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Abstract Persistent memory (PMEM) has both the low-latency byte addressing of memory and the
persistence characteristics of disk, which will bring revolutionary changes and far-reaching impact on
the existing software architecture system. Distributed storage has been widely used in cloud computing
and data centers, but the existing back-end storage engines represented by Ceph BlueStore are
designed for traditional mechanical disks and solid state disks (SSD), and its original optimization
design mechanism is not suitable for exerting the advantages of PMEM. In this paper, a back-end
storage MixStore is proposed based on PMEM and SSD. Through the volatile range marking and to-
be-deleted list technology, a Concurrent SkipList suitable for persistent memory is implemented,
which is used to replace RocksDB to implement the metadata management mechanism. While ensuring
transaction consistency, it eliminates the performance jitter and other issues caused by BlueStore’s
compaction, and improves the concurrent access performance of metadata. The storage optimization
design of data objects based on the metadata management mechanism is adopted, non-aligned small
blocks of data objects are stored in PMEM, and the aligned large blocks of data objects are stored in
SSD. This makes full use of the byte addressing and durability characteristics of the PMEM, and the
large-capacity and low-cost advantage of the SSD. The data update policy is optimized based on the
delayed writing and copy-on-write (CoW) technology, eliminating the write amplification caused by
the WAL log of BlueStore and improving the performance of small data writing. The test results show
that under the same hardware environment, MixStore’s write throughput is increased by 59% and the
write latency is reduced by 37% compared with that of BlueStore, which effectively improves the

system performance.
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EXF 4. 984 & ¥ PMEM H1 SSD 77 % 4 5t 114 £t 3
FEVE BT Tk BE 0 IS i A KA i DA% e A it
AN AR T BT AL,

AR T —Fh 5T PMEM 1 SSD #943 #ii X
J& i A7 fiff MixStore, il £ £F X¥F PMEM 1 SSD %
A G R AT P B T O A A M A7 it R 4 i
YL T Ceph B A J5 b 7 fifi BlueStore 15 it K L &

compaction % [n] f5.

1 #EXIE

Ceph Bl A 1 BlueStore #% % it & — 4> i [
SSD #l HDD(hard disk drive) B /74 51 %, 8 h F
PRI 19 0 KOHE #2 4 LJBE  XE B (Object) 5 A I
() — S5 ME Y  [A] B A o H 33U [R) B BlueStore
8 3K e R A7 3] RocksDB 3k 512 BB 3 /Y JC 3K
Pk .38 1 Space Allocator #4732 6] 4 # 8
Object HH#H AP, ZERX SCIF 7 G2 19 . [F)
B}, BlueStore S T 5 B & Hl ALl (copy-on-write,
CoW) Jr=hY Object B #r, Tk S 76 H HE 0 &
SERE 1) Object £, fif e W H [A] f1. {H 2 B T
RocksDB 45 B 0 EU 45 47 78 5 L K 7] 8, RocksDB 9
compaction #EVEWL 23 B RE L 3, 32 0 &R G2 A ik
.oy — 5 . 1F B BB K DL e EC (erasure
code) ZF M H 37 5 . 2 F RocksDB B9 7o % #i 5 B
AT5 SR ME LA f M fig SR R T e R A N AR AR T
fe Pk AR A RE A, BT AR A A 4R A PR

L LevelDB' il RocksDB- i {1t % ) LSM-
Tree f70if 5| 5 A5 A8 HAR 5 09 5 M BB L AR 22 43 A1
A PF W AF i L 7R QB AR 73R B, i
BigTable™ , Cassandra® , HBase"'" %5 " yZ 3 & T
I EET LSM-Tree B M A7 fif. LSM-Tree {8/
BENLS i 3 & JF 48 4F 728 % 28 W9 IUF 5 L Ak X
HDD & £ 1) 5 Ak B8 A 1R 4 A9 0L 6. A1t HDD >k
Ut SSD BYILF 5 A FBEAL S A P fig 22 B B/, Bir
LI LSM-Tree Xt SSD B 5 APERESR THA BR. v it
WiscKey " 42 i — Fh 3% T SSD 1 1k 9 4 {H (key-
value, KV) i, 7 0 BAR Z 4 key Ml value 5055,
HA key #i R F 1 LSM-Tree H, 1M value 570 77
e BB XA R E N T LSM-Tree B K/,
575 A 10 PR B 1 R 9D, T IR T R SIS
FF A 0 21 B 98 7 3 i 5| 5 5 R, WiscKey
PRE T LSM-Tree BPEH WD 1T 5K (H S U

