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ABSTRACT

ABSTRACT

With the explosive growth of Internet data, traditional databases are slowly being
replaced by NoSQL distributed databases. The lack of transaction processing of NoSQL
databases makes them stretched when dealing with complex application logic.
Nowadays, distributed databases are turning from NoSQL to NewSQL, and transaction
processing is one of the keys to NewSQL.

The paper aims to provide transaction processing support for HBase without
sacrificing the scalability of the system and ultimately enables HBase to be competent
for both OLTP (On-Line Transaction Processing) and OLAP (On-Line Analytical
Processing).

The paper designs and implements the transaction processing system HBS based
on HBase. After comparing different optimistic concurrency control algorithms, HBS
chooses a concurrency control strategy of multi-version timestamp ordering and
writ-snapshot isolation. Multi-version timestamp ordering does not rely on a central
node to detect conflicts, making HBS have good scalability. Write-snapshot isolation
reduces the occurrence of conflicts and further boosts HBS up. Compared to Percolator,
Omid systems providing only snapshot isolation level, HBS strategy provides a
serializable isolation level, and not at the expense of scalability and system performance
for the price.

Finally, the paper tests and verifies the correctness of HBS from the perspective of

consistency, and discusses the scalability of HBS.

Keywords: serializability, multi-version timestamp ordering, optimistic concurrent
control, write-snapshot isolation, distributed transaction processing,
distributed database management system
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7 E A1 Commit Table H T write intent & 75 J& T EL 28 9 5t 1 55 o

4.2 HEEEIGIT

HBS A KAR FIESE T HBase HI T, ANFEIAZ&— column FATER
column family. X715 —5K HBS &l 217T. FI1EN Key ) Key-Value 171,
Bl (Row, Column) — Value. XAE—ANBUFBFA—A Cell, WK 4-1 PRI
[F] ™ 50 T ) P AS R AR

M 4-1 HIATAT LUF 2] HBase J5 2K 1) column family # HBS #5284,
AR B LT

@Data: XA column N HSEAFAHIIEAE . WK 4-1 F “Rowl” FAFHIN

Kt “Hello”s
@RT: read timestamp, EJ1 5 K HH Rl —— L3k ORI 345 A MR

12
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@Uncommitted: AIRAZHIFR IR 1R — D EHETA Uncommitted X 51 J1 i B
XA T & — A write intent. Write intent & H CockroachDB!, ‘& FK/x—
A Cell CAES1E T HBase H', {HR2I& A AL . Write intent ASAEZ AR EEL,
BB 1) 35 55 T SRR B 9 5C . X FIM Cell FiEFRBLBEA — > Write intent
B — A IER P HERL

Version: write timestamp, 5 XRS5 55 I #EL . Version 7 HBase H
AR —> Column, "B 2B EH IUHA 1 — B 1k

#* 4-1 HBS H P Cell

Column:@Data | Column:@RT | Column:@Uncommitted | Version

“Rowl” “Hello” 2 - 1

“ROWI” “WOI‘ld” _ “yesn 3

4.3 Transaction Manager &1t

TM (Transaction Manager) 5% 95555 I IEH AT IR SR, BRI B
Bl RS R G NETRRE, SRFFESFEPATIIEE D . ASE )55 AT DU H
TM R5ERC R [FE 0 TAE .

N 4-2 fios, TM 2297 mRicih. 2 leader 15 fUOEH TAERS, follower 5
U leader T SUFPIRASEAIRUEIR S - 24 follower 17 skl 2] leader A REFR AL I
WSS, follower JT 4R B HTIE 25 1) leader 1 Ko

TM Cluster

TM (follower)

L
\||/

PR A

Client
TM (leader)

RN
\||/

TM (follower)

p. A

4-2 Transaction Manger it &

E— AT, S 2 TM i —FFAARTRL, JFU B

13
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JRIE G A . D HESHEMRE HAN 55 € B DT DRI, er BUEE
TM $2E [ watcher HUHEDILINEIH] (55 H0RE . )5, B AFFLRN, B2
BETRUE T R IR R

% 4-2 TransactionManager 4% I11# 1t

B

-
oF

w2 [

AR

allocate long T™M Bl — 4R R f B, FR7E TM Hid Sz B8ORS R
%o

BB TM SRR 55

release void
exists boolean MR —NHS R TM i E NIERES .
waitlfExists | boolean SR NESE IEPAT .

