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Abstract  Four requirements for checkpointing in update intensive main memory database sys-
tems are identified, namely how checkpointing interferes with normal transaction processing,
how checkpointing handles skewed access pattern, whether checkpointing supports fast restart,
and whether checkpointing provides system availability during recovery. A partition based trans-
action-consistent checkpoint scheme is proposed in this paper, the scheme uses a tuple-level dy-
namic multi-versioning concurrency control protocol to avoid the lock conflicts between read only
transactions and update transactions, thus achieves high system throughput. Checkpointing is
implemented as data partition read only transactions, and incurs little interfering with normal
transaction processing, furthermore transaction-consistent checkpoint requires writing out only
redo log records of committed transactions, during recovery only one pass of log scanning is nee-
ded. Priority-based on demand partition recovery gives high attention to data access demands of
executing transactions, provides system availability during recovery, which is critical for high

performance applications. Finally, two level version management and dynamic version sharing re-
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duce space overhead to an acceptable level. Experiment results demonstrate effectiveness and effi-

ciency of the proposed scheme.
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Schedule  \t51|U2| U3|Us | Us
Data Versions | X1 X2 X3 X4 X5
Time Line |

T1T2 T3 T4 T5 T6
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DA R i 2 20 0 B 1 R4S % A HELTED A TH RRAS . L
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S - —
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PB-TCC-DV K # s 82 A J5 58 - LLECE 73 XA
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TR IR 43 DX A2 ) (] 28 DA i ) 4 52 55 a0 o O B i A
g I AR A SO O S XA R A R S
SR A RUF 5 A BB 20 % — B T R (transac-
tion-consistent snapshot). # 2% & 3 {4 % /] Ping-
Pong J7 U A 7 4E 3, BIAE AT 4% 1 ZE 9743 X 10 A K
RSO YR R A R SR e R S ARG LS
21 RS A A SR B AORE L S T DR G A R
SCAFE R b — A K e 53 DA L

ST =R 55 PRAT o AR o o AH B 43 XA B A
RO T T K. BE 3 DX A6 A 545 4R AR A L
SRR R AT I BOREE L N DS 53
X, 80405 0 X ¢ 1 B8 3 4 R Cupdate frequency) 4
UF (i), 048 40 X 1 K 2 /& #2 /E (checkpoint fre-
quency) iR CFOH (D #EF7iT3&.

CFG) = {Nf’“” ~ \/Umw
>DIUF (1)

o A AR BRAE B AT AP SR IR IR

ikl B0 S RER L.

A < 25 A B 43 X BT A R UF (D)

it KA S SO

B YR .

L Gk B A BE 5 X B b — K2 s 4 A DOk Y 5
SRR UF (), i=1,, Npu.

2. i 20 CD T4 A B0 4 X R A U CF (D)
i=1. s Ny

3. F il CF fge ok B 4 XL 3% B0 43 X1 K 25 s #5 4F 0
BERT 0. AKX i CED>CF() . j=1,2,-
1. s Ny » H CE() 0.

A RPIZBUE Ay KR AT 55 — BUW R A AR AR, — EOR
A RBRAESAT I R

4oL fEHCHE 4 X @ 19 H A 5 A BC (Begin Check-
point) H @ id .

4. 2. BEBCHUR 43 X @ & A BOHE DU Y 48 S B0 . 1 o
PRAETEWAF G2 vh X v, 24 7 A 1Y) D T 352 B 56 B 8 2% o 1XC il
BN I T BT R A A S

4.3, TEBAE X i B H S H 5 A EC(End Checkpoint)
H & 5.

4.4 FETOIE B B0 B 4 X @ M AR IR AR S5 SR AT

5. CF(DOI 1.

6. o A5 I A I A B A3 X R A R AR AR R T
0, BIFEAE CE() >0, B A5 3., 75 M 4k 4%

73RS AR S K R R E R 0, R 5 2.

