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Abstract In the past ten years, the information of graph from the Web and social network 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
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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 data structures for dynamic graph
processing rely on static graph representation models such as adjacency list of edge blocks when updating graphs.
They either have high latency in data query in NVVM 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 applications. 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 read and write 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?dmax) time, complete each insertion
operation in O (logdmax) time, and complete each deletion and update operation in O(1) time where dmax 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-LMSA (C-LMSA). To guarantee the 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%.
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ANSIFE T R AR S NI L A E BRI G R R 2
e — R EEEE S, RAERRIIE RS
IS N R LMSA 6 N1 75 22 10 5 T4
A A O(logdmax).

XFT LMSA MR, A S0fd 28 1R M BR 4
ARy BT B B () AR Tk i Je s i br i o
THIBRARAS SR G TE A FR ik R o £ P T s IR A S
RSB CEEMER, WA S IR E
B A LMSA TE N R B2 rh IR A 2 SR
(%3l MERERAE R E RS R ECN OQ). i RIE3h4&
BB IE AR P AEE R E M BR AR, AE BBk T
AEBETH AT AR RAFLE LMSA thIE B4 1 2 bR i,
BT By R S () 2B BRI (1) 1) R, FRAT I
FH B 2 AL A1) SR 02 o) 3k — vl L B 2 S ML 1) 3=
TR RIS = 2 S R 2 R B A
TE I H 2 AN T TR S E U NS, fes
ot E A S K E JE BT A, SRR RS
BNENR = ZHA A, IXRE AT DUAR 2RI B e [ 2
o FEE 7. R A I e JE B RN = TR AR Z
B A/ NEERD, R LMSA REfSUE ZARAIE 50% LA
s la R R
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B2 LMSA &M Ol 8L R TS, A LMSA (RAFTH AR B4R A, IR B R AT 2 B I S5
B, OFRRG BHTRENEE S, EHEHN R A% KBRS, nil ZoRiEHRINE)

3.2 LMSASEFRiEE

FH - AT 32 B TE  H Tod st ) {3 SR 200,
WA IO SRS STEHEE (BE. B REL
A JE S 43 85 1) 7 AAFE LS B IXFEAE LMSA
BRI R LN TS g S 3R, BT DL — PR
BZAE T A BEAE A E, IR A d

(Miss) RELLMSA RAETH &L v & — 25 IR A7
TS w5 548 I VEANE B FR & AR /NI
P A4 LMSA SEPrERfE, AFRihEfiRiE. EX
B G HHEE. THERLENEE. THERL
I o R B R A 55

N1 RS RE, BRAUEA— AN A

(FRN BasicBitArray) i IEatE 2 H AN TR 9
T, 17 RORA R, “0” FKon ok R A7 E

(FrA LevelBitArray) Wit 2254 )2 ibr &

(CBLFEEANED —REAR, “1” RoRfFR, “0”7
FORTER W T 2 P o= 50 H B & 2 3 =i T
ok, A RTE-NETFE RN @AFID
ARG 28 Aok, Him KT R R EH
DA H, FIIERAME LevelBitArray K/ A—A
JEF5 KA.

3.2.1 HMHEAE

X T A ERME, LMSA B2 N e 1
TR m Ak, R E Bl e R BAFAE, T LMSA
SERBACEA T A, DR e 7 R ) B e R TR AT
e, WRAFAE N AT BB R RO AF R S5 R e
LMSA AR — Z0 A P4 ] — R 07k
WAEWI e, JIREBHIREE—ZEHWHARILE

H AR SRR nEE 1 s, WRER—E5E
HEREAR R0 e, IXRIAIZIAATE LMSA 1, KR
[6]4fi /K (Boolean) J5%U{E FALSE.