© TransactionManager

long allocate()

void release(long timestamp)
boolean exists(long timestamp)
void waitIfExists(long timestamp)

4-3 TransactionManager 2& 4|

RAEIX L it AT AR T™ S AN ] 4-3 Fros

4.4 Commit Table 1%t

% 4-3 CommitTable 42 1¥ 1}

B O4 R R[] 28 7Y ]
status Status 7E Commit Table 1 1) 55 55 RS o
commit boolean £ Commit Table it %55 N AR ATIRES
abort boolean 7E Commit Table i3 & N & IR .

Commit Table #f /& —5K & i# ) HBase X B 103k | FHEMPIRS . P—NHLE
commit table A ICEF, EHPRESZ uncommitted; 44— PNEHES IR, ©

14
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7E commit table FFIC PRS2 committed; 44— PNFH 5L ILSE, ‘EFE commit table
HE SR AR A2 aborted.

FEPHNE, —ANFESREEC commit B, L2 committed PR
HeehES A ES, MNEHMNMFESS . 1M aborted HPIR ST RER M AIH S KT
FEAELEIE TM PEAIES, ANECEHE T, HWHEST aborted IREM .. —
NEL AL H O commit table HiE3% H © aborted IR

© CommitTable

Storage storage

Status status(long timestamp)
boolean commit(long timestamp)
boolean abort(long timestamp)

4-4 CommitTable 25K

FEAE DL E%3t, AT LAZ ] Commit Table IR EINE 4-4 Fios.

4.5 HBS Coprocessor &1t

HBS Coprocessor 7&—1> HBase Coprocessor % L8, &7 &N MVTO %
FIRAEEE 8. FATZ AT LA MVTO M5 8 /E R TT N coprocessor & K A ]
WA SR TR AE o EE A MIVTO (113235 /R 2 AR T0T %) 52 IR B85 S BT Dy e K PR I B8
RPN SR AR RN AT . I8 EATRT e 22 B 9 B A TR I B 2 s K (RS2 N 88
SR A2 BN k. —Fh AT BERI IR IR 45 2 N BN SR 55 e T I ORI $ 55
WL R, AEIXMIEOL T, ST LI B R R U R T

MVTO )5 #AE ] Rt ILSRARI o, IF H S B E RS 54 2 18]t AT ReAH
HEWEESL. MVTO RIS HENEER 4-5 PR,

% 4-4 MVTO 5 HEM

read write
read ERES A%
write NES A

AT MVTO BIe5 Bt NI Coprocessors 73l IH{# GetEndpoint
A1 PutEndpoint, ‘B4 FLFE L35 [ e

15
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% 4-5 GetEndpoint 5 PutEndpoint 2 1% 11

e MEN AEIES e
ﬂ

GetEndpoint.Get | byte[] | i GetEndpoint.Get, HE(EAS Cell A2, FF 58 5 Hifm At
gﬁo

PutEndpoint.Put | boolean | i H PutEndpoint.Put, il &7 &AL Mo, WEEE, 5—
A write intent; Rz, MR [FEIRIL.

@ Coprocessor

N

© PutEndpoint © GetEndpoint

boolean put(string table, Key key, Value value, long ts) byte[] get(string table, Key key long ts)

4-5 GetEndpoint 1 PutEndpoint 2%

MY LA, 7T BLZ ] GetEndpoint A1 PutEndpoint 125 E U1 4-5 FiR .

4.6 Storage % it

# 4-6 Storage FEI1¥# it

P4 H SAEIES Wi
it}

createTable void B — kB & .
deleteTable void M B — 5k B 2%

mvtoGet byte[] MVTO Sk, 758 R Kk

mvtoPut boolean | MVTO HiEHS#AE, TEMAERTKERTMHR.
removeCells void Mk —2H cells, JoitH 242 write intent.

removeUncommittedFlags |  void % —2H write intent ) uncommitted flags, ff&1145 K
EHEATIRES .

