= 0) {
khd->batching++;
rq_set_domain_token(rq, nr);
list _del_init(&rqg->queuelist);
return rq;
} else {
trace_kyber_throttled(kqd->q,
kyber_domain_names[khd->cur_domain]);

} else if (sbitmap_any_bit_set(&khd->kcq_map[khd->cur_domain])) {
nr = kyber_get_domain_token(kqd, khd, hctx);
if (nr >= 0) {
kyber_flush_busy_kcqgs(khd, khd->cur_domain, rqgs);
rq = list_first_entry(rqgs, struct request, queuelist);

School of Electrical & Computer Engineering, Computer Engineering Major Pusan National University
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khd->batching++;
rq_set_domain_token(rq, nr);
list_del_init(&rqg->queuelist);
return rq;
} else {
trace_kyber_throttled(kqd->q,
kyber_domain_names[khd->cur_domain]);

}

return NULL;

[2& 10. kyber_dispatch_cur_domain()]

static void kyber_completed_request(struct request *rq, ué64 now)

{
struct kyber_queue_data *kqd = rq->q->elevator->elevator_data;
struct kyber_cpu_latency *cpu_latency;
unsigned int sched_domain;
u64 target;
sched_domain = kyber_sched_domain(rqg->cmd_flags);
if (sched_domain == KYBER_OTHER)
return;
cpu_latency = get_cpu_ptr(kgd->cpu_latency);
target = kqd->latency_targets[sched_domain];
add_latency_sample(cpu_latency, sched_domain, KYBER_TOTAL_LATENCY,
target, now - rqg->start_time_ns);
add_latency_sample(cpu_latency, sched_domain, KYBER_IO_LATENCY, target,
now - rg->io_start_time_ns);
put_cpu_ptr(kqd->cpu_latency);
timer_reduce(&kqd->timer, jiffies + HZ / 10);
}
[23 11. Kyber_completed_request()]
7|&8| kyber A#AHZ2|= kyber_dispatch_request() &+& ARSI software queue 0
AUH request &2 hardware queue £ dispatch StCL O] M, kyber_dispatch_request()
gt+= O request & dispatch A A5t= a2l kyber_dispatch_cur_domain() &+&
SESH=O, M Mol token +E ALGHH A EMQIQ| request & dispatch & =+
A=A 2015, token #7t SESICHH request & M EH[QI2| queue Of|M EHSHO
dispatch otA| ECt. THF token £7t S&EoHA| YCHH CHE EMIQOIA request & EUl=
AEE oA =t
request 2| 2|7} ELIH kyber_completed_request() &7} AL latency S5 7|0

2t siEsk= bucket O S7t5h= 2HYS SiCt.

2 &2 kyber_dispatch_cur_domain() &2t kyber_completed_request() &40f
budget & AASHE &t4E 271510] fairness & E&& 4+ == & ofHo|ct.
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2.2 cgroup
2.2.1 BFQ 2#|Z2{0| M2 cgroup E&

weight &&= cftype Ol2t= #ZXAIE Sl AlIAH It WHE Holst 2 & &Y ot
HES 4 AUCL Ol blkeg_policy F2A|0IM Aolgt 4 ULCE

BFQ AAIZ2 = cgroup & HEE blkeg 2l= F2A|= ZOPHLt. blkeg 2+ blkeg_policy +
blkcg_policy_data & &8 cgroup H, policy &2 HZE Ut = blkeg e
blkeg_policy_data &2 blkcg_policy 2| plid(policy id)2 2Ztzt HIZE £ Uk 0l=
blkeg_policy 7} cgroup O] Mg wf OiCt £ H4E Moty A2 1 blkeg_policy_data &
28o10] offd H4E R £ A ECh 2|3 request_queue 2 2 QU= cgroup
YEE blkeg_gq(blkg)2ts FXAHE YOpHCE =, blkeg_gq(blkg)= request_queue 2t
cgroup 2 FZAIAFE F2A0|C} 0|2 ESH blkeg OIA blkeg_policy_data 2f H|XSH A2
St= blkg_policy_data 7t blkcg_gq % blkcg_policy OFCH ZA{SHCL.

22 BFQ AAIE2{0IAM blkeg_policy_data, blkeg_policy_data & A23k= LR A|0|Ct,

struct bfq_group_data { struct bfq_group {
struct blkcg policy_data pd; struct blkg policy data pd;
unsigned int weight;

3 ¥

[1%& 9. bfg_group_data, bfg_group #ZA|]

bfg_group_data = AlAH OiUS Solif Y L2 weight & A2l ALEEIRUC
weight &= cgroup OICH 24522 blkeg_policy_data & AME3SI0{ kernfs_open_file >
cgroup_subsys_state > blkcg = blkcg_policy_data > bfg_group_data 2| HZ2 2ZA|7}
22| Ao Sel 22E LOHHO cgroup ¥ weight HE2E bfg_group_data 2| weight Of
AEe 5= Ut

bfg_group 2 block device 2| request_queue 2t HEEl cgroup 2 HEIE AT 4 U
blkg_policy_data 2t= RHE AFESIICE =, & L cgroup DK bfg_group O] MAME 4
Al blkeg_policy & A5t L3, blkg(blkcg_gq)2 AHESICE.