R BRE PRAIE B B A B 3 X A B
e A1 b ) BT B 1 A T D BT A B 43 XL L

@)

91.*17
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S AT A 45 1 RO L /b i g RT L, PB-TCC-DV
KA i B R 7 58 BE 95 AR I b A B SR AR (skew
access pattern) JR{.

TE B 25 20 JRUAS I S 4 i HL T+ A A R 48 A
SR < 55l AN T) A 8000 RROAR A B 1A A R 4R A
FIIE #5255 40 P A B85 R 5 CIBT 6D T2 A i o 2
PEXS IE o 55 b BR A F P R K8/ i 75 3R SR A
C=TiE N

Update Transaction Reuse/Garbage Collected
Prior Committed Version X —f
. . . Disks
Latest Committed Version X1

X2 | i
Read &. Checkpointing

Un Committed Version

Data X
Bl 6 i B A SRR R IE 8 S S L IR A

mEEPHNRGER A
R A SRR A R TR B S I R AT Y
X 55 e Je EAT 4R AC L, L H AR D SRR B A R E A
it #  RIE T R G0 ]Ik M H AR SR AR 48 £l 4y
X ID $EAT43 28 R A ot 2 v, A A o5 SR 2 2 ik Y
LG 55 B — W8 H & SO 4 A Ak B (redo
pass) , 0 H 2590 5% b #2180 0 K N fF 248 L
bR A N 2 S B R A8 S 55 F Ak B AT 4 K
P 3 KA A2 3 Bl — SOk A

BG4 AR PR AR Se GO AT R BRI . B
A S SR G s WK A A5 L AR AR 214 T S S e B 1Y
T SRR R 43 DX B T AR TR AS [ B 4 X1
PRI e 9 Cpriority) , i 3l — RINVLFE/NAH L 171 T
HEZ T N ccovers T EUHE 20 X AR & 5 LA B A 2R 55 1
JO7 EF ). BB P AEBCHE A N DU 43 X 12
PG £ A B0 53 X 35T 4508 43 53l Oy UF () j =
152, s N 0T R G0 0E 738 17 19 3 55 B0 2
M, 8K T 45435516 FR G0 1 58 18 i (] 43 531
HWT (D), i=1,2, M. A, G=1,2, M, ;j=
1,250 N o) R —DAFBUE B A0 2R T (O e 15 0
T POYIAEIC I @y =1, 4 WK 0. 45 4B d 43 X
IR E AR e gt B ol

UF (j)

Priority (j) = a
SIUF ()
i=1

3.5

+

1'\4”( .
A=) D, i 2)

ZWT(i)
IR T A R L R 0 X R A e
Gl S SR AR SRR SR,
BG4y X B9 IR 2 AR e ol i A P Y o B BEROR

SR 55 S5 A I (R R AL DG AR, — I o=
0. 3. — B A Hdls 73 XK S 58 1 4B 26 B2 /N 21 73 IS
2R T Y duc e e B S R B o3 X IR SR A S R
WA BT R R 55 A T I ) AR TR AL &
AR 53 XA IR S FF A7 AT DR AIE B 3 55 1) BUdie A
YT SR A5 PR il A2 o 2R AP F g 7 )
4 £ I

9 7K PB-TCC-DV £ & SERAE B X R 5
(ORI R  SUE: 3l SU D VA N 1 A (W
J-SIMOfs B AR £ ST T AR BN PR LR 5 X J2
— A R BB ) 285415 B & 4t (closed queue network
simulation system).
4.1 FERGERSSH

P E R G RH BAn & 7 iR 4 45 2 55 A 11 %
TS (I 7. RMD L H S A B G A Ak 2R &2 Ak
AR, (f ARG EESHNE 1 iR,

CP Tx1, CP, Tx2 - Checkpoint
Transaction| _
@ Generator
{[[= == CPU |
Generator Queue Storage
---Tx2, Tx1, Manager
L M

Register
Statistics

T THieec]

