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BUILDING APPLICATION-SPECIFIC
KEY-VALUE DATABASES
BY EXPLOITING DEMANDS AND USAGE PATTERNS

ABSTRACT

General-purpose databases, with rich functions, complex structures and wide scope of
applications, have dominated the area of DBMS for a long time. However, as we are making
progress in parallel computing and distributed systems, general-purpose databases cannot catch up
with the increasing amount of data processed by modern computing clusters, and people start to
build application-specific databases by exploiting unique characters and patterns in their
applications.

In this thesis, | designed an application-specific key-value database for producer-consumer
warehouses in distributed systems, which is an important and common application of key-value
databases. | analyzed the functional and non-functional requirements in this application, and
revealed an important data access pattern that key-value pairs are inserted, retrieved, and deleted
in “almost” ascending order. With those demands and patterns, | designed a brand-new data
structure for indexing, which is called “Flat BTree” (FBTree), and an application-specific
key-value database FBTS based on FBTree.

Experiments show the inserting speed of FBTS under almost ordered pattern is over 200 K/s,
which is as 3 times as that of Berkeley DB. With range queries, the retrieving speed of FBTS is
over 400 K/s. FBTS supports variable length data very well, and is immune to concurrent readings.
FBTS also tolerates over 5% out-of-order insertions caused by data loss with an acceptable
performance reduction of 25%.

Key Words: key-value database, data access pattern, almost ordered pattern, FBTree, adaptive
split strategy, FBTS
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1.1 BREREESE—LHERE

Web2.0 B, EBCMAEGE & Hm K, Fam e R/ MEdRED T4E, OAREL
N TR, BEEPEE (Key-Value Database) FIHABAEIR RAYEHE ZE (NoSQL) TEALHE &
BAEJr A H AR, TR KRB E A PE FE RI2 T AR, 41 Google 1) BigTablel!], LevelDB,
Amazon ] Dynamo?, Berkeley DB!3! # Scalaris*. AHH TAE4H0 sQL Ko 22, BEAE B
R, SERE. YR (scalable) FIHEE, K2 BUEREER FEBGE T X 2 Al
SERALEYE . 5E— 2. FEE ACID transactionPIF) 8, IR EEUE A E . BRRERELE
I SCRFEB K E R 078 & — o 28 1) vy M e 2000 /e o

R 43 A A P2 P A A5 B S ] B S LSS, 5141, 40 BigTable JUIAR % A
WscRH T =oul “A7%, Fl'5, BIRE” BUESLSS, (B LF B s e A0 A X 4y
I PR ) o AHAS T 0% SR P v BE S M I B B A, BB i R —Fh 95 45404, v
FH P 55 B U AAEA SRR I 2, il 1 300 e R I4E3r T4 . T REA R
AR NS, K2 H AR 2 IR B R 51 o Rl S50[RS 52 ma 50080 2 U7 7l 7
EREZERR, SRR BTree 51, W] 588 S RFBEA AN X ] Ak, 1 s FH i A
RG] B PE— AN SCHRE X ) 20 o AR S 75 =R, R B B s 22 R S RE T B N
PR, MASCREE MBS . XS TAE AT H RIS R, v OIS Sl Se g
—51, i Berkeley DB BISZFF ACID transaction; {HEESE I KiLE MR T, wm—8Ms
SINPERENR R, Fir DAEE 20 8 204 A R R o — 2o, HARIE R4 — 2 (Eventually
Consistency), 3 HI& It R i transaction, U BigTable; 341, Dynamo {# F 7] 2841 Quorum
SRR, AR 2 E00T DA IRAN (] 5 BE 1 — Bk

BEEIE E SRR FE S ZERIB R RALIEERA T FEE . T MIIaesE, 1
EE A5 P RCH A 4 R SRR E (R U T 55 BB B FE U R TR AN ] () R 3 s s
BEY. LTS, R 2808 S 5 AN 75 2252 B0 15 D Re 8 (A join #24%
FERGE— M), MR LSS R ThRE M [ R ER RS, 1S ANVEERRO, Rk, V2 EHE
s R BA a2 S 5, RONEREE B3 st i MY DI RESCRE, FREHRTREE 1)
N AR RGEEN, AR & RGPERE . AN (B A0 i S PR AN R A Y . &R 5
%5 Vil 7% transaction SCHRFAI—EUVELRIE; [F]— N8R EAEAS RIS FH 37 5 T IO g
HE5F

HHE AT O, E I R R S e, v LOKTRSE =3 E e . A L — LA i
AR N s —— A - B BRSO E RN, TS 3 son B 2 iR 55
B K, RIBEAR VB, FEOAHsTE T — BB R ——FBTS. (HIIA I H 75K 5
My BT TR RE, AT VE B3t 1R & — IR R S STt ENL R S
ok A0 1Y) L EANME

