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Linux RiZFiEr% --NIGERE

VIS_wriLey, vis_reaay,

1 || [ PseudoFS ' Special |
. FS
Direct 1/0 Pree @R ~ PUPose Page
(0_DIRECT) (Pipefs) (futexts) (fams) ™ cache
Stackable FS ’ _ ‘
— || G @R | T
&
—> userspace (e.g. sshfs)
_—> network

stackable (optional)
Y
T~ L owiA A | D - S T ] \

* VFSARRNHRGHISEIRES—RIED |, AN MAIS AR GESE,

- FESFNEERBuffered 1/0 (fEEFPage Cache)fDirect I/0 (open
{4AF00_DIRECTARZE) .
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Figure 39.1: An Example Directory Tree

—ENHRFENEREO :

BIEERMBRIZAA creat, unlink
FIFSZ5 - open
ESXH read, write
BRET S 44 mmap
SRR (RIE) fsync, msync
IEBUNBR chmod

RBSUHER - stat
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Linux EZZIARbuffered IOIEE S "IziE" BHNTANAESE
RATFEFNIEEEE | XERDEFFR/I page cache,

Page cache XHEFHRLERI/OMEE , "HOFIBRERIE.
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NAFERFE -- page cache

Buffered 1/0 (Page Cache): #ZLAAKTT AR LHITIOE RIS EIREF.
Direct /O (O_DIRECT): AfEfpage cache , {B{m#/ithil/ K/ NEFEMBXRAR/NIITF.

#define _GNU_SOURCE
#include
#include
#include
#include

coNOUVT A WN B

#define FILENAME

int mainQ)
int mainQ) {
{ int fd = open(FILENAME, O_CREATIO_RDWRIO_DIRECT, 0755);

int fd = open(FILENAME, O_CREATIO_RDWR, 0755); int n_sector = 5;

co~NOUT DA WNE

int off_sector =

int size = ; void *buf;
int offset = ;
void *buf = malloc(size); posix_memalign(&buf, SECTOR_SIZE, SECTOR_SIZE * n_sector);

int n = pwrite(fd, buf, size, offset);
. int n = pwrite(fd, buf, SECTOR_SIZE * n_sector, SECTOR_SIZE * off_sector);
if (n <@ if (n < )

return -1; return -1;
return 0; return

’

Buffered I/0 B3/l Direct I/0 B3/
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block devices  (drbd) -
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|

BIOs (block I/0s)

\
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Stackable block layer (bio layer) ETRIBEREMIIREIRAYIRETS , SCHR
—EEEETMCRYE. S28Fmd (RAID), LVMZ%, 3REcache(Bcache)Z
Thee. FRESMIR. TESHFEEESEX—/ZLI,
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Linux W*Zﬁﬁ%& -- HRE I/O Scheduler

L l ")
BIOs y yBIOs
( Block Layer h BIOs
1/0 scheduler blkmq Y
[ Maps BIOs to requests | ( multl queue |
hooked in device drivers
noop (they hook in like stacked
queues devices do)
Hardware Hardware
dispatch dispatch
queue queues
J L
N V
Request Request BIO
based drivers based drivers based drivers

WRAEEFEEEsingle-queuefImulti-queueFERKBEAT , EFFBA
XS5 B SRYEEES.
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I[/OEERS
- noop (no operation): fEERIFIFO , EEFFEAZIAEMFINERE,
« deadline: B4MEXY, HEFRE—XI0 31 2B0EE1EREAGI (HERFRA
7) ; F—XRiEEEHRAEYINESEKEAS (deadlineBA%).
« CFQ(complete fairness queue): Z™Ma3kPA% , FBhashiE— NHRESAYIEK
KEI—MEKNG ([ Et , —NEREERE—1BA ) .
- Anticipatory("FiHE", BUAEE[2]): Zildeadline , BIINT —LEATVER,
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RE — I/O Scheduler

I/OEEES :
* noop (no operation): fEEAIFIFO , EEEAEAZIRETIRKRE.
 deadline: B4MEXKBATI. HPE—XI0 5l 2B0ES1EKAG (HEFRA
7)) ; B RRREHRAYIBNEEIEKEA (deadlinefA%l).
« CFQ(complete fairness queue): Z™Ma3kPA% , FBhashiE— NHRESAYIEK
KAEI—MNMEKRS (B , —MNEIEEAEI—TBA ) .
* Anticipatory("FiHE", BUARIA[2]): Zfildeadline , (BIIANT —E/5&ZUEN,