&% 1. FindEdge(Av, e, m_size ) /I TEZ45L
Hrh kil e

N BB (A, 18 (o). FERlEH KN (m_size)

. Ai/R{H TRUE 8¢ FALSE

1 k&R SRGEE
2 FOR j =0; j < m_size; j++ DO
3 IF Avgj 5T e THEN
4 RETURN TRUE
5: END IF
6 END FOR
7 FORi=1;i<Av N4, i++ DO
8 IF 48 22 B Avi R 211 e THEN
9 RETURN TRUE

10: END IF

11: END FOR

12:  RETURN FALSE
322 GIFHRAE

LMSA & I #1242 A 2 5 3 S K
e RS T R O R A, A P — Pt A 77 58 R AE
LMSA & IffEr, EASRER | ZEARNE
R B I KN B AL RS | ZEdh s (/)
TCRMN 0O, WHEK R G I TR BB H
W | EE O, TR E SRS AR
BT AT G 9T, REER AR, BER
BIAXTHHA LS LMSA 2 1+1 ZEHPAT & H
PE AN 2 PR, W IEFAT 56 & H R [



BB LMSA: NVM IREE T = 1 Ae 32 B Ab 3 45 s 4504 9

i /R 18 TRUE.

E3% 2. Merge(Av, B, size, |)
FH 2| LMSA E %4
BN BOEMH (A, FEIHEH (B, FEFHE
MR (sized)s EHBAZEE (D

Fit: Ai/R{H TRUE 5% FALSE

1. e size. | REGE

2. IFAv A% THEN

3: B B T R BN BB A b JHE
#4H B

4: clwb(LevelBitArrayl[i]); sfence() // 18 | B4R
&bz, HAEH sfence W& B A 1755

5 RETURN TRUE

6 ELSE

7: &I B RS A A — AN RIS C

8

9

Il FEH B

3%V F 5035 2 Merge(Av, C, size*2, 1 +1)
RETURN TRUE
10  ENDIF
3.2.3 HAERLE
2 LMSA X —2%10 e AT AIRAER, B e
il e FEENE, REREHRSAE, WHRL
e NMETE, T REZAEEETL e AR LMSA
FERH A R B a0 AL A A CLipE,  LMSA Rfilk
3.2.2 WL 2 B A R N TARTT S
RIUE NVM HREds — 8, DU AL HE
THANTTE.

76 H EFEANERAE B Se kil a2 2 15 2,
WA, R TREASIEMBAE T, 1t
IS 7= R PR B A

D &It A2 AT 3k
AR R e R A BRI EA P AR AL, FRATE
SRR B NI, AR5 % BasicBitArray Xif
MALERREM “0” BCh “1” Bt sfence HifR S5 A
TJUR AN bR ERT JRE TR — KT 8 A
T HRE ANTTRMN EHFHT HEid 58 Cow #
5, BIOMZTGRAENERERN “17 ZH—H AL
WRAE TR BN R A RS, 1% 0% il Bedt
WA BN, (HIETE BasicBitArray AL, P4
Fr&AN “07, BB ZAL B AR T LA L,
YR RGN, JERREA AT — B RRES, J
LMSA th4bF—BOIRA . Moy DL H BRI R 58
BTG & I E AE AR AE.

2) REGIFENE: “RAESIESIER TR K&

ZAERHH 2 8 1 B 72 3 3R AT 5 A & )
VEVCTHARARL, B e B e R A $AT 3.2.2 155 2
HIFRAE, IRJE R E G I LevelBitArray X
RLZEFARELRL “0” BEHECN “17 BN 5L
“17 NN “0” (R L) LT3R AT GA LARAT AR
JERBAN TR, RIMELE S IR K E R,
JERHH R R EALE A AL, BRI R X Tl
HMg e R — € AR 9%, DN E A K
N—EARMN BAE T EIVZ AT R M, e
RIRIR 9% 50% 7 1] ()15 L T REf% 58 Bie& FF s 1 1
JLHEHA.