HBase #2At[1IfE /17 HBS L4 Storage #22 LK I, Storage & X 1 #Hs
UM . #4155 . GetEndpoint A1 PutEndpoint 1 FH 188 /7, JLEARIGHE 0 Bt

16
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UZR 4-6 fli7~. 1 Storage 2 AW R, HBS ANH 5 EAKH: HBase i HAKSLH,
Pk 7 HBS 5 HBase FIiA . e b, HEIE#HSLI Storage 1I#2 1, HBS
R A HARAE 8 RS FR b5 55 S H¢

@ Storage

void createTable(String tableName, List<[]byte> columns)
void deleteTable(String tableName)

byte[] mvtoGet(String table, Key key, long ts)

boolean mvtoPut(String table, Key key, Value value, long ts)
void removeCells(List<Key> kyes, long ts)

void removeCommittedFlags(List<Key> kyes, long ts)

@ HBaseStorage

P4 4-6 Storage 25
RYE B eit, FRATAILAA3 3 Storage HIZR LN A 4-6 .

4.7 HBS Client i&it

HBS Client N AL /& —A Transaction G #4/EH API, B a DA H
XA TE R A A FR A

% 4-7 Transaction 322 1%t

B4 | iREME ]
G
start void I TM G, VG ES RS ES.

commit | boolean | B B4 e 9555 RIS A MEIES 215G EF, 15 write intent H
") uncommitted flags. &% —F B SA I 2 e T S 4232 3R |l 2 e, 2R
55— BRI N £E Commit Table FRig 4R ATIRAS

abort void ZabFS: B TM HHRgid .

get byte[] | i F Storage M4 L BCEE, AW B N 252 75 write intent. 21
L write intent, 75 EEAF write intent fEF S5 L.

put void TR R SR G+

17
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—ANFHGITIEN, SIE TM SR 8, 35 1 FE 2 I Storage $2
SR DB ERGE A, JRIEIE TM, Commit Table 58/l %5 AHICHIHRAE . H51T—
MREEEEES, MU, SR ER U FREAE. F50a
RS, MBS, 55 IRC S BT . 7350355524t abort
B, bR EEZ R AN LR, 7 ZIR A abort #% 12 1955 . HBS JfA
i % rollback # I, B Fir AT #uds W 23 7E commit FYI i A 23 5 IE S 284 e

© Transaction

long timestamp
writeSet Map<Key, Vale>
readSet Map<Key, Vale>

void start()

boolean commit()

void abort()

byte[] get(String table, Key key)

void put(String table, Key key, Value value)

] 4-7 Transaction 25

R4 FiR ¥, Transaction ZEE LUK 4-7 s

4.8 BIRIEIT

I® TransactionManagerI

|© ZkTransactionManager

|® Coprocessor] |© HBaseClient

|© PutEndpoint

|©Ge!Endpoint

K| 4-8 HBS # kit
LE U BT I AN PR S, FRATA] DA B R G 2 AR & - an i 4-8 Fros.

18
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4.9 KE/N

AREEH ST T HBS A ) K36 58, 5 MVTO. WSI. BFT B e,
TReh AT XSRS I Bt . AT G T AKX I R I SR Al b — &
iR N HBS M R G MR, 58 TR R, &4 T HBS
RGN SR LR BT

19
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BHE RGI

18 BARSEH F, HBS F E K HBase fll Zookeeper. i+, TM At BARSE
W AZFH Zookeeper F&AL 2T SE At iR 55 » Commit Table HSZEA & HBase H ) — 5K
T E R .

—ANFHEWPAT I RBORFEW T : i@ HBS Client 1] TM 3K — AN 4T [A]
B, T™M 2N EE B — 08K, FHid Sz B8O TE RS 555 1A HBS Coprocessor
TEH S T E AR, RS S WEBUR R 2 E 5 RN T FEPTA
SEAETEUE, TFEEPIMT B A TAE, IIE1ER TM iR S IHRIRAS .

