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Abstract  In the past ten years, the information of graphs from the Web and social networks has
been increasing rapidly, and the demand of dynamic graphs for real-time storage, analysis and
processing is getting higher and higher. It will bring great challenges such as low throughput and
difficulty in maintaining graph properties under random edge updates. Emerging Non-volatile
Memory (NVM) storage technologies have the advantages of high density, high scalability and
near-zero standby power. As a result, they are considered as potential candidates to replace
DRAM due to features such as byte-addressing. They can meet the rapidly increasing storage and

processing requirements of dynamic graph information. However, the current state-of-the-art
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data structures for dynamic graph processing rely on static graph representation models such as
adjacency lists of edge blocks when updating graphs. They either have high latency in data query
in NVM environments or have serious data movement overheads, which lead to poor update
throughput. At the same time, NVM provides non-volatility for main memory data and also
needs to consider data crash consistency. It can use logging or Copy on Write (CoW) to ensure
data crash consistency greater than the atomic write size of a classic CPU. However, logging and
CoW will lead to additional write operations, thereby increasing the overheads of NVM applica-
tions. In order to solve the issues of dynamic graph data structures in the NVM environment,
Level Merge Sorted Array (LMSA) is proposed in this paper, which can support the optimization
of reading and writing performance. It employs a hierarchical array to store dynamic graph edges
to improve the speed of query and to reduce the times of writing caused by the maintenance of
dynamic graph data structure properties. The LMSA can finish the query operation in O(log® d )
time, complete each insertion operation in O (logd,..) time, and complete each deletion and
update operation in O(1) time where d,., means the maximum vertex degree. Based on the idea of
LMSA, the proposed adaptive basic array size LMSA can further improve the performance of the
LMSA by the tradeoff between space overhead and query latency, which can compress the space
to further improve the space utilization and to reduce the NVM read and write times. In order to
further improve the space utilization of the LMSA, due to the strict order characteristics of the
LMSA level arrays. this paper uses Elias-Fano encoding to implement Compressed-LLMSA (C-LMSA).
To guarantee consistency with low overheads, LMSA leverages log-free consistency schemes for
insertion, deletion, and update operations. Based on the experimental results conducted on the
machine equipped with DCPMM (Intel Optane DC Persistent Memory Module) , LMSA provides
a 4. 3x to 12. 6x insertions throughput improvement of Stinger and 1. 4x to 4. 35x of GraphTinker;
it also provides a 5. 7x to 20. 1x deletions throughput improvement of Stinger and 1. 4x to 4. 58x
of GraphTinker where both are the state-of-the-art dynamic graph data structures. Experiments
show that C-LMSA can compress the number of LMSA-level arrays to 9% ~42% of the original
while reducing the update throughput by an average of 20%.

Keywords  dynamic graphs; non-volatile memory; data structure; write optimization; crash
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TR 48 i ) C-LMSA, #F — B3 % NVM 5
A 5 4 A ) M) T 385 5 JATTAE 3.5 A 44l
FHARRL B 8152 BLAY IF & LMSA; i J5 7 3. 6 95 3 A]
XF LMSA 5 CLMSA 35 & 4 B2 45 73 A S e .
3.1 LMSA #iEE&W

TEE G P — DT o BRKE 4E T — 4> LMSA,
A ST — B BB R AR R QN 2 P
B— R — 2 E RN B R A T o
PP N B 2 h 2T Ron 2
A Sk 45 2 R /D (Level) s 52 & 9 1
(Lock) , B 2H N A9 & 19 0 R D £ (Number) 555 &

Hllliil[lilﬂHHIHIIHIIHIHH

vy > |nil nil |

- ol |

2 LMSA Bila 454 (o by B R A7 T A5 I il LMSA

PRAF TR AR 30 85 4 TR 6 0 20 R AT T2 SBCER 1Y K

TR B R R TT R B BE B B REAH N

TRAFA T 30 905 K EAR B nil KR8 EH48 10 R %)
FKU TR B A A TR A A FOR
AP BA TR UHE — DR B8

LMSA 2 —> 3 5 5048 451, B BB 98 5 &4 58 I
Bl A BTG 5 300 0 A5 00 L SR L A AR 5 A5 R4
BRELL OUog® d) I [H] 25 $0 3 Z A ) 1930 e LU
OUlogd ) 1Y 5 YKL 58 I U A FRAEFLL O
05 U K 58 B R O BR 5 R 1R AR, B0 IR AL R Y
LMSA HAS 0 28 I0HE Ao, B R 2 Al Bl
(Basic Array) , 8020 KN 0] s 5% & ICHE m_size.
Avy e — DR G HEF AL, & RS sl S R
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Hl