HX 3. InsertEdge(Av, e, m_size) /I 1E)E2%%
B NI e

BN BEHEA (A, T (o) FERBA KD (m_size)

fth: Au/R{H TRUE 5% FALSE

1. KELMGRSEGEY

2:  IF WH%Y% 1 FindEdge(Av, e, m_size )&5 5

TRUE THEN // B4 T

3 RETURN FALSE

4:  ENDIF

5 IF Avo M TENEET m_size THEN  //

Avo H T 3 LI il & T ERAE

6: XF Avo FEAT HEF

7 I % 2 Merge(Av, Avo, m_size,1)
8: TE S HUE Avo

9: clwb (BasicBitArray); sfence() //
BasicBitArray fr & 48Oy “0”7

10: clwb(LevelBitArray[0]); sfence()

11: END IF

12: KL e BN Avo R IR AL B

13: clwb (BasicBitArray[x]); sfence() // K

BasicBitArray #i A5 x ALHIFR £ “07

14: RETURN TRUE
3.2.4 MIERS HEH AR

TR 5 SR A AR T Bk 1 AR AR 52
BRI BRI e FEAERT, LMSA 2¥445 17 VE4H
A5 BRGSOV ERRES R 58 BRAE IR MR
Bl 2 Ja MEh S BRI A R m — B
HRm— REARPMBR TR Z MRS/ T T
U E A RN, AR R M B e R &
IFRR RS R e WA L e
FEAFAE, AERAFAEN SR VR E B

7 H S MR HBR R R BT — TR
T H5ERAE AT DL BSCIRAS AL B LMSA Hh e R I,



10 it Bl R

BATSAA BT APRS M “17 808 “07, XEMK
HIA TR O AL T IERBCIRES, SR Al B A 571
JLER.

ToH ETEHHEEAE: 8 LMSA i c R,
RIZHHAF O R AW R KA R g, K
HEAEA —BCIRATE S TR S AN
T, BAEID 208 BasicBitArray X Mg &
M “0” BEECN “17, ARJE R — IR T 5 BRI
REEEHT R PIMIBRIRAS A “07 X PP AE 75 Z
TR T 584, Wn3AE5E ik BasicBitArray Frid
BERAE RGO, 7R o E KMBR IR AT #E
AW, HERN LMSA ZEHEUH b Fin L%
3, XEWREEMERIBH KR, Y&
) H L S 0 R I AT B A 1 e R A A

CRIFHENIT R A 0 T L JE H &7 05
B TR AR,

3.3 BENEMBLEKXKILMSA

A BT ERAAESMALEEN. Y
LMSA 1 Avo 1] m_size i/, 2dif5F Avo PLididl 5
W, HEMRAE NS G HEE, AR R
GivERE. 24 Avo 1) m_size 8 ORI, X B2 B0 55 K i
B K25 ) BRI 3% L IR UG oA T s i — 2P i R IR
To0 R 725 () ) FH 28 R0 9902 1o FEE Tl s pH T A & 3 7
BB ASCK LMSA 55 0 2Rtk al /g
BN &N AR

LTI

G2

ne ) T

IR ‘ |
U }

3 HIEMNIERBE KN LMSA (BZRY LMSA ZE% T+
I, BRSO/ N R REA JESR DU £

WE 3 Frn, s ARt ORI RO
1) LMSA EH0E IS — N4 58 BE I H Avo B,
T e AL 3 FAERLE, R Ave o AE
FFla5 A e R —i & I8 3] Ava Hr, BB Avy
VEJUB RO 4 S R R A 5 4 Avo
5 B Rl 3 7 AR i X M 7 2URT PAFE AN B/ R
IR DL TR LMSA B0 H & N S A

K/ LMSASRTT m_size 38 K& kE 7 & iR E it
2 o6 JE B 2R 3t T it B AR, DAL m_size SRR
TERRIE AR, FIE N IR K /N LMSA & X mli%
KNG JZ I & BE R — R, RIS 4
) — TR A

34 EAELEERARIC-LMSA

3.4.1 Elias-Fano gt

Elias-Fano 4wt Peter Elias 1 Robert Mario
Fano 737 7E 20 T4l 70 SR IR ok, Bl DO
T 2 A A B B AR 35 RO A1 R AT R 4 G R
] 4 Fi7x Elias-Fano 25 i 00 AR 2 44 E £ B 5L
R IR N Chigh bits) 5147 (low bits) P
A, ABBESAIALECN hb, ARALAIECH b2
HAE— KN 20 (i, i — o idh 47 2
1 5 i A7 A LA P T R R b & 5, &
J& 5 Rl S w7 2B e 5. Elias-Fano 4
B S RF B TR P 15 1) 285 i AN o2k PT,  [RIR RE 8 LA
AT N TR (52 7 51 v e KA AN 41K B2 () 52
Wa, 5 8 = e K B e — 2 75 22 O(log(Idmasddv) )
I [A])) 25 1) 21 5 175 2 W B AU e IS B 25 A
LMSA JZ 0 E 20 A it e e, AR T K406 L
MSA (Compressed-LMSA, C-LMSA) .