w] B} 75 B E AT 22 0 MAP B, HAK SR 77 16 LSM-
Tree [# # B compaction 3 F&. SLM-DB'? % T
PMEM FI#% £ % LSM-Tree #E47 ok 3 5 0 7% 1 14
BRI Z R >3] 1 9%, 7 PMEM E A& B R
T SHOXT R A B 1 U 1), BRSO R T
DRSSy N R R (BN v e R e
compaction #AE , [ B D5 Sk B30 8 A7 il 76 0% 5 /B
W 7 ) M BE 8 25, NoveLSMUY & — 3 3t T
PMEM ) LSM-Tree /6451 1 KV R4, B 16 F
I PMEM Jy i F 48 At & A7 0k R SE IR 19 KV 77 4%
£ WAL H &3 () B 4%, 8 7€ compaction 3% FH A,
A PMEM # 47 i #k , J& — Fh it R 19 LSM-Tree,
{H¥E A 5 2 ff P 5 i KA compaction [ ] .

£ % PMEM, NOVA" 42 DRAM fil PMEM
4G BLIfEE DRAM W, H & it PMEM
HL AR inode #AT A OB H R H EGE i B R AT
A X 5y BT PMEM 194 34k
FEVE AFL TR Sy B, AE A AR B o8 AN IS 5 A KA i
JG U A Ziggurat R T — AR RS R G B
PMEM F148 7 i 48 45 & 78—k , il i 78 2k 100 7
4 7 Tl A R 30 [ 25 1 /N 505 5 A PMEM, §E 5%
A 1 KBS ARG A, R J2 R I R o AT
2 BE I B0 15 1R A5 70 A 25, H X T B — K04 28 R Y i
FAN R fiE 76 4% & ¥ PMEM G 5 09 4 11 0 R 1.
NV-Booster ' #£ i T —Ff 3 F PMEM B LR G
RN A 55 5 B9 X B 5 )L ik PMEM )
R A 44 23 )45 B, S B0 T PR A R R 48 R DL Bk 4
1D R A A0 8 22 ) B W5, LA AL J2 £ X Ceph 1Y
FileStore, A fi# 5t BlueStore P I Ilfi B9 [m] 751, 16 &b, LA
X TAEAR R 3 T NS A SO R 58,
F ARGV LI DN R 0 R 1 M e T
B A& A E N A ATk B9 )5S . Octopus !
BT —MET PMEM fl RDMA (remote direct
memory access) I 7 1 X AF A AL SCH R 58, FIH
T RDMA FJ LA E#i5E PMEM MR 8 SO 5
Wi E R, AT RS . 48 S 6
1717 SC A 0 B4 0 35 R RL A S A B A PR 5 o
SANAT - DU AR TIE 248 4P RN 2R 48 B0 — B0k R X R
Gt/ X K A8 i SSD AR i, AN 3 A 1 R 4 A A
it B4 I i

KVell'™ 2 % T NVMe SSD # i1 1 & 4% KV
FEfit s i 0 B3 AR Tk CPU WYl F . 806 78
SSD _EAHER A X B R 5 1 A A .
XA BT E R S BT RS E A, Tk



JB B 5 TR ACME N AE AL SSD Y B A7 4% MixStore

409

T 2 PR R 2l i AR R K Vell £ ] 0T 22 47 F
LRU (least recently used) 8 ¥ 1 37 #5 8 F 1 =5 W
25 [B) FOIE AR, 48 & T 6 2 b 7S PR 2 () [l i A
PR A Y A R 58 L R ) i T
LR, KBERfih & SSD B #EBR —# N~ B8 —5 A
AR SEBR 1O M BE 2 KR T B Pmemkv!" J2& £ X
R AME N AEOCAL 1 A 3tb B 18 55008 A7 4, R B AL
T cmap.csmap.tree3,stree L Fh A5 2, Hp
csmap 5] ZE T SkipList 32, put, get.count
ERYPERERE e R 40 1 J8 , (B remove #EAEMEH] T
42 Ry A BRI 1O & .