Y,
&

i 2022 4F

AR TR A o Bl AR A AR TR 9 98 4 T M4l A
(14) &P 422 0 B B 3k o _size I, LMSA 25 fi % B4
R EAT N, I S48 Aoy P 1 TH R $% B8 G 5 E AT
HEF (Sort) , SR J5 # 3 B B & JR A Ao, G=1)
Hr. LMSA JLE Av 2 AP 5 . T H Ao 55 0 )28
HRPHRARES  — 1 JZBARDE 2 15 XEKRE
SR R KR O(ogd ). —BIEHL T , Av,
i RBHITEKR AT 0~i—1 Z54, Bl LMSA
HOCE B T EHIT 5, X B E B E )2 R oT
RAFAEN AL Y Ao, TR RS B Ao, i,
WER Ao, Ryzs W EEB RN AT. R Ao, ot R
5 BB il & A 3 (Merge) 47 0, B2 ¥ Av 5
Avi B IR A Ao AEE RN Il B HE Iy B0
Avl R IE R I BT BB S B i+ 2
BT R Av B 2T LMSA & 290, LMSA
B HE — A Ao RS KN B B J2 OB Ao s
RIGH AV B 8 5] Av, P IR Ao A 67 T
LMSA 85 29 W Av ot B K B8 8 8] Av,
.5 Av o TR B F] Ao, 2 12 7] 2.

I LMSA 5 2 $0H KNG 4k — 2 8
KA PIARE Rt I R E R OUogdw) » X 21
F& Ologd o) W45 51 25 (0] 48 ] B — )2 804 N, &
A GBH2 TH A3 AE S IR O T B 7E B R I T 45 A ok A o
PR — OB RS Bl A BUE RS Sl ad B o 7 AR R
G I LMSA #fi AR 2005 BT 850X
i OUogd ).

X T LMSA I B 45 15 o A SOl A E 38 0 5% 4
AR BRI T BN R B 4B T e S wibrid o h E
T BRIR 2. SR 5 7E 5 I b B rp 23 40 7 T R 2R
R R T 2 M R WA 25 86 IR A B8 2
PR TR LMSA 75 N 5 3o i v 8 23 ok B8
7% 2l M BR 4R T 5 B O, IR AE 3)
A5 P18 Al aok A8 v A7 8 K A I I 45 4 L 3B 38 I 5% e
TABHE S A SR R A7 A LMSA v 3 3 9 52 B
B B AT e 2 >R 5 R) 1) FH 238 3 T AT 7y T R, R AT
168 FH B3 9 I AL ) R R X i — [l . [ % A5 I ML
TR YR B 2 S JE i HE B A
TG TUGUECH Z AN T35 T R J2 SO Rt 4 2
RS ERA SR EERANTEH . RIGHRIH
BN 5 2B XA AT DA GR 2 PRI B s )2 B
R TN DR O B e 2 B RN i A R
B KN B, B LMSA B8 1% I Z R 1IE 50 %
DA i 23 ) 1 22

3.2 LMSA EERIBME

AT G T rp 0 i R
AR SO i T 4 5 T A A S CRCER | B ) 38 R
WEPESE) 4y B 1 I A L5 B X FEE LMSA
PRAE R B b R T 0 g 5 18 AR B T DLk — 20 4R
O AF P A R R A, AT R IR 22 A S A rh
(Miss) H. LMSA HAETH 5 v 4 — 2 84l P A7
AR TS 45 5 48 10 TR AN S B AR B AT R
TR A28 LMSA SE R4 4E , A 45 i A i #AE L2
B A IR TG H R R A B T B AR
Io3% 0 5 4 A 4

i S YO AT R — A A
(PR BasicBitArray) Bt 5 35 il £ 2H o 55 4> o0 R G
T 1 RIRAT AL 07 RN TCRKL. [R) B A B4 (R
A LevelBitArray) Bt 5} )2 90804 1Y )2 Fobr & (AL 45
B AD SR B A1 RIR AR 07 RIR TR B
TEYEH T R B H BB 2 908 S 5 808 KL AL gk
HPHATE—NRTERNE AT i & 98 T
ARV R TR R R E, F i
FATB % LevelBitArray K/N A — R 5 K.
3.2.1 ArifRfE