:ilt?w%m
0 31 [71 [8] [5] [#

\“{ 000/01 ‘ ‘ 001/01 ‘ ‘ 001711 ‘ ‘ 011/01 ‘ ‘ 101/11 ‘ ‘ 111 10‘

! 2 | i SRS \ |

‘?Awﬂ\‘“ﬁﬁm: 10 110 0 10 0 10 0 10 01 01 11 01 11 10

Kl 4  Elias-Fano 4wt (BURHA FIEF ST 1.

5. 7. 13. 23 1 30 &4 iR P HT)
3.4.2 C-LMSA

ATFIH LMSA FRT-28 0 JZHUH M Hs i1
e, X EHE 20 3T Elias-Fano 4fid, Mifi
HE— 2> LMSA ZFlE I8, XF&id Elias-
Fano Zfi% 5 45 J5 ) LMSA #%4 C-LMSA. X} T2
#1E, C-LMSA fefi 75> #| H Elias-Fano R #f 2]
PERE, M PR A2 B 2 A v ) () &2 2% B 6 T4\
B, R ANIRIES LMSA AH[E H27E
0] s Bk fi & Elias-Fano 4w (17454 Mg it -
B[RRSO T R UE R E I AR AL Y R BTSN T
B, ARCHAK C-LMSA 58 &= ffthtd Jadkir &%, 1M



BB LMSA: NVM IREE T = 1 Ae 32 B Ab 3 45 s 4504 11

ST SRAE PN G T A 9w 5 1) )2 G 8 2H B U e oK
T, ARG TR VAT 7 v F I AT AR
5& 04848, e E I RIS XA R 4 B AR AL
I AR i e K B R AR A 2 B R 0 38 0 )
TF4S.

%% Elias-Fano [§8 M7 I ] 52 3 5 i K EE 52
M) 55 300 it 5 P 4R R A7 7 RPN JE O, 0 TR
B, C-LMSA S TETH A v (1483 T0 A AR A7 L
BRI ST, SRR X AT T s G 5 S5 T A
VAR ZEAE AT ORAE, IXAERE AT LA/ LMSA HEF7 %k
e Koo R, MIE— P KR4, b2
TR 1) 6T 1 B, C-LMSA 278 2 284 S 3454
SRZBAHE N Tu R (RN TTR), ARG BT £
TEORAF. 280 S5V EAL T E 45 4 100K_100M (I,
# 4), C-LMSA [E453nlik%] 10%LLF.
3.5 FHALMSA

HRBOBERBIT NVM RGP R 3 H 28
BN EEEELEE LMSA i HEEA R
BIREN ZRIERED M HAA TS A7 A, XL
FRtEEAR E A S = A E i v o, T fE LMSA 1]
DU I 00 A 5 S O R 1 S R

TEH K LMSA i, YN [RJ 2R A I 1325 A —
TR GO BT, FTRE 22 R AE BRI R I, AT
SR AEAN T A5 1A B A B2 o T A b P 4 24 1 el —
AT OB, AT 26 F2 1 Sl FLBie 4 5¢
AL/ G AE G SR N TR Em IR R
FE, FRATRe 2 PR 2R 2 X 4 i B 4 O AS [R) 03 4R T 5
REWEAE, B TAFZ B B A 2
FEAEEE TS, FRATTRT AR F B A 58 I R
P HHRAE.