TEIF K U ) 458 6 Fn =5 95 — B Oy T, Harris 55
AR 4E B AR IE 9 5 5 f# Pt T DRAM | CAS
(compare-and-swap) 575 75 I & AT 15 504 AR
R 5 A O O B3R 17 T A 2 5 U AT R & R )
. David 2 AN 3 F BU B 5T 4 8 — i O B 8 45
.28 T i T PMEM (9 CAS % 3. 24 fi
CAS $5 4 B B i & s 1Y neat 15 5H 0, [ 208 1%
Fe AT M A A AR I, IFAE 58 BURE AL S K BRI
Fric. HA I 0 3R B A ARG DU B R 1 A Ak AR il
BF DU S AT 38 A Ak DUDR IR B 8 9 e M AT (B
LRk R PMEM 840 & T K +F
AACHRIE , J5 2 AR 10 A% B 5 DU RT R DRI I i R
PAF AL T B0 R S R B 4 4R B A AT
Fa &R Ak 7= R R Y M RE JT B85 . PMwCASH
IS T A R A 2 B CAS R ik T 25
B B D P ) A, R OR B AIR T A R T R 51 Y
SR AELOR SR A O Bk I 5 9058 Il e A e the T 6.
TLPTM" il iaf 43 Be R RIEE T 45 50k 1 B &4
LRI BT T —Fh B T3 H R AR A 55 INFE &R
e, BRI T HEME A AR T i —Fp
T HEWNFEF RE, A i L FT AR By 20 XS [n) #1

HAE SN R ARG 0 SO R 52
IS A 55 45 T 1t X I 1) PMEM. A 24l — Btk
e TAESEAT T 28308 Fn B g, JF 48 W 72 1 R B iy —
BRI A NAEZR S J7 T AR OR B 2 1) TAER £
£ LSM-Tree I SkipList [-.

25 b 5 i A i BlueStore [E A 1S LR
Il compaction [f] @ 7E PMEM | 5 0 28 L b B &
%t SSD Al PMEM F 1§ LSM-Tree #& 1 T ¥ £ 2
A AT SR EE G AN T compaction 75 3 1 1 BE £ 3.
T8 R T Rp AR A A Al R G T Tl R R T
— SRR T R AH R Z R NS IR A TER 2 1)
T SCU R RS ¥ VLAY I Y L O B T A S

51 5 S 1 T 95— B (A 3 BT 5O U
Il 7 TR AR A B, ) PMEM A B th T 75 & il
RSP I RS A o K RS 4 A S A7 B R
LT PMEM T SSD AHEHE: 4 58 H 5 3 17 B
e S oK.

2 MixStore Z2¥3i% it

Bt Xt PMEM 1 SSD #9881 5 5t A SCBE T
MixStore B J7 A 1) BlueStore, £ & Ceph B )5 ¥
A b A B R P RS 55— SOk Ak B FE S
RARFALEE R PERE, 95 55 — BUMEE R — W 10 &
BRAE S A 2R B A A BB B R R G S
B 15 B O 0 T B PR GE R T AS b S R g S
B s A B, 75 EEE S WAL H R, #5388
B S A A7 TR ™ A0 5 ORI R B R LM RE. 5
W [R] I T A SO R AR BRI T 2
JZ 9% inode Sk A B SC A B 1 oC B B9 A7 B S
A LA A O R T L 2 5 BUR A i o0 R
B b SCPF 22 58 22 PO BCHE AR 19 WS 14 0159 L B
DL 3 TR BB 5 i A7 i B 2 M RE I 3

MixStore F|FH PMEM F) 515 F-hk FlF A P4
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Fig. 2 Metadata insertion mechanism
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@] — PMDK 255t $0 47, B £ 22 G2 10 19 Tt — 20k
kG T PR O A& 28 Sl B B 4 R AR
FH P9 A7 X 3 I UG L SkipList B 76 W7 24 S 15 0.

ik 1. A A Insert (node).