Multi-queue EESS :
« none: Z{LlFsingle-queuelinoopiEEzs.
« mqg-deadline
« bfqg
« kyber
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RE — I/O Scheduler

N 2AE=Emulti-queue 4

(1) FA7T SZANFIERFIOBERAY %
(2) BfLAEIFIEFIFANVMeES aefFEREAIFFI4EE

15M
12.5M 1 socket 2 socket 4 socket 8 socket
o 10M MQ
% 7.5M SQ
- M Raw

2 —— B e e ——

1 2 3 4 5 6 2 4 6 8 10 12 5 10 15 20 25 30 10 20 30 40 50 60 70 80
Number of Cores

Figure 6: IOPS for single/multi-queue and raw on the 1, 2, 4 and 8-nodes systems.
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IFZ& (MR FiETR -- MySQL

- Connectors

Native C API, JDBC, ODBC, .NET, PHP, Perl, Python, Ruby, Cobol

MySQL Server

Connection Pool t
Authentication, Thread Reuse, Connection Limits, Check Memory, Caches ";‘-‘

Management
Services &

Utilities
SQL Interface Parser Optimizer Caches & Buffers
Saclup & DML, DDL, Query Translaton, Access Paths, Global and Engine
::pﬁ:azrsxg?; Stored Procedures Object Privilege Statistics Specific Caches &
apll N 1or, ” )
Administration Views, Triggers, etc. Buffers
Configuration, - <
Mgration & - "I
Metadata o

Pluggable Storage Engines
Memory, Index & Storage Management

MyISAM  InnoDB "NDB Archive Federated Memory  Merge

’—‘.»-’

A A+

Partner Cémmunlty Custom

) File system Flles & Logs & »
ﬂ NTFS, ufs, ext2/3 Hedo, Undo, Data, Index, Binary, 9 il
NFS, SAN, NAS Error, Query and Slow N

MySQL Z3FZFFMES|ZE (InnoDB, MyISAM, Memory,
CSV, Merge, Archive, Federated, Blackhole, Example ...)
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Log g‘fer _,: I | (global) i
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....................................... e
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FhEEBE EtR
« JER (Latency) Sepi—Rig{ERIATIE
Wik 5% « hR(4KB), BB&fE
« T (Bandwidth) &/5&E.
Mik7i% - KIR(64KB~8MB), H/Z%iE

« IOPS (I/0 operations per second) SFHIRIEEL.
MitFFix - IMR(4KB), S&i=

DRAM e HDD/SSD

ZER ~100 ns 10us ~ 10ms
B et ~20 GB/s 120 MB ~ 2.5 GB/s
BEEHR ~13.5 GB/s 80 MB ~ 2.2 GB.s
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—&— SATA HBA SAS HBA PCle NVMe SSD

Fig. 3. 99.99th percentile response times (excluding media) plotted
against 10PS for 4-kB reads for three SSD interfaces.

=N EAEIR-AIIHZL (8] , ALK AR RESEER BRI,
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—mHERAIB[12] ‘ ‘ ‘ |
Arrivals N 1/O controller
and device
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" queue T server (1 — Server utilization)
ErhServer utilization ZUEAZENEERIRLIRS , AJLAIE#Z NIOPSIRLAER
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300 ¢
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FhEIERETETR — AEIR- ATz,

&1L (IOPS) - ZER (Latency) ik

« XtOptaneZFEFHRESSD , BBLEIEL AIREIREqueue depth , &
BERZNMO0Z%AZA 8eUEISSDRYIEKIOPS,

110 per) 50000~ Quéue @é}:m 50000 , ~JQuete] | $o0
20ps |~ 10PS > depthl=05| {5t/ 10PS > depth=5 | (g

(a)

110 per) 50000, Queue /SIS 50000, Taueue | s
20pis | 10PS > depin =05\ §6'%% J10PS > depth =05} {62

(b)

110 per) 250 000, ~ Queue | |/ SIS™ 250 000, QU] | Sro
4us | 1OPS ® depth =25 10“’; IOPS  depth =125 10u);

(c)

Fig. 6. A comparison of average queue depths for systems with
(a) a higher delay SSD; (b) a lower delay SSD; and (c) a lower delay
SSD under a higher request rate.
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AtzHBRdpolling

(1) irg_poll ATLARRITES,
EE%E%—}KEP WifE TR IBFrE ] BIVSEH | BFESE TGS
(2) Bblk_mq_polEERTLAZEEEpollingE1/0.,