XA WA, LMSA b aRAi AL e 1
ST BRI RGN e R HAATE T LMSA
FERH B T )T A7 i > R L % 0 D) A A3 e S A AT
TE Q0 A7 78 W) AT B 2 R e A A B 2R S
LMSA &7 — 2 XA Bl — 0 8 R 07 ik
BRI e, B B AR s B — J2 R AR R 4R
B HARB RS . AL 1 R WERTE R — )25k
PRI AR BN e X RIIZ D ATE LMSA B iR
[2] ffi /R (Boolean) 2 #U{H FALSE.

8% 1. FindEdge(Av,e,m_size ) //TE)Z%K
A AR e

BN BB (Av) (1 (o) FEREEC K/ Gn_size)

it A /R{H TRUE 8f FALSE

1. BEDHTREAE

2. FOR j=0; j<m_size; j++ DO

3. IF Au,%F e THEN
4 RETURN TRUE

END IF
END FOR
FOR i=1; i<<Av AN i+ + DO
IF W RZ A Av,##i e THEN

RETURN TRUE
10. ENDIF
11. END FOR
12. RETURN FALSE

© oo ~ (=2} w1
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3.2.2 HIFBRAE
LMSA &I/ R4 2 R A 53 &
Vo 2550 BT 1) O S A il T — st 051 Oy 2 5
£ LMSA S /Eh B SR &5 [ B EAH KD
H5REGIFEA RN E B Ak RS 25 s
(BPTTRANEH O, /]l B F A I A T Z % 5
A QRS RO T E SR A IR A
Fie BROB WG WU 475 07 ARG LE I — B B
PR A% B A 5 LMSA 25 [+1 )28 A AT 5T
BRAE. QNGRE 2 PR A0 R IE AR $UAT 58 B IR AR R R
B A7 /R TRUE.
k2. Merge(Av,B,size,l) //¥ 54 B &
JF 3] LMSA JZ9 84l h
A B (Ao A I BAL (B R A R Bl R
INCsize) 2 REAZBD
it Ai %1 TRUE 5 FALSE
1. Kt size l BHAE
2. IF Av, 425 THEN
3. KA B I R B S BIEAL Ao, IF T A A
4B
4. clwb(LevelBitArray[i]); slence) // &M% i )2
FrAEANL, HAS A sfence % & N AE 5 [
5. RETURN TRUE
6. ELSE
7. B IR B R Ao B — AN B R B C
8 3 9 8 BB 2 Merge(Av,Cysize X 2,0+1)
9. RETURN TRUE
10. END IF
3.2.3 flARBRIE
2 LMSA X — 2%l e #4740 A RAER . o4
il e WA EME ARG R A E DAL R e
AFETE 4T RB 2R R 0 e 4 A B LMSA S
Tl 50 40 )8 &8, SR il B 4 © W LMSA ¥ il &
3.2. 2 WL 2 PR B A IR BAE. D T AR IT
HARUE NVM gt — Stk U AT A48 B
AT E.
ZTHEBNRE AR EMBAZRC
W R T R B T R A A B S S
I B 7 A T b Bl
(D A IFSE. de a4l A 27 A AT AT 5 3
S RE R B 00 4G A B LA EC b FERE OO L FRATT
Bk B RS ASMEAL, SR 5 ¥ BasicBitArray
X AV B AR A 07 B R 17 il i sfence BIAR T A
JCHR M BRIy, RAEF TR KT 8 1
FWAHRTG AR MN LT HIT H &L R CoW

PR N Z T R B E 17 Z 0 — H K.
WRTEITCR S AW &R R Gl %00 % Al figd
B A (HEZETE BasicBitArray G, KA 24 7l
bR AL R 07, FE Al B AE AL E AR AT HL IR, 2
R e A R i I S o NP |
LMSA 1 4bF—ZCR A, il DIAE T H G 00T 58
BT A FF S E 48 AR AE.