@ pre<SearchPrevious (node.key) ;

@ MarkRange (node.key) ;

@ if pre.next.key<node.key then

@  pre<SearchPrevious (node.key) ;
® end if

® TX BEGIN / * pmdk transaction * /
@D  node.next<pre.next;
pre.next<—node ;

@ TX COMMIT / * pmdk transaction % /
@ UnmarkRange (node.key).

@ function MarkRange (key)

@ range<KeyToRange (key);
® do

@ marked<—CAS (range ,0,1) ;
®  while marked 2 TRUE

end function
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@ function UnmarkRange (key)

® range<-KeyToRange (key);

@ CAS(range,1,0);

@ end function
3.1.2 Ju K M B K A i HL

0 R M BR R AE S A A BRAE 2R, T B X B
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IF 38, 2 P2 B R 58 WL SkipLise W UF )5, 80 1.
[ B B S RFRAT — A DR AR AE HF A A 9 1 I B
JCRIN R LN R R 2 A B TR 2 ARt
TR et 2 B T Y AR W B BRSSO AT B R
FE S5 A 23 A B Al s B ) i il R T R
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B oAb FEJn shistpnbafk R 0 BIAT .G M SkipList
TR B B, 23 BT A7 345 N ISR 510 3 [ BT 0k 22 1)
P 38 1)

T

[ ]
A

= 1y

... currentVector[10, 30, 50]

swaplist

Fig. 3 Metadata deletion mechanism
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Bk 2. MIBRIY A Remove (key).

@ pre<—SearchPrevious(key);

@ MarkRange (key) ;

@ if pre.next.key7key then

@  pre<SearchPrevious(key) ;

® end if

@ curr<-pre.next ;

(D TX BEGIN / * pmdk transaction * /

@ pre.next<—curr.next ;

@  AddToSwaplist (curr);

TX COMMIT / * pmdk transaction * /

@ UnmarkRange (key) ;

@ UpdateCurrentVector () ;

@ if currentVector >backVector then

@  ClearBacklist O

® end if

e e R S B SRR BB B, i T R N BR 5
F Y IC R AT AR T fE 2 A 2 B 1 R 2 T R U
[) o 5O B 1 N B 2] 2 rh B TC 3R L JF K 2 A I 3 e
N 0. LI R I R 71 35 b i T8 3R BRE IR B ) 2k
O 5% 45V b R A 3 L
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g W3 )RR A I AE R Intel S5 BT 4R
Optane DC ¢ A 1 N 17, B 5% 45 & - 256 GB, NVMe
SSD 4 Intel [ P4610, F#k %5 5 4 1.6 TB.PMEM
o] ATC B~ App-Direct 3f Memory X 2 #f T /F £
3, i TSI H I PMEM 1 b 5 A AE i Al
BT LA A App-Direct # 2. 4% 52 46 %t . BlueStore
H1 MixStore Izt i Jir SR FH 18 B 4 24 5% 4[] .

Table 1 Experiment Configuration

®1 XEFRERE

T e
CPU Intel® Xeon® Gold 6230NX 2
DRAM 32GBX12
PMEM Intel® Optane™ PMem 256 GBX 4
NVMe SSD P4610 1.6 TBX 4
Network XL710 for 40 GbE QSFP+

T EALY L 5 Fedora release 29, N A
THH] 4.18.16-300, LR AIEX) PMEM % 3 4F. i i
FTF Ceph Luminous 12.2.12 u% H A& B B A 5€ 1%,
ffi i F1IO 3.10 #E47 f 2845 4.

Ceph R F L P 3 %% T PMEM Ml
NVMe # £ HL L. PMEM fit & K fsdax #2055 —
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Fig. 5 Comparison of random write
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Fig. 7 Comparison of random read
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Fig. 8 Comparison of sequential read
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