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Graph Storage System for Hybrid Workloads

ZHAO Peng-Cheng'?, LYU Min"?

'(School of Computer Science and Technology, University of Science and Technology of China, Hefei 230026, China)

*(Anhui Key Laboratory on High Performance Computing, University of Science and Technology of China, Hefei 230026, China)
Abstract: Graphs play a crucial role in modeling relationships between entities across various applicatigns. Workloads on
graphs are typically categorized into transactional and analytical workloads. Many scenarios now require handling both
types of workloads simultaneously. However, most existing graph storage systems are optimized for only one type of
workload and cannot efficiently handle both simultaneously. In this study, a new graph storage system, HGraph, is
proposed to address this issue. A data structure tailored for hybrid Wprkloads is designed through careful analysis of the
access patterns of both workload types. In addition, HGraph introduces a multi-version concurrency control (MVCC)
implementation based on undo logs, which is memory-efficient and improves traversal performance. HGraph also adopts
copy-on-write and optimistic concurrency control strategies to optimize transaction processing, further enhancing system
concurrency. Extensive experiments dn both real-world and synthetic datasets demonstrate that HGraph outperforms other
graph storage systems.

Key words: graph storage; property graph; graph database; multi-version concurrency control (MVCC); hybrid transac-
tion and analytical processing (HTAP)
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98 R4i# % System Construction

UL 37 10 2 WA I R4 0SB0 b 1506 B3 T h A
BEEIS2 I 77 AR, HGraph 45—/ T 15 5 BE () B i
I XS P 77 0 B — AN I R, SR B b AR A
57 % A TF4, SR AP PR 77 5 19
A, W T AR PSRRI A, 7R %At
HE R0 B HF r, HGraph R3S J2 KU 45 M 10 A 14
Sk 3 5 5 1 o 1 [ 93 R AT T AR A, D T AR B
[k 7 SR BB, 3 T RRAS I 2R, I L
HGraph 31\ T S0 Al 15 5 6 e, 495 7
RGN RALTERE 7. \ e

o I [ ELHURH. HGraph ik 4547 7/ 4 o5 I 1) B
AT $ 5 HUT 4 4R 5s 1D A4 R H % 1D, 43 51%)
B4k O Fil 1. 45/ 5 55 46 Q) G I 2k F— A
VR, 10 BRI 6 1 4 R AR S ID, Al PR S
5T LSRR, B4, 5 H5IE S s A
ID, FAH W HTHE 16 A 24 i (60 42 R %% 1D, JF16 B8R
Yo 4R 5 ID BN 1. FE S SRR EL, S a0k
B MRS B RGO 4R 5% 1D [ 1, I
48 O A 1% 5 55 (A T B, B, 5 R 4
1o I 2 1D S5 4 IR 22 1D, AR % 3 O
GBS

o SHFMHITIEL. F55 1D A TID (115 F45 1
PUTHRL, AR T UM 1) SR8 T
HLRE BT SR, DU (AR E 5 5 v e, 2) I3
SR S E ARG N SR A e, MR % 3) F
4 H R AR T IF 50 A A R 5 4%
FEFR A IR R 4G VB O —TID, “—Fm 45 i A 4R
A A) B R R H S B R R A
FRA SR 115 B TR 0 L A4 e IR AR 5%
SRR A 26 DA S 3055 1328, I SR A 77 s g
RRA LA I 113247 1O 4550 ) R SR B X T
375 NI E, HGraph #5321 8 78 K 3 UR MG NS B2 5l
YR Heh, R T, AT A FE B4 2 X
TSRO R A, T B AT R A (1
FRICHCETA B2 B, TR ST LA I P AT
Fr. 6) A HRABRIER: FEHRATH L, H45 1 JE IR A
4 JRHL D, WA AR, SRR B H 5% B
P B R 42 I TV (RI—TID), JF 7 42 R R 1D, &
SRR MO R, 25 % b o, U R SR
(114 H AT 1R 0, VO BB BT AEIR .