1.2 |OERSRIBEFAA T

NI T S B SE vF - P it — BB (E 00 e 1 T AR R I I T e e 1
Grape i H"". Grape &— ML RS, FFEMET—XAEH., HRHEZIHE—
MR NG, BT Grape REHIEFEATERK (DUHAREEE, W 2.1, XA
B PETCIEAE WA SEBL, AL B A P 2T A7, DRI IS B 8 (R S o 6 2 — A 4k
P o

#
=
=
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2
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S AIFRAE B 24 %) Berkeley DB Al Level DB /EASIRZEMGPE, (HRIABATMIEEE
TR Grape 73R FoATTIAA Berkeley DB 25 FH B 2 P BRI I 5L R A

(1 EATEE THESAE. RIS HESELRZHE, SR Grape N H

R AT EIX LU ThRE, (X LLThRE I 2 1 S B R

(2) AT R Grape F 48 HIEHR VT R T HERER AL s

ST S, 8T I8 R 2 ) 1) R T AR TR0 7 FRAT N 7E ZEH A — /N A I DI Re,
I P B ARG TR ZAIA T B TR . Kk, FkoE A E - B SR O
(R SEBL— AN e /N DD e SR 1) v A BB B 2, 3R (e R )R U

1.3 B4

B0 A - S O AN 5, AR R S T2 N A 3 O B o
(I Zh BEME T SR A AR D RENE 3 5K » Bl JA 758 = BAR R IR s I 3 sth — 41+ 0 A I E A
e s A

HVEHERR DR RGBS FBTree, FBTree HIFEAWIIIE S B-Tree £
T, B 75 BTree AMFIMIAY R0 2E5EMS, fi FBTree WJ LAFE 73 Al %37 55 vh B K 7 1)
B, PEm T RGIMERE . SR E WA L TN R S 0% — R E A ——
FBTS (FBTree Storage), ZH(#fifli [ FBTree HEATHE R 51, DAMRALAEZ N 1750 R HOTERE

A, HNERAE TSI HE LA FBTS fEIZ N 75 N I TEREIL S -
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BZE NASRNBSERSH

FEATE, FATLL Grape M RGABI, Rk “AH-HAFHCE” X—MH
Wy SHREE, TR T 0 A AR GO SR AR 128 1 45 i 7 K

2.1 NBAHENE

B AREIRM | AR RS P 2 0 2 7 AR R B 2 R It (R FRATTIRAD 7 A I ity B A
()T HE: StreaminSightt 25 AR 5| #1241k RBEisAT T AL, ARed R AER, 4
HCHR DL I O eV R A B s AR R 1 A X H 5 R S, W0 MapReduce™ A1 MadLing™
FE P PR IS H S B, RN E T AR L AE S ] (continuous query), B
ANEEARIESE R SLh P . Grape RGURIFHBTRAN T X — 8. 1% R G U st 72 e 1
2011 % 2012 FFH K — DA TR RS0, AT DAAE U R b AR ook i s 3k AT 5K
I LR Grape RGN FEBER, TRREIZRA S MapReduce FEG A F
SN FEXHIET: (1) Grape 77 AP IR I BRI, FILTHEBRA “Hah” M “45)”
R FERR, T2 HG & 20, AL HEAT I, BT RURR EDARUK G T ORI F b 8 9 s (2D
Grape 72— ML RS, WA PR A A EER AL AR, DA A2 P 0E 2 iy 118 (1)

AT G B IHE E S AN LA, Grape RAE LT A (CEEED) 5
R GH 2D R e B — M E R VR N2 b G P, LAz ph AR 773 AT 9
FZ A EMHEEAILAL; T35, Grape RS ZM I & FIcAT N ShaA 4, ke
THEER RS EICES, NIt Grape RS E R EIE AL MR ZW R H G, K
PR B OR B — Bt [A], DM R RN 1Y« B IR 2437 Cupstream backup) (151, k4
;AR P E S M BE A4 B 11 5 (cascade re-computation).

BATHBEAEE AR E TAET Grape B —XFHARTHE T sl 2 RIMIIKAE 4 b, HIRGkAK T
Grape TG FIIXANBRER: 298 (BB B4 04 AR G 1B & i s 70 22 A
JEAN R T AT 8o AL, TimK & BN FRELL . ML 2 80R; RN, X
FER AL I DA 2045 2356 40, Grape FY—NFH 2 18 ok S UACER R HERERICHE 70 Afr A AT 10
R 1l B A B, ARYE 2011 F IHERF ST AR 1S, 1% R G T AL I IR B N B
10000 Z&HEFE, RUfSffE 100 Z&4ERE (10 248 FT0MEH, SEEER ES ) b
100 AL o AE 53— A IR 28 230 P BRI £ 2 FH o, SR 250 P D B ot 75 A BRI T- IR A A o

2.2 KT
€l 2-1 i%: T Grape F 4 i A 7 - B 2 L MU B 1O 45 1
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Database
Computer 1