FEJE TR T &, AT TEAEN 8 S MR SEILAT, 708 HBS 2] A
BRI .

= = = 3 Control ‘ (- ) _
. = === — - (P —
——— Data JJ client L 1 ' -
) i > J Zookeeper ‘
~ o N b <~

HBase S<a
' RS RSP Y 1| Commit Table
w | e |Version [Writel Read |Uncommmed|
Version (Write|  Read Uncommitted Txn ID Status
Key Data Timestamp) | Timestamp Flag

K] 5-1 HBS 1 ] HBase 1E N E1E 1%

5.1 Transaction Manager SEI)

TM (Transaction Manager) HJSEHLMAGE Zookeeper, & )3 B HE L /) Be S 55
IR, AP IEIRHESSIRA . Zookeeper S fit 19 R B /34 WA AR 55, FRATTATEATT
{3 FIH Zookeeper 45 FhEE 715K SZH TM.

TM B8k 53 Bo A ) & Zookeeper ff) sequential node (node #& Zookeeper H1 1]
FEARBEETT, RS RGN0 HIRATIER B — X FE ) node
RN, Zookeeper 2= H BN E 0 le — M EHE NG . XA EEHOR 4 7 B 3 1
1), T H 222540 2] Zookeeper HIZE 1T mi o A IR LR, IXANBEEL 17 0] DUAE
N B MVTO St A
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E—NHSIEN, E2MH TM il — A2 5 G R EL, FHAE Zookeeper
HA g — NI, XA RS EE RS IE R IR A AE . Zookeeper 23 Fll L 5
5 0% P i R FE O BRIE S, DAORIEAE A S TR AA], I = AN BR
R it T (Zookeeper AN RE WS B 25 7 B &K I TH B RE 4 — BeE TR,
Zookeeper 2 MIBRIGIN T 5o — AN 55 N2 J5 25 S BR IG5 A

—ANHGICREEE TM A2 AR ERPIRES . ol — A5 R R —4
write intent %, B 2> dci@id TM B f]iX 4> write intent )@ 1) H S FPRAS . 10k
G AEIBATH, BESTE Zookeeper HFEM—AN VT node MIEEIF watcher. 783
HEPATEE R, ALy ML watcher MW e S 55 it 2 W8 50

5.2 Commit Table SCIR

Commit Table 7] LA#E B AE — 5K 7R HBase IR R, Bidsx T ra H5M
RZE. Commit Table $2HEFIAFERE M, commit Al abort #{/EiEIT HBase [
CheckAndMutate SEHL) . BEATH S el EAER RS CLAERFEFHSZ LT, W
RAH, N Check KM, REIHR. WRKA, ARKESRSDRBNERS . EHEE
BMsE, Check 1 Mutate j& — MR F#E. M2, X MEES, mRAEZ2
KR —ANFEZIFRIES, RA AR EIEY) . X fFE SRR T

A EEHE,
;

Aborted

K 5-2 HSIREKE

—ANEEF R T LR AR 2, — AN ES RS R e B Kl 5-2 Rt oR
1) AR AR

Running: $HEIEEPATEREF, EXANFHFZLAE TM G XM node.

Dying: H%&OA% IEPAT, —PDFHESIE TM HEA X node, HERPIRZEIE
BA LR AE Commit Table o

Committed: =F457E Commit Table 5 & 2323 5 KPR

21
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Aborted: F557E Commit Table 3% IR ZS /& Aborted.

5.3 HBS Coprocessor SEI}

Coprocessort!'1i& HBase fig fit (4725 7 dim (A CHD ) 2 2] region server EFRAT Y
B JRATE LI HBS Coprocessor 5 %2 4 MVTO SEFR A 525 RE

Percolator SEHFEA [ 35 5 A E I 4> R A6t Bigtable 17 2% 4555 H) ket . {H /& HBase
HEEME T CheckAndMutate 3X M B NSRRI A . BLARIRATTAT DA fa] Bt HoAh R N
ITRES, HERXERITRFESZTFELIKYE HBase (5, LA L KITHN. +
B2 HBase $2fft T coprocessor [F%11, AR LA MVTO 125 SRR H 2 2
HBase ] region server H1 2 #4147 . T 125 MVTO 43 1) S 352 5 #:4F 1 coprocessor,
BAIS BIHFR N GetEndpoint F1 PutEndpoint, % /¥ a] LA#F] RPC i FHX A4
Endpoint.