(2) RAGIFIME. &4 G IFShfEm Al GBS &
NG Z R EE S 3. AT 5 & A 6 I E
BT AL B e B e R A AT 3. 2. 2 WL 2 &
AR 5 58 26 P U 28 LevelBitArray Xf
N2 AR A 07 BT B R 17 (B A B4 s 17
UCRC0” (R A . BT IRAT R AR A E AR Z )
BAAMITER B ESIF BN kA& RGE iR, 2%
B R R A A A A Bl AR L B K AR A R Xk R R
W 23l ok — o 1 25 AR 3% YO o i JE OB R
/N— B AR H 295 T EARZ B AL s R Z A e
IR IR 2% 50 %0 25 (6] (9 1% 50 T RE % 58 L& I sh1E 1
Jo H &AL

Bi% 3. InsertEdge(Av,e.m_size ) //1E)Z %%
B G AL e

A EYEA (Av) 1 Ce) FERBAL RN (m_size)

Wi AR TRUE 8 FALSE

1. KELNRSEES%

2. IFWMAAEE 1 FindEdge(Av,e,m_size) 45 B H
TRUE THEN //il B @174

RETURN FALSE
END IF
IF Av, BB I E MBS Fm_size THEN //Av, #
TCR O R A IR
Xt Ay HEAT HEF
B 2 Merge(Av,Avy ym_size,1)
HEBH Av
clwb (BasicBitArray) ; sfence() //¥% BasicBit-
Array bRaE 2T N 07

10.  clwb(LevelBitArray[0]); sfenceO)

11. END IF

12. ¥ e IRINE] Av, BHS %S N &

13, clwh(BasicBitArray[«x]); sfence() //#4 BasicBit-

Array A HE 2 DL AR AR 07

14. RETURN TRUE
3024 MIBR S AR

T I 55 BE R 45 A AR AOR T3 1 1) A 4R A o
B H A M BRI e AFAERT , LMSA 2345 45 ] 1 48
AT A RS B Ay B I B3 R 2 ahb e 5 A R I
AR, Z )5 1 30 25 I S0 B A B A A e s — 2 5

(2] =~ w

© 0 N O
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HWE— B BA R MR TR Z AR /N T8 Tk
15 2= SR T/ & T 2R R U S B e R A T
FNUCE ZECH b SRR B e A A T Tl

B AFAE A0 A7 W S i TR A A B

7 B EMBRIRAE. I BR #RAE A 2 AT — IR
TH AR AT L SOR S AL M BR LMSA ot R
B FRATT S 30 3 B T AR N 17 07, 3 B IR
FILAL TR O &40 T I BCIR A B ] 9 4 A BT 19
JLE.

T BEEFHBRME. B LMSA byt K. a0
T2 GO T IC R AR B R AR RS R
BOBRA —B RATE R EHR N ITR S A S5
BEECAH P, BRI G 2 ¥ BasicBitArray X} W A &
MEO7 TR 17 SR G P ] — R 1 5 AR
TR WM R AR S R 07 3k Bl A T B AT
TR A5 HAE AR AE 58 i BasicBitArray #5848 24
Eﬁﬁzééﬁﬁﬂﬁ»’iﬁﬁfniﬁﬁﬂﬁJlﬁHﬁ*TﬁE‘&ﬁ
S AR Dy LMSA B b T BB, X
RRE EARZ R A A T R 2 R, é{ﬁﬁﬂjﬂ,
R IC R B IRATS 2 5Ll B 1 oo R A S CHD B
HARICRA RO . #en] LU HITE H 2 07 2058 iU B
.