36 BEHRESHM

EIE 1. LMSA i 2§ H O(log’dma) FIEL TS RE
SERCEE . RN IR R B R S R A
IEBA. LA dmax A2 B A T e K B4, T L
LMSA i — BB & on R A N THATA #A
TILRZAM, FEERBHTEREZ N dnad2. X
RN LMSA ZE 50 2 a4 (2 %) 37X
HeE, Kt LMSA 50N logdmax. 245 LMSA 34T
Al HEA L MIBRATE R RN S B TR R AT
e, HTERBAATFRNE, v U —g 5 it
TR ITAGER, K KIFE N logdmax. i
LMSA #Z{§i [l O(log?dmax) A2 144 Ak 16 56 i 7
W HEA S MHIBRFN S S R A ==y

EI2. C-LMSA & Z{{H O(logdmax - log(Idmax/dy))
(T4 RERE SE R A Jdi N HIBR R BB S5
IEEA.  HERE 1 AT C-LMSA Ze80A logdmax. RN
C-LMSA i — ZHdH #48d Elias-Fano Zwfiddt {7 &
Y kb SC[271%) Elias-Fano 265 5 46 7 51 (152 1 44
9 log(ldmax/dy), [FIRF C-LMSA Xt F2if. ffi A M
BR AN W S E S — A B W R 4875, i)
BEHHH N O(logdmax + log(Idmax/dy)). UEEE,
EIE 3. LMSA 5 C-LMSA £ H O(L)HE T
B RE NS S AT . N B R BE BT SR AR e 2 AT A
O(logdmax) 1351 S5 FF44 e % 5 b N FRAE.

LB, LMSA 5 C-LMSA fE& N A& iR %
P EEH, IS TFA4 8 O(1). BT B3 A B g e 1 2>
TR A AT, S8 O(1).LMSA 5 C-
LMSA 74 N A E 1 R p m] e 5| e Sk B i He
SR8, 5 ER(Write Efficient)HE ¢ EER8H]
B S F8S % N O(m_size), MR R — AN TR
i TR O(L) KIS 8. R A 3 B4 i )3 5 5 F
BN O(dmax)» RIULIRER G — AN IeERH A O(L). A
TR AR R B R — R B AR O1). T
1 F 2 W% LMSA 5 C-LMSA MIZ% A
O(logdmax)» AN 5 F 4549 O(logdmay). e,

4 KWERS TR

RAKEIEIL SLE PG LMSA 15 C-LMSA 5%
A IPERE BRAERE M U, PR TE NVM 31
5i T e
41 XWKE

AR SCAT I SE B0 IR 45 4 e %% 27.5MB 1) L3 2%

17+ 128GB [} DRAM W {7#1 4 4~ 256GB () DCP
MM {745, L1+ 1TB 1) NVM 7. DCPMM H
=R IR AT
1) WX (Memory Mode): W A~ DCP
MM 24 1E 5 DRAM ¥ R )N A7£ /H, DRAM JLE}
ZAENERHE S — R %A F, RN DCPMM REALL
Thaep AR B4 F o] DA SR ) 3R % AR 0 DCPM
M # 247 DRAM N 778 H.
2) BN (App Direct Mode): % IR
LB 7 (Direct Access) S5Htfif% (Block St
orage) M7 UMENFF AL EHRIER RS
LR FE A . B 407 10 5 s A v DCPMM A =7
5T hE 77 2O R AR P AT 4R A7 it Oy R
16l SSD i F.