Schedule

Queue

C:use CPUj; D: use Data Disks; L: use Log Disks; S: use Storage Engine

Tx: Transaction; R: Recovery; CP: Checkpoint; LF: Log Flush

B 7 iR

HEAPRGFEE 7. TP) 1 %6 45 4 s 4
15 MPL MR BOF & 5 55, 52 45 3+ 55 45 BLAR . i
JLHEAT IR EE . 24 95 55 50 i, 5 55 A LA A R — AN B
M5 DLERF R M IF RS 5580 B 2 A
P B B A T 3 g N T S, e OT Al
(42 S8 AR 3R [0 45 5 5 57 = 55 o T 5090 1) It

@ J-SIM Developer Team. J-SIM User Manual [ EB/OL].
http://www. j-sim. zcu. cz. 2006-12-31/2008-2-15
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it S [ A LA H O R B 43 DX HE AT . 4n R
B H R S B AR BB TR A R Y B R
7 3% 28 DAA B AR B o 55 o0 U LA JE W i BT
=5 55 % 0 2 1Y 5T FE K $2 AC 1Y Cuncommitted) JG 41

A AT

HERGESHIEE
24 X WBUE (T RE1ED
CPU# CPU 4t 2
CPU Speed CPU 1§ MIPS 20K MIPS
NVRAM access time ~ NVRAM [ 17 B [a] 226p1s(512B)
NVRAM Capacity NVRAM 45+ Unlimited
Disk access latency T 3% 09 77 BUIE IR 4ms
Disk seek latency T 49 ) 58 57 15 1] Sms
Disk bandwidth T A5 1) A B e 5 36MB/s
Data Disks # BHE G S B 2(1,2,4,6,8)
Log Disks # H 51 8500 B 2(1,2,4.6.8)
DB Size B e il RN 131072 pages(2GB)
Partition Size B A3 DX 1 KN 32pages
Page Size TUTH R/ 16KB
Tuple-Size JLH KN 2568
i 25 ) Z LA
Version-Chasing mg;ﬁi?ﬁﬁiié 100 Instructions
Upda;e Transaction A AR R R20US0
ercentage
Transaction Size HEEHUR I R 50 5~10tuples
MPL Multi Programming Level 128
Access Pattern 1 B =X 80:20

Tuple Select Instructions 77 HUIC4H (19 45 4 I £ 450 Instructions
Tuple Update Instructions B 7 JGC2H B35 2 IT 44
Startup Instructions VIR T B AE 1 45 A R4
Terminate Instructions 2% 98 #a/E A9 45 2 IT 44 2000 Instructions
Lock/Unlock (9454 JF4 300 Instructions
Latch/Unlatch 484 FF 44 30 Instructions

10 Instructions — AN T1O FER 48 A T4 5000 Instructions

450 Instructions

1000 Instructions

Lock Instructions

Latch Instructions

%1 R20US0 % 7% H i 3 4 (Read Only) 5 20%. W 3 &5 &
(Update ) 5 80%.

H 4 3R (18] 7, LP) « £6 1E % 3 55 Ab B Y 5
Ferb, 3555 I AR R H AR i o 55 B B EA T A B LLRE
4 )5 H & (global log tail) 35 4. 2535 5 4255 Y
I s H RS0 s SEiC AR 2 R AN AE S IR 55 4
2. ARG RN AR BL Y B AR e S 4 BT R AR 1) £ e
srIX D #AT K e G #ERR LTS AR Z N H
o D e v S I DRV SR TR

K A7 A 4R R (8] 7, CP) K6 A s 4R 1 LA SO
43y X H 25 45 (read only transaction) By JE z0s2 81,
Gi—hH s EHE G TR, 7E CPU B8 0 18
b KA S S — K & CPU (recovery CPU) i
AR 55 . 24 55 B OB 23 X 4% A DT A 4 S 508k
TRAFTE N AF G2 o IX SR 5 48 TO i 5K i 31 data
disk 11 BA 1 B 45 i HE AT 10 48 4E IR 55 5 56 A £
JL SO B )