3.3 BENMEMMEEAK/ LMSA

B2 B TS B B A A3 A AR 5116 . 4 LMSA
t Avy 1) m_size b/ AT Av, PR S N B2
F bR E R B 5 A IR NI BRI R Gk g
2 A 1) m_size 3 KB, XK EE BT 508 & BB R
25 G IRTR 2. IO 1 i — D R e R T
(1) ) ) 258 0 2 vy B oA bl 000 65 O 7 AR I IR
B A SOK LMSA 55 0 J2 508 RNk & o B b
N AR

UnTEL 3 FT 7R o 2507 10 4 A 2o AR e 2 B T X i
) LMSA ZH08 i — 445 € BT H Ao, 5
e A 3 il ABRAE R 5 510K Av TR HE
JFlaYH Av ot R — &G IFB I8 Ao, |, B
Ao MR 37 0 HE Al B . 24 58 UCEE R B Y 2 ) L
Ay 5 HEAH R A 23 )R 3 B AT DL AE A Ak
B IR R 1 B0 T LMSA B 46 S B 38 N il
B KN LMSAL SR m_size 3 KRG 16 A ) #2
VE 3o 7 vp ) TG 7 B0 2 3 g B [a] 28 4 PR mm_size AN
AEAE TCBR 3G K , 1 3 N FE Al 24 K/ LMSA 2 X
Bl R /N5 2 R v B 0 — T B B R 32 5
TEEH 18— M AL A

I

|
i 2 i |
|

B3 R AE A K/ LMSACEDR 2 LMSA 22
PANCEE BT € NN LR ) iRt )

3.4 fERAEZHKKH C-LMSA
3.4.1 Elias-Fano gtz

Elias-Fano 45 i Peter Elias il Robert Mario
Fano 73 7€ 20 {20 70 424 57 42 3k & T LX)
e 2 A R RO B I 3 8 5 R AT s 4 g 5.
Kl 4 Jr7R Elias-Fano i 4% 0 SR H 3E 11 8 2K
kI 2R N i (High Bits) 5% 47 (Low Bits) B
TR A ALALECN o ARBLALEC 10, F L2
AL —A KN g 2 WA Gy — oo g 65 R AT 2
J5 A AR B A A 0 R AR e iS5 0F L s
25 5% th = 07 g S 1A A 47 15 7 5. Elias-Fano 4
% S R B 1) Y 1 1) 5 7 ASoe RUT L [l B AR A% L
AT B 1) (B2 1 41 v i OB e 91K B ) 52
N E R Fom — Z W OUog (Id .y /d ) )
R [R] ) 2 ) 1) 5 15 A 10 8 B e 2 i g IR B R, 45
LMSA JZ 2050 7™ M 3k 19 R v, FRATHR I T 5 4
LMSA (Compressed-LMSA ,C-LMSA).

P BTl
iR
3 5 23 30
{000\01\ \001\01\ \001\11\ \011\01\ \101\11\ \111\10\

v % ¥ >< * ¥
010111011110 ]

G5 255: 10110 0 10 0 10 0 10

& 4 Elias-Fano 4t 50 (B R 7 JE 38 507 51
1.5.7.13.23 F1 30 k4 0 i 2 1 W B 50

3.4.2 C-LMSA

FATHIH LMSA R T 55 0 2 B4 7™ 4% b 1
R x5 2 HE P B 4T Elias-Fano Ziif . AT 5
i — 2k > LMSA 758 [ F 4, iX f 2834 Elias-Fano
RS R4 J 1 LMSA Fx 4 C-LMSA. Xt T 2 if] #
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B4E . LMSA: NVM MBS i 1 58 30 25 B b 25 4 4548 1455

1, C-LMSA g% 75> #| ] Elias-Fano R 4f 45 i ¥k
RE » DT PR 2 0 B0 2 A T IsF ) 52 2% B3 %t 14 A B8
1 ERIECA 1 4 A4 E 5 LMSA M [F]. {5 2 7E ]
RSt B fok % Elias-Fano 4 % i % 5 4 65 FF
B RIS T e G I 4 A ok R A B Al SR 04 A1 I
B AR SCIE A C-LMSA 58 2 f# 1 J5 #E 474 9F - 1M
ST T TE WA G0 e 46 S B 1) J2 S8R 4 8 B o R
JCEK ARG % BEHE Y o0 2 3 I 0 5 2k A B E AT AR
5 G B AE . B e P 3L ) 4 A 3k R R 2 25
Akl AR ik e R A T R AR R 2 W M G
75 [B) T4 .