ARS/AIpolling
(1) QEMUREE1E vring i/ virtqueue kick &R AIVM-exitiREL
(2) Ezpoll libaiofy5Ehk
(3) Nzttt iYio_uring RF R RFA AR Hpollingt&E=,
(4) SPDKECE 7 EF-polling5ERASEIEFPZSNVMedKz)

Apolling{XEhi/H{&E0 , Optane SSDMIEIR13us FEEIF 7us ,
QEMU ENFiEteAVER AT LABEE10usZRRIFEIR[11]
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virwalaaion l Block 1/0O layers N Z AF A (multi-queue)
1/O layers < : |
/ FMHZ#. ZBAFIHTHOPS
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Linux =
 LinuxiRERIblk-mgtEz{EZATIAY

Userspace
Userspace Process Process
Process Process - —
\\ - /j Kernel libaio and others
Kerne S0
[ q L] _— ] —_—
Submit 10 [ Submission/Completion I /1N Block Layer I
Block Layer [ Staging (Merge, Inscmon). ] I
I Submission/Completion ] [ 00D ] ] L Par Core
Staging (Merge, Reord., etc.) — - Software Queues
[_ ] Request Queue l Fairness Scheduling I ] I
[ Faimess Scheduling ] [ ) unting l
2 [ |
[ 10 Accounting | | Hardware I
| Dispatch Queues
L L] —_— —_— l
Block device specific driver Y A 4
l Block device specific driver I
Status / Completion Status / Completion
Interrupt Interrupt
Single queue (e.g. SATA) capable hardware device Single or multi-queue capable hardware device
Figure 2: Current single queue Linux block layer Figure 5: Proposed two level Linux block layer de-
sign.

(a) JFbE
(b) blk-mq HtE2

D Parallel and Distributed
Software Technology Lab

n; Nankai - Baidu
Joint Laboratory



AT RIS -- ZBAS

NVMeZX s /=
«  NVMelim¥3REE 3252 AT

Controller
Management
Admin Admin

NVMe Controller

Intel IDF ‘12
1. FHNERSEISQ ; (Host5SQ)
2. FHESSQHIDB , BXISSDEYE ; (Hosti@%0SSD)
3. SSDEISQHEUEHIT , HEHRITEREICQ ; (SSDHIFTFHECQ)
4. SARSSDEHUNERFENIEST ; (SSDiEX0Host)
5. UWE|hlR , EHECQ , BEERESERIRE ; (HostahE5ERk)
6. BIDBEESSD : 1IESHITESS ! (Hosti@AISSD5ERY)
NVMe i FE
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SPDK 18.07

SPDK ARCHITECTURE

NVMe-oF* vhost-nvme | iSCSI | vhost-scsi | vhost-blk Linux nbd ntegration
Storage Target E7=0 Target Target Target Target
Protocols

]
VPP TCP/IP
RocksDB

BlobFS

o
iSCSI

Tools

Storage F ‘ C
Services

Linux || Ceph PMDK virtio
e

NVMe Devices virtio Intel® QuickData ‘
sl ! i [ spokecti ]

SPDK ZEf3[E]
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=Fi#tkRoffload (EX{F -> @) -- KVSSDIfl

KV SSDHEYTFEEESSD 384 T Flash Translate Layerf9ThRe , IXEIE :
- J&EZRgarbage collectionfESSDFldatabasef{FH & 5—E , KV SSDIEEMAFTLHA

. EAKV->LBAMESE(TEERost , KV SSDISEANFTL | [ EIRAtKVEED,

NGSFF KV SSD

SAMSUNG |°

Form factor: NGSFF/U.2
Capacity: 1-16TB
Interface: NVMe PCle Gen.3
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KV SSDRYJRIE

KV SSDE EERHAIZE "AJ&" BIKVED , SEESSDRIFEROHELL

o R A/NAIKeys , MAEEREA/NYLogical Block Addresses ( 1@ /9488
64bit )

o IFRIEK/\EYValues , MAEEEA/NIBlocks ( EHE/9512bytess4KB )

Address
(LBA)

o|1|2|3|4|5|6|7|[8|0[10]1]12]13]14]15
| [l [

L 11 I I I I

Block SSD

Data

512 Bytes (fixed size)

Address ‘
(Key)

KV SSD

Data
(Value) |

vanable size
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KV SSDHJTEEHK

KV SSD HHECTHESESSDIFf#E %

.« ERKVIFHEIERES NS EIMKVEIRZZIERAYEE R, b, —L
KVRIFtEEN T B CHISUEESH (LSM |, B-tree%s ) SRETEKVEUE |, (BIXLER
HEAEFEERENAT | BNESEEESHNENBK,