Bl o XA (| 7,RP) AWK & i B, — H

R A TC RO 2 358 F 2R B8 T LA N T 10 R 55
B 55 T A IR B 4 DX R B AN AT
F 55 AEAE At 5| 5 0 A2 TN 5] L 3% 9 46 15, 3080 43 IX.
WA AT B 3 — BOR S BL S B8 e 58 1% R 55
AIPRAT . TG A AR AR DL B 40 X R B R AT i
PAAS [R] 73 XA A6 A i SCAF ml L o3 A 3 A [m] /9 1% 2
bR T ARIEE 4 X B Redo H A B W1
AR 0 B SRR R B A H SRR o A, 92 B
FE TR 4 DX 4 i KA

TR FATS 2 SCIRL9 ] A {5 32 78 W
R G HEAT T AR A M 55 0 A A U
55 A7 WU B 1 — M L A o AH 2 SRR P 1) Wi i
IR 8] 78 57 280 A AL B o A0 95 BE R 3 55 F0 L B o 55
25,3 3 % Update Transaction Percentage 3£ i
ARSI O R, N F 5 i — B
TUEZH B2 A2 25 05 17 S 7 2 45 0 43 B — 2 B0 1) ot
AT R R AT A R 5 M g 55
A JCLH B0 i i Transaction Size 2 801715
il XS EAE 5~10 ZEFF BB 5040 X FER S5
BE AN T {5 12 8 I B B AR L TR SR
FATR M R20U80 1y g5 55 1R A Lo il B 2 3 g 55 o
20 0 BT 55 7 80 V0, A5 DL 7 4% 4R 1 L 7
4.2 EIHHER
4.2.1  IEWHFAHE R G

AT AL T2 A T R GEHEAT o RO A A
RARAEFIHEAT 73 DX — SOk A SRR R S0 2O I
PEE 55 By ARk i DL AR, A R R A Sk
Xf I 55 A BRAY T, SE I A5 R R 8 R A 9
7.

160

140 | B Fuzzy
%120 2 PB-TCC-DV.
2100

s 80 —
= 60
& 40

20

0 n L n 1

1 2 4 8 16 32 64 128
MPL

Bl 8 #ifjdig Ak i (R20US0D)

120

OFuzzy
a1004‘ 2PB-TCC-DV |
80
60

40
20
0 . .

1 2 1 8 16 32 64 128

A /Kt

B9 o 45 A i B (R20U80)
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e R 38 55 Jr i, PB-TCC-DV Jy % i T H ik
F 5 AT BT IR AT T S A PERE 2 MPL
ZH AN 1.2.4.8,16,32,64,128 B}, PB-TCC-
DV i £ & & 4 9tk FUZZY &5 61%,
67%.69% .67%,65% ,68%.67% ,63%. £ ¥ i+
55 J7 T B TR AR TR B 1 55 R B b %8, PB-
TCC-DV J5 £ M5 5 % frnk i b FUZZY EH
17%.,13%,17%,15%, 18%,18%, 19% ., 17% 1y
PE.

FH UG AT O H TR B 28 RO A BB R i A7 5
S5 VR R TS 55 B B vh 5% G A R 55
BT 45 AN TR B oG 2 AR iR o T AR AT R A
Xof TE S 55 A PR B 2K L B T NI ROEE P R SR
ik EE ).
4.2.2  ZS[AIFHY

PB-TCC-DV ki s AR 5 58 76 2 WA 45 21
(LR B 52 P — EROR AL AR TR AR A S AR
PB-TCC-DV J5 % Wb 20 4 37 Je 41 19 1H A, D 328
SURE S 45 R A o5 B 4. 25 (B TR 85 19 K/ & 5 7 T
DA Z 0 Z 0 s R AR SCHR M I BER T B2 02 A5 7T
7 1) TR

AT B 1325 F 5518 A L], F 17 46 A o5
BaEDT B A0 L R rp  FRATIE R T RAS B A7 FI AR
ARt T S RRCAS Y B0 O HL TSR0 B R A R A
B RO B 0 bR B P 0 SR B 2 8MLL &
RNk 2 PR,