3% Elias-Fano Ffi /1 1] B[] 52 5 55 e R EUE %
M 5 30 St S PR B0 SR R A7 O X W s kL R
] [, C-LMSA 2R T &L v 1Y 28425 T0 il O A7 8 ] L
BRI T i 5+ SR 5 B 3k S8 S8 4% T il i 5 5 T A
o M2 (B JEAT DR AF - XA AT DAY/ LMSA HE T 5k
P BRI R S DT HE— 25 38 KR 46 L s/ 2 1)
IFIE]. X T A ) L C-LMSA £ 75 2 9% 8040k 363
SEZBAE — IR (/e 2D AR 5 W BEE 1T 22
TEHARAE. 203 S2 B PEAl 6 T 404 48 100K_100M (I,
# ,C-LMSA H4i%m 58] 10% AT,
3.5 3% LMSA

IR BRI X NVM RS 4  5) 8 L2 5
RN SRR T, LMSA ff 182 A bR 1 %
SRR ET OZ AR B i1 HL R A T00 S 50k A7 i 3 S
PEFEAFE TR S 7= A B ob 28 NI £ LMSA ] L)
L AR R B O SRR RS .

FEJF & LMSA w0 [R) 26 4 W) i 332/ 5[] —
TR SR B B, T B 4 k2B B b o TR, R A7)
Ry A TOUR B B0 B 2 4 T A R B B S —
AN TOU S 000 B AL B PHA T R R 1 S LB L Y 58
W/ BEAE G SR N T EHE— I A
JIE FRATTHRE 25 PR 2 A Xt ) B A 1 AN TR 9 3 A T I
AT HRAE . o TN [R5 0 B 4 A A ) 0 R AN 4
7 vp s FRATT R AR TG A AR A 8 B O K

A EEAE.
3.6 EXENW
T 1. LMSA F £ O(og’d,..) 1T

B BE NS 5€ ST I A A UM B R B S 4R A

W, A doo 3l 25 AP TR B R Y E
1M H LMSA i — 208020 4 & 1 o0 % 2 H T i fe
AHABETRZM HNLZHEA TR REZ N
de/2. U LMSA JZ 2% 80240 J2 il 46 50 (2 %) i3
Wy Al A Rk LMSA 80R logd . 24 X

LMSA G474 1) 486 A I 5% R0 50507 82 4 I 25 4 A
TCRIE BT T2 A A TRtk ol LUK R —
BRHMAT R I K RIF8H
logd . T LMSA 5 Z i J] O (log’® d. ) 1Y 132 TF 5
RE A 58 AT 0] A A L A o 0 5 S A HEEE.

EFH 2. CLMSA &2 HO(ogd e logUd ./
d,)) LI 5 BE % 5¢ A ) A A N BR R B R S5
HAE.

. HEE 1 A C-LMSA 80N logd .
Ky C-LMSA #— 254l #f 223 Elias-Fano 4t i
T 4R b B8 SCER 27 J%F Elias-Fano 4 % J& 45 )5 5]
ML TF 4 log(Id e /d.) s TR B C-LMSA X T2
A B 0 ST S A S TR — O A R 4 )7
G BT R OUogd s log(Id e /d D). HIESE.

FIHE 3. LMSA 5 CLMSA fZ il O
(5 T8 R A% 56 B A5 10 M) 53 0 SR A5 4 A B 28
HH OUogd,...) ) ¥ HES -85 BB % 56 B4l A 454

JE.  LMSA 5 C-LMSA 7625 ] i S 2 & i
JEBE SR L DR IG5 RS S OCD . H 10 5 R o 5 8
VESTE IR ZS [T U TR O, LMSA 5
C-LMSA T4 A 45 /E 19 53 F2 v v] 5B 51 2 5L il B4
Hep 5 0 I #E . B & 8 (Write Efficient) HE Jy &
EP R HER S R R OGn_size) o i ¥ $EAE 4
—AICE R LT O WS FFE. W B P AL
HIHFE A Odw) s B RER B — AT R R
O, A T RIEZRBAN T — BB H N
OCL). fiER 1 F1 2 Af 1 LMSA 5 C-LMSA 24
H OUogd o) » U AT 48 8 Ologd, ). IEEE.