o ML I AT IR RE. 1 HGraph 1, JEHk 10
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PR AT 7 P 6T — AN IR IN (880 RID 1
%5, VLRSI AR AN T - (1) IR E N 5 14 F55
B AT REA il H AR BB, A B DR R H
bRid, FERHNZIA N R, (2) M H B A F5
MR IR 3SR S T 4 B el 43148 (G H 509 %8
kL), AR H AR H FT A ID MFRAS 1D, A
FRIIHESH. (3) A RRR: 2 H S5 H A 8K s
i /L 1s <OUzs > RIDI, = 55 WA H & 3R HUH i
ASHHE, JE I o5 S AL R I, AT SEBLRRAS .
(4) AR LA TR — TR S S 55 R 50
() AL B 1 ), = 55 AT DUR X — Rk, R4 H A5
O RE B ATIR B, 2 H 55 RBUIEAS HE A H K 1)

B s W /20 < s <RIDW, 4 rT LRI 1k, DLEE 4 A

A R V7 1.

S, A AR G T LR, B, 4B 1
— TG BN T, (BT, > T9) 1 45 5 2
FRAE ID 24 0 (0. IR TE. %655 e AN i oot
SR (0B E, 70 “Timmy”, 285 T
0 M H &, T HEFKH (1,0,-Ts,4), 55K =
(30 8 PEAS 2 Gary”. 1T T —A~ H & 4 H il 2 42
HTIE Hh 4, R ) A AR AT 4, 10
Ja 11 B AT DL AR AR 9 “Gary”.

o AR PAT VAR TV A 10 A0 B %
HRLLF JUANBBR: % %, H 45 HURVE T4 1D AlbR%E 1D
SERLB S — AN L 7E SO EOR R, F4% 2
HRAR A 5060 B SECHEAE A7 A0S, DA AT T A
§tbix — it B2, HGraph #E47 T Hifb: 7 R 21k 134

B RE o, SRR B SR JC U IR A A0, WAL

DI 48 13 B T T AT SRR AR, AT
/D AR B (R A, X — oM M U AT, #R4 HGraph
PO B0 5 B, T 7 B 45 2 103 (A 4 A
BRI SRR R . S sl BT 1A
REUS, o 45 44k e b TR I 4 032, % C M B AL 473 5
o 2437 45 A LIRS . B, S5 RIUR R
— ALY, B R, BB R

o SRR A 5 S I S R TR
1 39 15130 A 5 FT 8 51 9 9%, HGraph 51\ T 40
IR PN . BART S, SAA RIS — AN B,
VIBAE 9 1. 245 S ST 7T RS B0 210 5 B 1R i
(90 by 320 B 55 9 B S B R 4, s i e
A B BEE 31 R BT R), ZiH S e B

9.0, 5 AR SEHUR, T 2 B HOAR N 1.
S LE D YL BT, SR BT A . R
A 0, TR IE LR IEE, e 5 5 2
BP0 J5 FHAREE I, HEARAE SE R, 0 5 &
Yol T AR 7 R A, B ST, T
5 7 LA

BEAR, 1 TSRO TR B, 755 % 45
ST AT B 5 R0 TEHG S BRI, R B e EAE B
St 5544, T 2R 5 RN . S 4
RGN HHIL, SLRE B, PR, O B
3, VABE S A A 1 5 5
S LIS T A 5 0 5 A

5 SCE

FH Y S S LR SR R S
TR IIEE S, Hh HHE T SR A o 16
51 SREE

o HORSE. J9 T WiilE Iy VRO 200, AT 5 2450
H IAE, %L T Dota-league. Graph500 1 Uniform iX
3 KRR LT SII A, HlR SRR BR (5 B 1 T
7. H 1 Dota-league (X M4 2 HH ] Dota) & — MK H
52 I I FE 423 50 PRI K00 2, G T A 40 A S B B
HIFe 034 . Graph500-x (R 2 H i G500-x) A& —
B T R A 10 2 AR, b 40 7 x T
PR, 4524 x NIV, P T AR 20 B 1 &
B0, A BRI E T e, AT SOEIA T
Uniform-x ##E4 IR 2 111 Uni-x), Z5048E %0
KNG Graph500-x HA 17, ELHC 5 15 1 e A K 40
v