®2 FEEHESEERATEFH
BB Tx 75 [ IR 5 4 A

/% B R D/ Y BLEE
10 2.27 190589
20 3.25 272462
30 4.58 383863
40 5. 49 460367
50 6. 80 570425
60 8. 11 680484
70 9.01 755646
80 10. 19 854967
90 10. 99 922076

M 2 TP U L 25 5O 55 1 RO L
T BT 55 T B U AL BB R LT ERAE . R S
JIr it BR3P ) T0 4 B RRAS B50ER AN T . 2 BT =R
%5 1 FL 2462 80 06 1y I A JH T 44k 47 70 4 REAS 1) 23 [1]
T4 + o R A B8 2 i B LE R D 100 1990, XA
23 ) 8 2 T LA 32 19 R Ol PAAT 1) o R K
[l ks AE AW T e (A TB ANFFI RS2

2 B S — B 4 N AE S R AT A A
A4 B2 55 A B B RIAG: 2 o R AR EOR 1 48 i e
1511).

PB-TCC-DV 4 AR J5 % 19 A Jit /& DA 25 ] 46 if
(i) o BV 5k ) P — 8 43 PN A A T RROAR 4 B DA 380 BBOAG:
S ERAE R S PATRCRE R AL R UE ] AT
BAE ] H 2 WY 2 L T AR ST RE R 4R R R T
L.

A SCHR R J7 B8 A RROAS A8 B 2 [A] T
J5 1 (R20U80 11 ) 5 SIREN f#9% [i] F¥ 85 46 24 . 7
ARGty T, B A A R 27 e
o SIREN WA (30 26) , {H 2 AR SCH H 9 6, 3l 3
s 4y XA Ik ST K B, S BT KR G R R ) R g AT
FHPE 3% 02 A SCH 8 1 7 28 F SIREN R 48 1 £ 2
X 1.
4.2.3 WESEPH RG] HE

10 7 P 52 3k i v 1 2R 0 A e k. B PR 1Y
KN 2GB, B K& S LEM A & E L2
373MB., i 55 B AE IUAF & 80: 20 BLAE, B 80 %0 iy
551 H 20 Y6 B KL H.

120

2100
80
R 60
40

20
0

kA /K

5 10 15 20 25 30
B 7] /s

&l 10

R GAL TR IR E S8 e Z )5 . s Bl LI 4 Ak
W55 AR B PR S L R BRI 1 O T R 88
LR R T — 5 B R . AR VR S G R PR S
5~10s, RG34y 5 o 33Ktps(transac-
tions per second) 1 43Ktps. 4 54 FE K & 2| — &
O A 55 55 BT A7 JURY #4808 (hot spot data)
2T AR NAE T R R A R S KL 7R K
PR 10~15s,15~20s,20~25s LI M 25~
30s, R 45 1) - ¥ #F ok & 4 il A 90Ktps., 98Ktps,
104K tps. 107K tps. 55 i 8 117K tps(E 10).

11 75 WK 2 ek 78 v 18 3 55 i g e [v] 3-Af .
B S 3 R R 53 i 4 4> B B 48 Bir B 19 3 55 Wi
o7 BF ) A3 A A B 11Ca) ~ (D PR, TER KIS
B B TR 3 55 IS AT T A LT A7 IO B 4y
DX BB N AT HAK R B —SBOIR 2 By LA bz s 8] A7
—E WIREIR , - 1 = 55 0 )07 ) 8] & 276ms. 24 5 55 4k
BRI A7 B0 A 5 B A W Bk 3R B N A O HL R F)

PR 3 7 ) R Ge A ik (R20U80)
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A FARZS G A7 Rl 3 55 A B R 1 RE A 2 A 30
JAR S Wi L[] 608 E 5. 3ms. FEPR A 1L R 4 A 1/4
IR 1) B B T AT 1Y S 55 R0 20 i) 2 285K, 343K,