5.3.1 GetEndpoint

15 5-1 GetEndpoint 51

1. # key REEIEIEMN key

2. # TS SRR S I

3. get(key, TS):

4. # R key FTTE row M4

5. lock = rowLock(key)

6. # B E A S

7. version = max(c.WT if c.WT < TS for c in data[key])
8. # BOZIRA

9. cell = for c in data[key] where c.WT == version
10. # SR

11. if cell.RT < TS:

12. cell.RT = TS

13. # ORI

14. lock.release()

15. return cell

16.

£ GetEndpoint FISEILHT, FRATSEIRIL row I8, DRAEAEREA Get HIREREH11%
AR A R B BE AN o AR IR TR BR B — A o R A . AR5 FAl TR & IF 5
e B A A BRI B e fa, FRATEEIR row lock J HiR M1 BLRIHY cell . (HAFIER
2, X BLAERAR t f E RO @ B AR e 8. O MVTO RIS F 2 B
(1, ASBEFRI HEAT
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5.3.2 PutEndpoint

PutEndpoint B /51— E S AR B — AN RA . WX A cell HEEN#K
KT HATHIIE, AT — N FS e 72, M XA 55 1N 8O T4
AT 55 BN Bk XA A2 7 — NS R ——0 — A S 55 R R R AR R 3 1
NERYUTHRFZEMANEA X WEREE T MR, FATLAURER, REES
U E) S RIS B e S &b H S . WREAEMWREE, BATTLUERLS
g, SRIEREAL row lock FFIR A1 A

%15 5-2 PutEndpoint {h1Eg

1. # key ZEEWHIEN key

2. # value 2 5HIMH

3. # TS JERXMERERAE G55 R IR

4. Put(key, value, TS):

5. # KL key FFTE row ¥4

6. lock = rowLock(key)

7. # L TS ZHIH— MR

8. version = max(c.WT if c.WT < TS for c in data[key])

9. cell = for ¢ in data[key] where c.WT == version

10. # R A R

11. if cell.RT > TS:

12. # WERAT LSRR S AR F S A, B ARG BRI R
13. lock.release()

14. return false

15. data[key] = {Data: value, WT: TS, RT: @, Uncommitted: yes}
16. lock.release()

17. return true

5.4 HBase Storage IR

X5 77 B SRR 3 EE A HBase 194 BRI 4 Storage 2 H (2K Ho MVTO
H e S #4475 225 ) B GetEndpoint F1 PutEndpoint SZH

5.5 HBS Client SZE]

HBS & /i 58 i 1 o3 A sUHE 5 K& 7 @ 45, @H5 A GetEndpoint,
PutEndpoint, PIFTELIEAE, 1 TM BE555E . R WRIX A SCHUN, FRATZ B
e — L AT B B AR 5t R R DU T JRATTE AR . XS TR R AR BRI A, FRATT
FEFSRIE BT PRI 18 .

HBS #551)5E R B——8a 5 — AR, SHEEMEES, Wy 5-3
. fERSHMEPIRAR, HATSMEH ™™ AFEF B —DEEL FFIiEi s
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BMEEG N
{44 5-3 Transaction & AN
1. class Transaction:
2 timestamp long. # IR
3 writeSet Map<Key, Value> # HHEZL
4, readSet  Map<Key, Value> # B&EH
5
6 New( ) :
7 return Transaction {
8. timestamp: TransactionManager.allocate(),
9. writeSet: {},
10. readSet: {},
11. }
12.
5.5.1 Get

Client [t Get M2 GetEndpoint. Get 2 5G7E writeSet 1 readSet H1 2t
HWELIME . (T readSet &4 1 R HE L D) 7] HBase, A% HBase [ 114H;
AL H writeSet /24 T #8153 55 H 5 1N %5 . writeSet J& readSet & K Y FRATT 75 2
BEEMEUE N AT ARIB AN Z . Get f/E3KHL GetEndpoint IZ5 R 5, B/
B IX e 15 2 AR HE L write intento WHER A, A E 7 ESEAF write intent [IT)E F
IR