K1 SRR

KESFES Tisig LS

Dota-league ~61x103 ~51%x10°0
Graph500-22
Uniform.22 ~2.4x10° ~ 64 10°
Graph500-24
Uniform.24 ~8.8x10° ~ 260 105

o XTEHL R G, AW FLILE T £ 4ok i) B A7 it &
GE N %, fFE: Stinger. GraphOne. LiveGraph.
Teseo F1 Sortledton. ', GraphOne F1 LiveGraph 37 £f
A A% A T A AR AR X, TR RGN A N A
EIFEi R G0, 9 7 ORUERT B SREG IR A~ ASHIE 5T AE B
A hg—2H T &% RERHAE H B D68
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= Eﬂﬁ:‘]&éﬁ PégeRank HIERBIR S

U 4% (single source shortest path, SSSP).  55i%+z
/75 (weakly connected components, WCC). PageRank.
JR 2 R % (local clustering coefficient, LCC) AT
P2 A% 7 141 X AL (community detection via label
propagation CDLP) 5. RSk 4 H 35 9 e vk

G5, SR R oot Ho e I E AT T IRE. AN, T
Graphalytics {70 Hr 8 TAE 40, AU LA NP
Fh o7 SRR R G e 3155 8 TAE sk B PEgE: (1) B
BE AL e N T P A T s 0. (2) 368 3 s A\ A A B
15 B 32 K 55 40 E"Jiﬂ?&}ﬁ%ﬁﬁfﬁﬁﬁ I HTIQE’J#( &=
S} 5 T a'ar”%éfcﬁa\z% — 50 it — T R G
2 LA SR TR B8 L R 9 ot 75 AT S 4 1 £
TAE#E Y5, LA
MR R AR 1ZI7 5 R

o IR FANE. SIS ITE— G IR XUFE Y Intel Xeon

—— Stinger ~@—GraphOne  —#&—LiveGraph
—<—Teseo —@—Sortledton ~ —@—HGraph
4
3
B
s 2
L
o
e
1
0
24 8 16 32 40 48 56 o4
LAREL
(a) AT JETE
mmm Stinger  mmm GraphOne  mmm LiveGraphe -
B Tesco W Sortledton M HGraph
7
6
%; 5
=
Hlj
0
2k
1 F
0
Dota  G500-22 G500-24 Uni-22  Uni-24
H e
(b) fENSRAE AR
9
8
= i
7 -
2 6
5
S 5
i
_\:LH 4
ke 3
2
1
0
G500-22 Uni-22
(OFE 2 (Ealins
K2 i APERE AN TR R I Sk 45 R

o LUALT . AR LI S EG VAL S ZEAKOB T LDBC
Graphalytics Benchmark™", iZ &R 7 6 FhETIL,
AFET L Sc# & (breadth first search, BFS). HJE N

100 Z %% # System Construction

Gold 5218R AbFE 28 AR 55 28 EHEAT

, AR 20

AN C, LN AA R EN 192 GB. T R4 H1#
F GCC v10.2 % i, 4RIk 15 B N-03. B4 55 &
SEAT 5 U, BT HATIR .
5.2 LIGLER
5.2.1 N HEREHT
KSR T & R BLINHE NG TR F 05

BRI E 920 ok A eh PEUHOHR B £ T A 3 H B L
F3EPS PNECE PN Z SNy (IS S Gl TN
TR TS DR AE, A5 N6 TN T00 5 B R 2 1% 34

RECIE, aﬁ*mﬂw ST JRAE, 755
%ﬁg\ jjﬁlﬂf?%’%ﬁ? (9 )5 T~V FB% 85 1, LiveGraph. Sort-