12 it Bl R

E#AEBESR AL, CSR Il EL 25 #itkfe 3%
A1 5% 100K_100M Fi 1 T3 S 4 A\ 313X PO b

3) AR (Hybrid Mode): JE&BIR K A 174
BN AEGRA /M, ©2%—iks DCP

MM fg%‘ﬁﬁﬂ: Wﬁ*ﬁﬁ{iﬁﬁ ’ %Ué%ﬁ%%ﬁﬁﬁﬂ: ¥ Stinger M GraphTinker @ LMSA
IERANA LSRR A E iz 7
FEARSCH, NVM i DCPMM 7E App Direct M = 0 7
ode FIE, I3 extd-DAX Sl Rl i 2 , 7
%445 24> 20 I Intel Xeon Gold 6230 CPU@ Se, g 7 7 7
2.10GBHz 4 ¥ 8% (B NUMA i) H T £ 4 % . ﬁ 2 s ? 2
NUMA 5 25256 23 8 N85 5] 9 47 28R T30 2 1) R "2 ‘2 ;E 2 2
E‘EB]’ ﬁﬂ‘]ﬁﬂ/l\ CPU ?ﬁi‘@ti‘ﬂﬁﬁﬁﬁ§gﬁ9é? ’ 100K_100-M 4OM_1; ;QOM_;B twitter7 cor‘n-orkut
NVM %if2, FRA76 ] PMDK #0517 5 PR
R 250, 3 . ST
E’Jf‘@ﬁi\iﬁ‘itllﬂ Jﬁcﬁﬁﬁbﬂfﬂﬂﬁ-ﬁ%ﬁvwlﬂ DC (@ BATCHSIZE = 10K
PMM.F&A 115 FH clwb F1 sfence K E a4 A AR A7 5
DCPMM V\]ﬁﬁ'ﬂ W Stinger M GraphTinker mLMSA
. 200
BARAE: A A I B ST S AT B dE A K - ”
S AR R R [0 26 B i AR P3R5 th T 1 S I EH s ;’,
L RMEE, FbA S A A R E 7 SOk R S 7 ” ﬁ ﬁ 2
BRI B B BT ST FE 40P, A 7 77
%/ 7] 1 Graph500 RMAT Zk B #$B0: e, FRAITZE IR & z 7 Z "g |f,
[t) RMAT & iR A B0 CREET 1/20) A1 o =g =H7 lZ o iz iz
100K_100M 40M_1B 100M_3B twitter7 com-orkut
BEATLHES e i) 1], HR 2 DT 5 85 mT 75 28] L 1) iR
S 34 FEH 1K R ] .
P88 EEE X e R AR SR P 3R 4 B (b) BATCHSIZE = 100K
=4 FHEEREEEFARER
e s i) T 5 5k h¥ = Stinger m GraphTinker £ LMSA
350
100K_100M RMAT 4% &l 100,000 100,000,000 300 “
40M_1B RMAT & i 40,000,000  1,000,000,000 %zso ?
100M_38B RMAT 4% &l 100,000,000  3,000,000,000 MZOO ?
com-orkut LS R 3,072,626 117,185,087 Ezz . ? g ; ?
twitter? FU 41,652,230  1,468,365,182 # 5 /A / "f’ "f; , "/
coallz 2z elZ =llZ N7
4.2 LMSAS5AL., CSREELEFMREXTEE IOOCI0OM 4OU_18 100M38  twiter?  comora
Bz
_____ AL =====e=e | ccccsescescss CSR = == = | MSA
10 (c) BATCHSIZE = 1M
100
— h 4 Stinger W GraphTinker # LMSA
w80 ' 350
& i o A
4@40 i LEzoo ﬁ
20 /" ~ o - A - ?
....... ey %7 7
0 R RS L @50 i g i ﬁ: X ? 2‘ ||?
' ’ gﬁtéﬁ%ﬂ%gﬁ (H:E;/’() ' ) ] ’ 10-C;K 10:M .4-0!\/I 1l; 1;3-0M .;3 twitter: C‘O‘m—orit
K5 kN 4 LMSA 5 AL, CSR % EL s

(S T R (BB) X
AN P BE 52 100K_100M i LMSA

(d) BATCHSIZE = 10M




BB LMSA: NVM IREE T = 1 Ae 32 B Ab 3 45 s 4504 13

Kl 6 A[F BATCHSIZE T LMSA 5 Stinger i1 GraphTinker 7E A FI#dE 4 EROSAA TR & (J5 530/ L

R, 85 CL— a5 I E N — MR AN B
Fie B AL 0 e N 21 DY Fob K 4 465 ) v SR AL A0 B 4 1L
FRERE, BESUEAER R R (R
REP), H4— 5 3 Bk LA IS AT DAAS 380 56 3 A i e [
5 &7~ LMSA MEfgiiEfi T AL, CSR Al EL.5 2.2
IR 2.4 oM AR 8L AR HEREE IR, EL
EH T 25 10 N [ P 186 K 2 B 55 A7 i a0 1) 189 Jm 2 1 3
JRsE B I, CSR 5 EL BT K E MBI E N4,
FEHT I SR LMS A 78 SE VR 3 n i 72
BRI K T EE S MEETH A S B,

LMSA B2 357 B[R] A5 42 A A A A 2145 BB 43 1)
4 0.44. 0.49. 0.54. 0.6. 0.64. 0.51. 0.74. 0.64 Al
0.67 #0), XEMAEHEA R I rfe e k.