XHERER R TM SEELR . 4TS5 AT 2 FH2E B 31 write intent JIT)&
HEPATE RN o HEBAVIEAFRFSERKERH, 7R MIIRAS, Wrlhe
FEPRAT RIS 25 ) i 5t o PRI 2 AT 952> A ) Commit Table FRHZ 555 AR
&, BMEERAREH =Fh:

HE O (Committed): write intent FT7ESF 55 BN AE « FEXFMEIL T, 4
AU 55215 5 write intent H /) uncommitted flag, (AR N EHEAE, FFiR A write
intent H R 1E

HE O L (Aborted): XA I N Ui HFIX A write intent $258 KW, 477 H5%
2375 Kk write intent, i GetEndpoint 13,

FHE AR (Uncommitted): XAEIL AT RESR 55 L& k% 1A TM KR,
{HRE KA EH KRS S A F] Commit Table FF, 5L EATIEF) Dying IR&. 4
IS BN K S aborted IR, FHIEHRTE M write intent. f )5, KMEHFL
1ERITBBLALEE
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65 5-4 Transaction Get £1{iY

R OVwooNOUVTEA,WNR

13.
14.

15.
16.
17.
18.
19.
20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.

N|

Get(key):
# ZIRESEAGHEES T key
if key in writeSet:
return writeSet[key]
if key in readSet:
return readSet[key]

while true:
cell = GetEndpoint.Get(key, timestamp)
if cell.Uncommitted:
# MREFNE weite intent, ZF X SEREM T4
if waitAndClean(key, cell.WT): # write intent #{Ihfz

readSet[key] = cell.Data
else: # write intent &R, HiL— AN Z R HHT TR

continue
else:
readSet[key] = cell.Data # iEZf%#E It
break
return readSet[key]
# SRTEON ts MEAIEAS, RIS R BIRA I
# AR EE FBIE T weite intent, (¥ write intent fJ uncommitted

flag

waitAndClean(key, ts):
TransactionManager.waitWhileExsits(ts) # {53 % ts 45
# HEOALEHRPAT, HEWEEK G CommitTable Hits kA
while true:
status = CommitTable.getStatus(ts)
if status = Uncommitted:
# HECWIF TR TM IERE, 252 IRS
if CommitTable.Abort(ts):
status = Aborted
else:
continue # Z IR, WIREA FEARIIERME, Hik
if status = Aborted:
removeCell(key, ts) # /GRZAIEHSSN write intent
return false
else:
# FHEHEEHT)
removeUncommittedFlag(key, ts) # roll-forward:

write intent ZZEIEEE

return true

Get F waitAndClean H#84H while 3. Get ##) while fHA &N T 1EIL R
write intent HE8 2 M1 Ot B 7 — AN CL ZAE B D75 B write intent J5 4 8
BERF A ) - waitAndClean H1 1] while {32 K Abort J#E1E AT 682 2. Abort
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FISE I A& — CheckAndMutate )7 F-#4E, RA 4% 55 7E Commit Table %A 1d
S A S Rl Ty o XAE AW T AT DLIBE G R A E iy SR T AR M), X — S 7E
TR E A EL AT

5.5.2 Put

Put A2 BHANEYE S 3] HBase ', MREHFZNIRTEFLE R, SR
(RN 2 35 3 HBase 1o X A2y 1 4Kk i B S2 (It I], - g b HoA 36 55 75
BLZERY write intent FUMER . 40 RFRATTEEIX Put %17 HBase 5 write intent, A4 P
BCAR A (I 18] X [0] 2> 5 BB AN S 55 AT IR o AERX AN X TE] N 17 1) IX AN 555 5
s 1) HAR 5 A0 5 EE I TM S8 45 T 55, X0 TM SRt ik & ) 2 HREBUK,
[ Bsf 145 2 55 PR 1 e B

{15 5-5 Transaction Put 1A%

1. Put(key, value):
2. writeSet[key] = value
3.

5.5.3 Commit

Commit {5 FH ) S 2 0 A 2R G H i LI T Bedie =2 .