“ledfon. Teseo A J%2 HGraph 32046 A A 0 SR B 5

R—ANFS T HAR RS TCTE RUEZ AR 1 B - PR
B, oA GraphOne & oikAa 25 H Anil 2 75 CAFAE.
AR E RN T & RFRI AT R td, DU E &
HEE&EEE. K 2(a) /R T T 247E Graph500-
24 Hyi AR b, SRR 2 HINF] 64 I AOHE AR A AR
&= (AL BFFPH 54534, million edges per second,
Meps). 1E & 2(a) HIEEAAPR I E 1, Kif#ﬁfﬁﬁﬁl
L/ SR O B A ) S, DA RO SR R iR
H R AR ST B BAR AR 35 fﬂ‘ﬁﬁﬁiﬂliﬁdﬁﬁi
TSR F 2ot 3K 1) 7 2K, 3 — 20 8% R e A i I R I
HIPERER I, TR AT E B R MRS, B 2(b) Mk
W7 & RS RS AT R G AR B A
HRIL.
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i H AR SN A

M 2(a) 7] LLE i, HGraph. Teseo #il Sortledton
VIR Ry ik, seigy R = 64 NEHE; M
tb 2 T, GraphOne [F4f A TEREE L FEEHE IS 8 B FF 46
B, 3R R S G XA A 7 B ) B RS
. LiveGraph 4 & e 1 WHE 16 /N EFE I 5 2R,
X AP T H R B T sSORL FE L. 72 = T,
AL 25 BN R G0 e I BRI DR 3R 2R U i
16 I, B4 A G R e (0 2 55 b SR 2 2 1, AT 3230
FATERER T FE.

XA EL WA 2(b) H AT LAE H, HGraph 1)1
RER LI (. IX F 2R3 T HR A BN S 77k, BLA
T 3 AT e Y A v R A 2 S A AE IR SRS . T4
KZHAEOLT, HGraph i A ERAE Be 0% DU HUN [H) 58

Jf, MR 5T TR A RAE R L&, 140, 5 Sortle= §

dton AH EE, FURARIEAFIE RS | 14.9%-412%. Graph-
One FIRILIRZ, X J2& R N HA KA AE e, B
i E R g op [X%tt;ﬁ?iﬁ{xi&ﬁ,*}iﬁﬂﬁﬁﬁﬁﬁ%ﬁ#ﬁ
KA N B R ST T #4544 B0. Teseo AT Sortle-
dton SR AT DLUASEA i RCHIAS: 25 30 R A7 7 1, (HELHE
BAER 5 5| B T, JUH & Sortledton. Sortledton
NORFEA R 7, 25 RS BRI, i3
FE N PEREPEAIK. LiveGraph [FIFER A 13805 )ik 3¢
GG AT I PR AR HEAT I A AE PERS . SR, H T LR
Z o PRSRNEG, A B  IEAS F W T AR AR, AR
B R A, BhAh, FoMEREIRST AT /e 5 2 Mok IR T
FAE AR RBAT, M AR R T B H R &R
x5, ME 2(b) HaT LUE H, Stinger 114 BE
T HEREREESHAE EMEEERER, &

SR PR T HE e A R A L AR R B R )

B TR A I, X — PR AR (0 R g 3 0, AN 5 5
PERE T . 1245 R, X FISTE, R A% %k
FIWTA M AAEER A ?%E@&fﬁ
522 HEHERESHT

AR T % 2 GUAE AT 248 N B VR 5 45
YERF I PERER I, SRIR E 5 Teseo M VLR FE—2L.
SRS Y NN B B, BT 10% BOERVE Tk e i
(o B 2 BE G, TERIAY 90% MIERAE b, 8 id iR &4k
A7 11 BN 220 PR 4 N B B A, IR 4R RR IR (AR, AN
TS AUL S B BB B 3 5, B Zit S Pa8 et 2. ] 2(c)
JEIR T E WP R M S0 R E AR R R R,
% R GAE Graph500-22 Al Uniform-22 #4845 _E 11734
BRI