4.3 LMSA. StingerfGraphTinker!$gEXTEL

AR S s AT ZdE 4 100K_100M., 40
M_1B. 100M_3B. com-orkut Al twitter7 /£ NVM 3§
85~ 5 Stinger F1 GraphTinker 7£ A [F bk KN R i)
FNEAEVERE, SAJ5 /R LMSA 5 Stinger (1B
S AR T NI E N SEIE S AN
FIHEIR, LMSA W RESEIR i (1) e ik & i e 3RATTVF
fli LMSA £ DRAM 5 NVM 3453 N A &t & 3.
AT S B ORI, AR JE It B e N B =
KA S5 M R A A B 2 B TR AR,

Stinger #&— MR AT SIS B 45449
'E AR SEBLH AT B A EALBEREZE . A SO GitHub
FHr 15.10 FiiA ' Stinger At & A4 edgeblock K
/INJy 16.GraphTinker /2 7E25i Stinger %:fili 5] A
SGH & 5H K AL (CAL) JEZEANE &34 K
AL ARSI, FRAT1EH GraphTinker 58T FFI i
A2ORTIER NVM 5L, DL s 2540 3= 22
it PMDK A& SCEATT N AE B 77 20, FFA8 A n#An
TEEFE 417 1) DCPMM K347 % EE R4l

Kl 6 f@onfEAFHLICR /N (10K, 100K, 1M Fi
10M) FHFEANFFIER, AR IR /N DA
AR AT I ] P 26 B GraphTinker 5 #i—FE4L
T Stinger, J5lit X BIGraphTinker /£ DCPMM 4
BE NP FEPL T Stinger I F&H B FRA TR ILAE 3R
AbFEE 5 4500 (IMD B =Bl 2 A 4 N\ i
K EHT LMSA $i N\ i 52 Stinger 1) 4.3-12.6 %,
#& GraphTinker f 1.4-4.35 1% &A1& BLAT com-or

1.https://github.com/stingergraph/stinger

kut ZLHE AT, LMSA B R HI M RESRE T 2R
R % B AL ) S i N I R N TS 7 5
FPARN XA PN T SR LMSA TEHf A\
PRI FE AT DU A R G ) 25 ) 5 8 [a] R i o, Rt
WK BT T #2itE.100K_100M. 40M_1B. 00M
_3B Al twitter7 X PUNEHE SRR T 34 T R 7 5 Bl
U OL S R A TR &, ERENLE AL FE T LMSA
PEREMK AR T Stinger 11 GraphTinker.

T. Stinger W GraphTinker mLMSA

16

5 7
: s % 5 %
2 9 7
g g g g
Nz 0z 0z onz Mz

S

7 I R/NE— T AR LMSA & Stinger £l

GraphTinker FIMIEE A& (353080 Stk

7 & 8 LMSA 5 Stinger F1 GraphTinker 7
TR B (0 I 1 e X B FRATT R B LR O R
MER 34630, AR 100K_100M HH T FE U
KT EUIE [ 2 & I 10 ik 2 K IR AR A B
FOEE T )T 46000 LMSA [4i N & 2 &
5 ) 11%-19%, [ LMSA & 7 i &2 Stinger
f(] 5.7-20.1 f%, J& GraphTinker [¥] 1.4-4.58 f.
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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 present many
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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 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 improves dynamic graph processing
from the perspective of 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?dmax), and complete
each insertion operation with O (logdmax) 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 experimental 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.

This work is supported by the National Key Research

and Development Program of China under Grant No.2018
YFB1003203 and the National Natural Science Foundation
of China under Grant No0.61972447, 61832006.