F—Fr B, A PutEndpoint 3 writeSet HZEA7 HIEHE/E N write intent 5 3]
HBase H'. PutEndpoint &2 S ARG R KA. WHRE —HrE writeSet 1)
AR A TN S 2 HBase "1 17, k2| T commit point. Commit point 55523340 42
T HPIRZE S 2 Commit Table H . 7£ commit B 5 , XN FHS BN N O ETRZ T .
RN & i) write intent Hff) uncommitted flag Y& &%, X% write intent CL 448 Y,
AL T . BB, FHATEH H & write intent H ) uncommitted flag. X —HT B¢
1) TAEXTT HBS Z 48 B IE A M2 B 520 i), PRA RIS write intent 47 uncommitted
flag, 7 )55 1 SR ] LLIE i 75 1K) Commit Table H FPIRZS FIIE IX ™ write intent A& 75
AL B E 2 U R ANEBE uncommitted flag, £ XL write intent A2 Ehi K.
DAL 56 B B ) AR T DA s AT, PR B AS AR P AL T — i B 52

W —B B A2 R M, B 7E'S Commit Table FRIR 2R M0, FRATHGA NIX
MRS AR LA X OL T, TATIEH O A S 3] HBase 4111 write intent,
HREH TM 1 node, iEHAB TN B) Y HT F AL RPAT, HJ5 R BIRM S B
HZ .
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A5 5-6 Transaction Commit £ 1LY

1. # two phase commit

2. Commit():

3. # BBt prewrite

4. # SATEM write intent, AR AHMRAL

5. written = {}

6. for k, v in writeSet:

7. if PutEndpoint.Put(k, v, timestamp):

8. written.add(k)

9. else:

10. fail(written)

11. return false

12. # ARAT A

13. if !CommitTable.commit(timestamp):

14. fail(written)

15. return false

16. # 5P TER

17. TransactionManager.release(timestamp) # ik Zookeeper Hiff)
znode

18. removeUncommittedFlags(written, timestamp) # JEEEEHES M

19. return true

20.

21. # JEFR prewrite

22. fail(written):

23. # JEPRFTH write intent

24. removeCells(written, timestamp)

25. # 7 commit table FiCIIRE

26. CommitTable.abort(timestamp)

27. TransactionManager.release(timestamp)

5.6 HHIxKE

HiRg— Mo ARG ol E R, TATRG BT I E A 2 8 a0 1
WEET IR, e HE E PR W R . HBS BIMEAESS o Al Ak R AR R I s O
T, B ER B A SRR, T B Re PR B R RS

TERHLR I EHE b, FRATT— A8 F WAL SRS OR 58 il R TR = AR5 A AL 1)
TAE. FrA MR ERESASAEHEY, AL A— 1N RGEHERG,
PATRIE H S F 55 & B redo B3 undo H & FH AR 1E 3l BE Tk &2 25040 e IR 45

HBase 1A 1 LA IR SR SR AR IEHOHE (1) — B AR AE o B 2 XN RAIE 73
A ANFHS K IETERABR, —DFESPATHRIERE S AT R~ 1R 2 5 B
AN—F 5 s . HBS B AR{# F T HBS Coprocessor {4554 TAE3Z 45 T region server,
HR 2 I AR AR HE T A 25— 3000 W] e R M A80H R RS 1 AR . 2 P m 2R N R
L AR AT A 1, FRATAEEASBE PRAE M S5 ARRS I mT S, AH R FRAT TR R 25
Ui & B RG IR By B — 3R
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7E HBS Wit o, Ao R s 7 i AT BECEATAT — AT AR A i 5t . FRATTEE SR
P ORI 2 TC IR 2 7 i A TR MR ATIRAS s BB EE ) — B AN B A, Rl
HA I R PAT I FH S Z BN /£ HBS H, FAVKH TM(Transaction
Manager) Al Commit Table KH&HEXFE LRI

— g4 H 2t GetEndpoint. PutEndpoint F1—245¢F write intent [ #/E R
OB FE IR o BRI, R EIRAT TR IR R X e o R O PR Ty, % i AR
BIFAZSEEIEA BTl T .