2 El0] MAS AHEE0ME cgroup ¥ HED HOW g|OZ kyber_fairness O
blkcg_policy_data EfQ| H4E &30 policy S8 L MEAIAH EHYSE & M
cgroup Ok kyber_fairness 7t M8 4 UA SIALC.

2.2.2 blkeg_policy_kyber

MEA HASH kyber_fairness AAIZZOAM fairness & EAE 0f 7|§0z2 s 72
cgroup BE HASH weight OICt. O|E kyber_fariness 2| weight 0| H&5HH weight d2E
cgroup Tt A|ARIOCZEE] A7| QJsHME blkeg_policy TZAHIE AHESHOF SiCt.
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SUA| SUHEIAM

2l=2 ZHO|HE

LISt I/O M5 Isolation T AT T4

CH22 kyber_fairness AA|Z2{0|A &2lgt blkcg_policy O|Ct.

.dfl_cftypes
.legacy cftypes
.cpd_alloc_fn
.cpd_init_fn
.cpd_bind_fn
.cpd_free_fn

3

struct blkcg policy blkcg policy kyber

kyber_blkg files,
kyber_blkcg legacy files,
kyber_cpd_alloc,
kyber_cpd_init,
kyber_cpd_init,
kyber_cpd_free,

[22 10. blkeg_policy_kyber 2]

kyber_blkg_files, kyber_blkcg_legacy_files: A|AR OtUS Edf weight & U S & U=
et (write, write_u64) 7t 2M{5t= cftype +t2A|0|Ct.

kyber_cpd_alloc:
A (I 22|of 2| figh St

Kyber_fairness A#HZ2{0|A kyber_fairness +ZHE
o|Ct.

cgroup OfCt

kyber_cpd_init: kyber_fairness ®t2AIE z7|sl5t7| 2lst Sttiet4=0|C},

kyber_cpd_free: cgroup &0| HY
TZ2A|9| Hze| S$FS e

=202

2.3 fairness &

AEHS ff ARBE|ls BUiE40|CE O7|A
SHA[StO{0F StCt.

kyber_fairness

E_l =
r4 N
| kyber 1
|\ scheduter [ hwe queue
LY /
N J"/f
-
|
[
I "
Kyber falmess

ldle state

Budget Manager

Budget

[23 11. kyber_fairness #+&

Zt cgroup Off weight &

BHH7H ZASITH.

School of Electrical & Computer Engineering, Computer Engineering Major

718tz st budget 2 LYSHHA fairness &
kyber_fairness #24l= fairness & ¢Idl throttling & Z &+ U=

A2l 2]

HASI & SIULCT.
remainder queue ¢! rgs
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2l=2 ZHO|HE ¢

M5 Isolation Zo|ULT 7Het

request queue

S budget>0 ? T_\

=2 B2 fairness

Jp ol o
ot ro

request queue

r 3

IR

|

M
Insert request to

remainder queue

(1)

[O2% 11. kyber_fairness A#|Z2{2| fairness H2

=

HA
SSIALE. O request &
St [33 11-1]0IM*~ budget 2

dispatch
quee

—  budget>0 7

= — =

dispatch
queue

2)

=)

2A57] s [AF 11]3E cgroup weight O ZA| budget 2
2|5t Ar e ml, i request 7t &St cgroup 2| budget =
C} ARt A2 throttling 2 20 31T request 7t
ot cgroup 2| rgqs & HHCE TreF [ 11-2]4& budget 0| %= cgroup 2| request d%

hardware queue Z dispatch & 5t0{ fairness & H&5t=2 AASILCE
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i | .
dispatch
die state bandwidth
! monitoring monitoring
r/.’ ‘\n
token N ; merging I-—Q"":’/\ e |
I ‘ request No Y d T AL
1 N
— " Ko =1 i % idie? »
> Domain oz |« N
N i i =
ot with head Dispatch queue
request ) - " of list
= v I
—, Domain ctan . s
\/w-n} ‘
N— Va .
L ) Dispateh request
budgetl RQS : cgroupl P dlspatch requast
A2 N
budget2 ROS:cgrowp2 M1 Mo send wlmnai—(\‘"i":’f' Y —
budget3 RQS: cgroupd ) v )
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