1F Graph500-22 ##E4E &, HGraph B3 T ELH
PERE, 7 Uniform-22 $(#54E b, HR ML LT Sortle-
dton. 5525 —AHEE, HGraph K7t 245 A N &, £ %5
JR RIAE T B B A 51 S ) B S HF 4. {5 B T HGraph
K T 43 YA i S W RN DS Ak 3 SR, BT A X 1
REFIsZIR G B e, DM A1 VERE T FRIE EE RN, [RIFE,
Sortledton 14 BE IS A N B, (5t T J0 75 b 47 £
TR, R T EEPAT I BR R 45 M A 8%, Rk
PERE T B, SR, iﬁ*&iﬂi?ﬁﬂﬂﬂﬁff (3 AR N E R
SRR B, 2R 5 1 Se U7 1. T Teseo 23 MM
FreplE EP%’JEE%, Eﬁbjﬂ B BRAE R T 1 AT FH 1 R 25
4 ﬂﬁ‘]i’?ﬁ%%l‘ﬁﬂ; AT AR TP~ i AR o 2
BiE  LiveGraph 1 Stinger ¥ Ml B4 4 40987 121 1 4
A, BRI I gE R B 5 5256 — #H4BL. GraphOne HIVERE
DU, 225 AT, 3 2 T IR o FLAE S AN A5 I B 220 I T 1 %2
KEIPERE4Y.
523 srirfEtERe AT

A SEES AR R G R PAT A [R] B 2R Ak
PO IS (1)1 e, JF Hi% 4% Dota-league. Graph500-
22 il Uniform-22 1 AEHREE 10K, X T BFS. Page-
Rank. SSSP #l WCC 5%, A#f 5% H GAP BS (graph
algorithm platform benchmark suite) &4t (b5 #E S IR
AP 365 LCC A1 CDLP 513, A8 745k T Graphalytics
WUIGEHEAT 7 58 SOFAT S0 2% L OSR (H 4 TR i 1
I A S (R, X1 RGO IZAT I 44T
fAb . P13 FBNT Al 2 Rk L, R LS R
IZAT I [A] 5 CSR s AT I 1R 0 LUAR, BV PR N ARiE
T UEEIEAE CSR s AT I ], A N HEAE.

mmm Stinger  mmm GraphOne  wmm LiveGraph

m Teseo ~ mmmSortledton =M HGraph
16x 29x  70x 120x
9 |
8 |
< Ty
26
ERl
2 4t
n
3t
2
1
0

LCC PR WCC SSSP BFS CDLP
59.6s 1153 ms54.2 ms347.8 ms24.8 ms573.3 ms

(a) Dota-league

B3 A Ak e s it 45 R
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75% 40%  15x% 85x% 45x
9 |
8 L
7k
£ 6}
S 5L
2
S 4t
n
3 L
2
1
o L
LCC PR WCC SSSP BFS CDLP
10.6 s 261.6 ms 125.4 ms 843.8 ms 65.3 ms 2.2s
(b) Graph500-22
23x17x 12x  169x% 64x
o | AN---B-__ M- - - _____B_______
s R R---8-- -4 - B-o---
- 7+r48---8---"4--------RB------
2 6 FH0---8---
S s A). . pgh o
z
S 4 -4 mt-B1--B--F---
%]
3L 3L -EN--P.- - -1 -]
2
1 |
0 L.t

LCC" PR WCC SSSP BFS CDLP
470.4 ms 3!3.1 ms 884ms 1.1s 465ms 2.1s

(c) Uniform-22
B3 ot R RE MRS a0 4 R (80

B3 HlE R YO I BUE, AR AR T R U
E A5 EL, SRR LR G TCVELE | h WoB it A%
T LA i, HGraph. Teseo il Sortledton ¥R | #i4F
fPERE. o, HGraph B)PEREIL 3 3 Ei45 28 T H AR
SERIBCTE, G5 DR IE I I #R AR 3 S v R
PN AE V] 0] 56 . Teseo KA CSR HIELHE 45, 1IX Pk
4 [ FE R % iy 33 i B4 . Sortledton #% 52 &R 4
VEREAT T AO0Ak, FLASE FH A e 25040 45 1 BOR 2 WS T
M6 ST R 1 0 75 (L 52 % P BRI B DG P2 55
RILH TR RS N e T