5.6.1 Get TIEFHIFHIRIE

GetEndpoint 23U BEN EL, (HAZ XA MR 2 S5 1 Hi g R Se I 8. SRR 8 1
KA HARE FERPIRAS I — B, & R0 5 FEOAR IF & 55 1R 58 i kA4
MR .

TERFZ IR VR, —DFES G E. £ XY GetEndpoint 7Kz
NSRRGSR o (H 2 WX AN FE & 2] write intent, 4FTH 55 7] fe i
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Abstract

Updating an index of the web as documents are
crawled requires continuously transforming a large
repository of existing documents as new documents ar-
rive. This task is one example of a class of data pro-
cessing tasks that transform a large repository of data
via small, independent mutations. These tasks lie in a
gap between the capabilities of existing infrastructure.
Databases do not meet the storage or throughput require-
ments of these tasks: Google’s indexing system stores
tens of petabytes of data and processes billions of up-
dates per day on thousands of machines. MapReduce and
other batch-processing systems cannot process small up-
dates individually as they rely on creating large batches
for efficiency.

We have built Percolator, a system for incrementally
processing updates to a large data set, and deployed it
to create the Google web search index. By replacing a
batch-based indexing system with an indexing system
based on incremental processing using Percolator, we
process the same number of documents per day, while
reducing the average age of documents in Google search
results by 50%.

1 Introduction

Consider the task of building an index of the web that
can be used to answer search queries. The indexing sys-
tem starts by crawling every page on the web and pro-
cessing them while maintaining a set of invariants on the
index. For example, if the same content is crawled un-
der multiple URLS, only the URL with the highest Page-
Rank [28] appears in the index. Each link is also inverted
so that the anchor text from each outgoing link is at-
tached to the page the link points to. Link inversion must
work across duplicates: links to a duplicate of a page
should be forwarded to the highest PageRank duplicate
if necessary.

This is a bulk-processing task that can be expressed
as a series of MapReduce [13] operations: one for clus-
tering duplicates, one for link inversion, etc. It’s easy to
maintain invariants since MapReduce limits the paral-
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lelism of the computation; all documents finish one pro-
cessing step before starting the next. For example, when
the indexing system is writing inverted links to the cur-
rent highest-PageRank URL, we need not worry about
its PageRank concurrently changing; a previous MapRe-
duce step has already determined its PageRank.

Now, consider how to update that index after recrawl-
ing some small portion of the web. It’s not sufficient to
run the MapReduces over just the new pages since, for
example, there are links between the new pages and the
rest of the web. The MapReduces must be run again over
the entire repository, that is, over both the new pages
and the old pages. Given enough computing resources,
MapReduce’s scalability makes this approach feasible,
and, in fact, Google’s web search index was produced
in this way prior to the work described here. However,
reprocessing the entire web discards the work done in
earlier runs and makes latency proportional to the size of
the repository, rather than the size of an update.

The indexing system could store the repository in a
DBMS and update individual documents while using
transactions to maintain invariants. However, existing
DBMSs can’t handle the sheer volume of data: Google’s
indexing system stores tens of petabytes across thou-
sands of machines [30]. Distributed storage systems like
Bigtable [9] can scale to the size of our repository but
don’t provide tools to help programmers maintain data
invariants in the face of concurrent updates.

An ideal data processing system for the task of main-
taining the web search index would be optimized for in-
cremental processing; that is, it would allow us to main-
tain a very large repository of documents and update it
efficiently as each new document was crawled. Given
that the system will be processing many small updates
concurrently, an ideal system would also provide mech-
anisms for maintaining invariants despite concurrent up-
dates and for keeping track of which updates have been
processed.

The remainder of this paper describes a particular in-
cremental processing system: Percolator. Percolator pro-
vides the user with random access to a multi-PB reposi-
tory. Random access allows us to process documents in-
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