4 LWHERSHH

AR R T SR AR LMSA 5 C-LMSA %4
P AL I R BB PR AR RSN UL A AR FE NVM BR
B e L.
4.1 EIWIFE

AR SCAH FH B S 56 M 55 45 B 4% 27. 5 MB 1) L3 2%
17 .128 GB ff§ DRAM N7l 4 4~ 256 GB [y DCPMM
et 43t 1TB 9 NVM #24i%. DCPMM 4 = F a]
HEREPATH A

(D) NS (Memory Mode). WM T
DCPMM 4/ 5 DRAM ¥ J& P 47 fii il  DRAM
BEHT 2 B & — G A [F i DCPMM $§ A4k
T RERAS 11 . 7T LAGA] B it 3 1% 45 0N DCPMM
B4 E DRAM N A7 fd .
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Hl

2,
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il

(2) B B (App Direct Mode). %R
PR H 422 35 8] (Direct Access) 5 #t 77 fi% (Block
Storage) WA 7 S IE g 35 A A7 il g A R 5
I AR P . L 15 10) J7 X e vF DCPMM . fifi ] 5%
A5 53k g T O R R EAT A SeAr Al Ty N E
1l SSD f#i .

(3) IR A B (Hybrid Mode). {452 206 P77
B e R IR A B Ay
DCPMM %5 5 ] N A7 B A felt Y 3R A 25 5 3 40
T B A A

A L H, NVM iy DCPMM 7 App Direct
Mode T AL E . IF 5 extd-DAX UF R G — i % 3.
M55 #5845 2 4 20 #%1 Intel Xeon Gold 6230 CPU@
2. 10GHz 4 ¥ 28 (Bl NUMA 5 5). i T £ 4
NUMA 5 i g2 50 2 51 AdE 5] A7 28 3R T 4 45 17)
IR ATHE— A CPU Hiifl AT i S8 56, % F
NVM i, FATTE H] PMDK K 3T B S5 2 #2  1)
5217 = T S A E | = A S I o A R vl
DCPMM. A {# A clwb F1 sfence ¥ £ 35 15 A R 4F
| DCPMM Py 7 1.

BHREE. A SCME A B S SR ATy 37 2 A R
b o TR ) 4 B0 A 0 AR A ol L S T A
B 22 72 Mg 181 PR I AR S0 S it B il 181 7 20k A A
TR L V] 5 5 4 ) ke X S 8 R AT A8 4 VAL L B
BT Graph500 RMAT Az pl e = Az il F AT ] A 1l
) RMAT & e 9A =2 i G E R T 1/20) F1
BEBILHE S B TG 1] s H 300 BRI DL T 28 mT A 31 1R Y
V- 25 PR X Se R A R M AR 4 B,

R4 HIEEERESFAER

KEAETE S Fm 0 i 3 UL
100K_100M  RMAT & & &l 100000 100000000
40M_1B RMAT & R 40000000 1000000000
100M_3B RMAT 4 i &l 100000000 3000000000
com-orkut B AR A 3072626 117185087
twitter? B AR E 41652230 1468365182

4.2 LMSA 5 AL.CSR ¥ EL E eI Lk
AN BB 42 100K_100M $E4% LMSA
S A KBRS AL CSR M EL % 0 5 v fE. %
I8 554 100K_100M Hi 1 T J7 4% 3 4 A ZI] 3 Y Fif
BAREEH SR )E Dh— B R4 I — A O W &
FEFHE VA A 1) D o 50 90 45 A SR A 4L 2l 2 1 30 T
AR S G B AT B AR i B CRA 2 s)
H— @ JTBR DL I Rl DAAS 3 B e ki BT 5 R

LMSA P i i { T AL.CSR #1 EL. 5 2.2 45 I
204 T R — BRI EH L EL i T
A VA R) 3G DK 23 I 7 A7 G 00 1 185 o 8 P 1 o B
B, CSR 5 EL T K& 8 & o) FF 45 . 5 5 A
A U3 K. LMSA 78 L vk 35 m i 2 2 v B 2 2%
K (T 8UE o /N E B A 5 R, LMSA
BT B ] F 5 4% 1 A AR DA 22 B A7 1 BOME 43 0 R
0.44,0.49,0.54,0.6,0.64,0.51,0.74,0.64 FI
0. 67s) X MR A H A B UF R R E k.