HGraph 7 3 NEERHARE PRI T Teseo.
R, 5 Sortledtohd‘ﬁ%[ﬁ, HGraph X 7E 2 52 B B4 L
RIS, TP G il B B 2 EAAE 38 4y SRk
HHERILEAR, HARBEVEM MR 2. X TEAR SR
., Sortledton f F 7 H LA I FEVEE 1, MM ik 5 1
BRI TT4Y. 4k, Sortledton 7E LCC &k d 5|
A T EFHHEF AL, HSeil 77 5 HAh RE A, Gele
753 M Sortledton 4= R A Fr IRHE, DBLAETERE B4t
ZEi#id T CSR. 4, Sortledton A1 Teseo 18 i i &
B it Jg M R/ 2 8] 5E 1, #H EE T HGraph, 6 75 40
b2 (8] SR G4 12 1 K /N 3% A 157 3 g A+ [R) 25 11

102 Z%i% % System Construction

%

T, EATTU A R D, HOG TR IR r AL
B, B B R R A S R RE. 2817, HGraph
fiE 5 Sortledton AH LT FEIE L H/IN. X2 Sortledton
NYERE A SR A 7 I 40 AN R AE SR I E R 1T A2 T 4,
Hinge RN R ae i B8N, R Sortledton 753 ) 1 72
SN T2 iR EHE IR, S BT A
5 = 1) Dota-league 446 _FHATHCR K.

2T, GraphOne IPERER 7, F B RLE T
FLFR SR AR T ) <08 J 52 ) ) F\Tﬁ%ﬁ?ﬂ’ﬂ [F) £ v LA
ft5 1), Stinger B‘Jiﬂﬁ%%zﬂﬁﬁ (‘A 14 234, A 5
)\Tjiiﬁﬁlaé?ﬁﬁ%iﬁ, FEMERERK. T LiveGraph
S P e T SRR, (LS
FERAE LI AL U 18] 51N T AT, AT 52 e
TEERTERE.
524 RGNS T

A SZ6 I T K AT PageRank 5% AN B A
DARRLR & TAE 85t 2 UEH T F 5%
RPR) R S, FFE LiveGraph. Sortledton #1 HGraph.
R 2RIR THE 832 ML 32 M ELEAUAT,
PageRank Hy7: ¥ 115 A1 BE B 4/ (1) ik

K2 REFIRIEREN BSLIR S5 R

SR Sortledton LiveGraph HGraph
IR (s) A IR (s)  HAE O IR (s) A
8 6.72 3.28 6.86 \;1\ 7.22 3.31
16 3.48 3.18 4.13 032" 370 3.26
32 2.70 3.09 © 2907 031 2.61 3.18

S % -

%ﬁéﬁﬁ%ﬂjﬁﬁﬁﬁﬁﬁﬁﬁﬂwﬁﬁ,
45 R R, HGraph 75 B KRBT 8%, Sortledton
& T 12%, 1 LiveGraph JL°F- &5 50, HGraph [¥]
T E T EEELZF AR TSN SR, g
%R RE S IR UE L 5 A AR v Re, BEISIN T
B TBOK A, T2 T 5 355 AT 2% Sortledton
IPERE T B U2 R T s g 2% % B DA T A Ak B sk
B, X AE— B R EREAS T 5 HE AT, S T4
FEECE M 0, X P AN ) 5 S, 53X HGraph
Sortledton 77 & [ 53 b S AR E = 1938 o T B AH
b2 R, LiveGraph % F H B8 1 504 4544, REgA(E
ANSZ B R G L R AT 5 555, AT
PERECRFFASE .

1f PageRank B iEPAT 2, HGraph $r 5] A K
MVCC SEIAR AT A& G i AN B Dol b 1 6 B B 4 A Al
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ik F HGraph. 1fi LiveGraph [KH £ 48 2544 (- 8 7 il
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