KV SSDHIKVZfiEtEthin , EI M EcpulIRTEFIFsRR/D FN AR FRITIE,
Key Va:Iue API

a redIS .mnngol'!ﬁ (:(3?1 x
Koy KV Store :
l : g Key Value Library & Tools
File : Make Simplify !!!
gije [ File System ! overhead | > Port] [ Cache ] [AIO] [ Multi—Queue] [ Multi-Device ] [ Memory Manager ] [ Tools ]
: * WAF |
LBA Block layer : -
4 KV Abstract Device Interface (ADI)
Blk dev. driver KV dev. driver - - -
[ store/retrieve/delete/exist ] [ KV Pair ] [ namespace ]
(Bli#, Daza) I gy, Daiey Linux Kernel Device Driver Linux User-space Device Driver Windows Device Driver
LBA B W T Key
| m ararars Bl l
PBA IEsslEsilEaal

< Block SSD > <KV SSD>
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KV SSDEVITVEL

« NVMemiRFBIKNFIKV SSDZ BN T OFNE , BiEStore , Retrieve ,
Delete , ExistfdIterate,

- SNIATE EENFMIRSEIREZ BN T APIREE,

Application(s)

KV API e.g. SNIAKV API

e.g. C Library, Java, etc.
KV Library Written by vendors, open
source, etc.

KV Protocol Client Interface

KV Wire Protocol NVMe KV command set

KV Protocol Provider Interface

KV Device e.g. KV Controller
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KV SSDRYERE

KV SSD#EMTFELESSD _Fiz{TaRocksdb , B :

- BEOFAYMERE
« BIFRIIONEER
- B RME

Performance: Random PUT Scale-up Performance: Random Key PUT
* 8x more QPS (Query Per Second) with KV Stacks than RocksDB on * 15x 10 performance over S/W key value store on block devices
block SSD .
*  90+% less traffic goes from host to device with KV SSD than r’ £87.0
RocksDB on block device " 2 .
;
9 14 12.7 s o .
s 8.0 ol ‘—E . 15x s ,
7 1 3 H
» o 107 100 (-
Y = 1.0
g 5. g & - .
2. 8x 2 6 -
2 . g Y ] »  wofssDs
: 2 .l 1o o RoOBIMERY) ek Stacks OIS
o | e — o ot for 1
RocksDB(PM983) KV Stacks(KV-PM983) RocksDB(PM983) KV Stacks(KV-PM983) ystem tu 16.04.2 LTS, , Extd, RAIDO 4 $S0s, Actual CPU utilizat be 70.90% at e
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Thanks! Questions?

[1] (KiEFE2 FERREE S EEFEIERRSINT

2] (RANZHSSD : BBt O, RSSO

[3] {Operating Systems: Three Easy Pieces) , Remzi H. Arpaci-Dusseau and Andrea C., Arpaci-Dusseau, Arpaci-Dusseau Books
March, 2015 (Version 0.80)

[4] https://unix.stackexchange.com/questions/144561/in-what-sense-does-sata-talk-scsi-how-much-is-shared-between-scsi-and-
ata

[5] https://www.thomas-krenn.com/en/wiki/Linux_Storage Stack Diagram

[6] https://www.slideshare.net/kerneltlv/high-performance-storage-devices-in-the-linux-kernel

[7] A block layer introduction, https://lwn.net/Articles/736534/

[8] A. Foong and F. Hady, “Platform Storage Performance With 3D XPoint Technology,” vol. 105, no. 9, pp. 1822-1833, 2017.

[9] InnoDB Architecture, https://dev.mysqgl.com/doc/refman/8.0/en/innodb-architecture.htm|

[10] https://www.slideshare.net/igalia/improving-the-performance-of-the-gcow2-format-kvm-forum-2017

[11] L. S. Hajnoczi and K. V. M. Forum, “Applying Polling Techniques to QEMU,” 2017.

[12] Hennessy, John L., and David A. Patterson. Computer architecture: a quantitative approach. Elsevier, 2011.

[13] Open-Channel Solid State Drives, https://events.static.linuxfound.org/sites/events/files/slides/LightNVM-Vault2015.pdf
[14] M. Bjgrling, J. Axboe, D. Nellans, and P. Bonnet, “Linux block 10: Introducing Multi-queue SSD Access on Multi-core Systems,”
Systor ’13, p. 1, 2013.
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