120

—_

(=3

(=]
T

PN EPIRE

[§]
(=]
T

-
- . . -
— i i f

3 4 5 6 7
BRI T AR (YO

K5 R/ h—T AL E LMSA 5 ALCSR &
EL 7189 587 i 18] 5 88 () X L

4.3 LMSA  Stinger 1 GraphTinker £ & Xt Lt

AN R B e R s 4 4R 100K _100M,
40M_1B.100M_3B.com-orkut il twitter?7 £ NVM
W1 R 5 Stinger il GraphTinker 7 A~ [A] 3t ¥k K/
TR E ABRVEYERE . A S5 /R LMSA 5 Stinger 11y
TNV I P B X L. 45 SR S s B A B R Y R AR B R
AT, LMSA 1 6 55 BLAR &5 /9 Ay ik . e 5
FATIEAL LMSA 7 DRAM 5 NVM 5T i A7
ek FRAT0E 2 S E R DN RS A
) = ol AR 25 R R AR AL Bl 2 T R A

Stinger J&— M JT 5322 N 77 3 25 1R BUdf 2544
B[Rl 52 A7 3 25 BT AL BRAE 48 A SCAf ] GitHub
& Hr 15.10 A, Stinger B & 4 1 edgeblock
KNSR 16. GraphTinker J& 78 2k i Stinger Jt: Al |
5IA SGH J5 % 5 MUK AL (CAL) JE 4 FR 4 3
A 4k BEAR A SE B, AT A GraphTinker f5 87 T
FRRAD. J TiE N NVM 3%, DL w5 R 5k e 25 4
T PMDK B SCEATT N AF 2 B J7 20 I8 T
BOAFAE 1 2 Vi) DCPMM Sk 3E47 % L P74

6 Ji& 7~ E A [ Lk K/ (10K, 100K, 1M Al

@ https://github. com/stingergraph/stinger
@  https://github. com/Wole308/graphtinker
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Background

Graphs have been widely used to represent information
in different fields. Whether it is the structure of biological
networks, the inter-entity relationship of social networks, or
the links between Web pages in Web graphs, the graph
representation method can be used for the storage and processing
of relevant data. At the same time, the amount of information
in these fields is growing and changing rapidly. Unfortunately,
efficient graph processing for dynamic graphs presents many
challenges. The first major challenge is the unpredictable
edge update patterns in dynamic graphs, which will lead to
poor graph update throughput. The second major challenge is
how to design data structures that have good scalability. The
third major challenge is that with the increase in the amount
of graph data. the traditional DRAM memory hierarchy may
not be able to meet the memory storage and computing
requirements under massive graph data.

The existing dynamic graph data structures mainly
include Stinger, GraphTinker, etc. Stinger implemented the
dynamic graph processing framework based on the shared
memory data structure of the adjacency list. The neighbor
nodes in Stinger will be divided into pre-selected contiguous
blocks, which form a linked list. All blocks are the same size
except for the last block in each linked list. GraphTinker
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batch throughput and scalability. It uses a new tree hashing
scheme to reduce the detection distance to improve edge
update performance, but this approach leads to additional
hashing overheads and hashing conflicts. At the same time,
it uses a kind of mixed granularity compression edge data
form to store the information of adjacent vertices, which can
bring the improvement of space utilization.

This paper uses NVM to design a dynamic graph data
structure LMSA that trades off read and write optimization.
It can find the edge to be queried in O(log? dimw) » and complete
each insertion operation with O(logd...x) write times. Based
on the idea of LMSA, the LMSA with adaptive basic array
size and the C-LMSA with space compression are proposed,
which further increases the space utilization and reduces the
read and write operations on NVM. We use the Intel Optane
DC Persistent Memory Module machine to conduct experi-
mental evaluations of LMSA query, insert, delete, update
and space overheads. Comparing with the latest dynamic
graph data structure Stinger and GraphTinker, we verify the
high efficiency of LMSA.
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