250

80 90 100 200 250 300 350 370 400
4% i I I 6] /ms
(a) SFHEIE K E

0 . ..:.EI.H. . .‘l
3 4

5 6 7 8 9 10 20
= 4% g B IR 8] /ms
(c) FIBKE

B 11

AR SCHR HR A0S PR 00 P 1 5 55 — B0y X A A
ME AR K% PB-TCC-DV. PB-TCC-DV £ % Jt
I — AT 2 WA A B gl S TG A A A X IR
55 Ab B 3 2E L TR) I M A 2% RAS A BRAIL A LA K
S A RA I HOR L AT T RA R B =5 18] T 4. AR
BB 73 DX T A0 R 0 AN TR ok HLAG 2 R AR R
WA DRI Fi T 41 52 B R3O0 A W 3t ) B 80 A L (S
PR e R o AR B B RS ROCE R ORI s Rl 2
%5 — AT 5 8175 Redo Only H 7530 3454 Al B .
PRI G A KT 0 HAR R AT — ok 351 3 A0 B iR 1 4K
SR TS S B o AR A L ARAIE 10T 2 55
1 K HfE A IS SR A B S il L L BRI TR S A
Y RG] . LRSS R 2R . PB-TCC-DV fE£f
H o B A R 2 11 Do 1 s ) Y 1 T L R A
T AR GER B A A AR R 270 R G S Ak
TR AE AT A BOR MO A M SR RIS AL T
A IR ) 25 18] TF S AR A 2 55 Ak BRI RS 25 s 4R A4
P BE 2 THZ (S 1.

& % x Mt
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Background

In update intensive applications, main memory database
systems produce large volume of log records, periodically
checkpointing is necessary to reclaim log disk space, in the
meantime, vulnerability of physical main memory makes
checkpointing important for the recoverability of database
systems.

Fuzzy checkpointing variants for main memory database
systems have been deeply investigated since 1980s. Little
could be done to improve them. The major disadvantage of
fuzzy checkpointing is that two passes of log scanning are
needed to restore the database, and new transactions cannot
get executed until all log records are processed. Consistent
checkpointing is regaining research effort in recent years
mainly due to larger and cheaper memory, consistent check-
pointing has several nice properties, it enables redo only log-
ging which speedups system restart, partition based check-
pointing supports partition recovery which is critical for sys-
tem availability during recovery.

The capacity of memory gets larger, it is reasonable to
use some memory in multi versioning for consistent check-
pointing. A partition based transaction consistent checkpoint-
ing scheme (PB-TCC-DV) is proposed. A tuple-level dynam-
ic multi-versioning concurrency control protocol is used to
schedule transactions. Under the control of the protocol,
checkpointing activities incurs little interfering with normal
transaction processing, the system achieves high throughput.
The two-level version management scheme and dynamic ver-

sion sharing technique are used to further reduce space over-

anisms in centralized database systems). Upper Saddle River,
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head. The experiment results show that PB-TCC-DV check-
pointing scheme outperforms Fuzzy checkpointing by about
27% with 10. 99% space overhead incurred. The scheme ex-
cels in terms of interfere with normal transaction processing,
supporting fast restart, providing system availability during
recovery, as well as handling skew access pattern.
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of Large Scale Data Management). The authors are exploring
novel, effective, and efficient ways to mange large scale of
data under both the rapid improvements of hardware and the
more and more challenging demands of database applications.

The team has made much progresses and achievements
in this research area. They have setup a main memory data-
base test bed that is based on MonetDB as well as a simula-
tion environment, and have published a number of papers
which are involved in database performance behaviors on dif-
ferent hardware architecture (CPUs), query processing tech-
niques for new hardware, domain benchmark for main memo-
ry database systems, parallel recovery of main memory data-
base and so on.

The research in this paper is focusing on looking for a
checkpointing scheme with high efficiency for update inten-
sive main memory database systems. The experiment results
show that the scheme is superior over fuzzy checkpointing

scheme with acceptable space overhead.