O

{} network
@ Computer 2

& 2-1 Grape FI¥EER

ERGIEFIBATH, THEAT A v Fa i — R CEIRKREEX D, 22D
VERVHRAT A v2 B, R AR, A EORE A — DB R S DO A 7 2 5
PE WA AR B o (HIZ AL BB 0 P 5 A% G UG vt XA AN 24— N a4t
R E v2 25, SEEEE A Z AR MBS, T RAREE Ak SR AR 2 A,
T2 5341 702 G2 B b R R N 8 4 o S 508 P Do IR U e A B K P A A ) B ) = 2
H R gt Bl &0y WERAEREE & v2 LR, 70 sUR G ] LB Hedn & 1
BB R 28 A B ST HEE 45 v2, KR v2 IR, AN 75 228 vl BT TH I S50
HHE B I LI w2 ek AN B B OC R g, 4 v2 I IREE AN T 7 A T, 123K
55 B AT A B

ERLCFEOAEOLT, A= WET R B k. S TR . M RS AT B
BeE . RGE kR, v W= AEELUF AR, X iR S R AR R R ) B 2
AT ARG, o, v2 ] BUNEE B RS T N -

Mg By, AR BIE L i g b s A DL A T

(1) YT AR 77 3 5 9 I AN VLA
(2) XTEAREAT ey, B i EdE 25 e BT Ui v AR U
(3) FIHE 72 5 &L E AR AT HE T

AN, BEAE B L TR IR X 1A 1) (range query) ZEHEERE (bulk operation). 1X
AMGEN TRt s, a2 “HARRI7 A NIRetEFRR: Flan “BURRE R s
HI T s XL R AR 2 ok e s A W S XA 96 I £ AR 5 A AR AN ST s e
FELEMRLS SIS O T, EESRER P S B s HE 7

ERZHEAEI T, BNOE RS NMEE N — M . (AR R 50 i,
W R, 2B E MBI RGN, I G ESEREZ N E . GRx Tk
iz s, BAE AR B L5 NG IE B FEAT U5 In 3 L], RO AR P38 R 2 35 mT Re 2 (R U
[RExE

ZR ERA, 1% A SO0 A G A W DRt oK
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(fr1) RS LESTHRFRI

(fr2)  SCREfCEARN . XA, DX,

(fr3)  FREEEIEMFF R VT AR RIS, SCRE—AN A= 5 2 AN 9 35 [R5 1) 5
W, AR A T B RSt 3 55 /b B (transaction).

AR EIR DY REME R 3K, 28 F 3 5ot S A8 P2 1R B Th RE A 75 SR BE i %1
(pr.1)  EAME. KR, BT Grape & — MU EIFHEISIN R4, HE B
WF AR, B R e 0 205 fb DR FR B 1l A AN U 17
(pr.2)  WAAEATES], IEMRZHE GRS 1, HaRERS B H E R KRR R
W o B0 P A S N i R SRR 1), 2N MR A FR ) A7 AR BRI 22 1)
WFEHAE . R RS S T RZ NS, ST R R .
12 375 A BRI PR R A e /N D RE AR, GBSO e 1 14 B A o 67 2 B 22K, T A
PAMTLPRRAE “HFPE” R Thae (HSERD R iEA. XIER ST — IR ES
T8 B e ) ORI 2 R Il S IR M A TR E I DhRe, AT Re S s R 1
THERE

2.3  ANEINGE

ARFELL Grape RGNW, N T “HEFE-NTERET MRS, Rl VRS
Gt S e A T B0 FE R XA A Bl Tt 5 G 2 S O 0 K A, R EOR AR
IALHIAER o

bi)m, AEIE Grape RGEILHIZAT S HABERT ATy, 8T 1SR e e A 1% AR
G = AT IhRE: ERILA HE F 0 AR G Hir . IRGEXETEe, FATHh S H 1
2N 5500 B8 P () =S DI RENE Fa SRR AT BEPE 5K o Ja SO BBl U5 IR A S
Rl BRai B, DU MR R G R AE L, AR LTl e /RO H .
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FZE BREDHEHEASHHE

1 E—BmEATC LIS TSNS S — s U5 AL, BV AN 2R R
AR B 55 AL PIALA | 22 A2 7 3 0 5 NFE ) o 4 7 9 55 R BN AT DLy SR Hudhe e P RE FA B v »
[ I th i A0 1 K e A B R . JF RS AN R S BREH— mi: ME TR —5
NIRRT, 4B IR R 5N — Bk ol i 2 SRR K H

N 75 v i B U5 R R BRI R LRI fEIEH AT, &
P T O, BRSBTS e R SRR R N IR
(ERE . MR EBAG L s, A e Al s . R EERE
AR P LI, BTN AT ST ROR UL AR B WIS L, B AR~ ok
AL EHE LB RAR D, BN BERE AL RV AP H . SLIRBHRERY, Grape R4
CRERMAREGES, SLUPBERILLEEI N Tz —.

BRI — /2, Grape RGuitid EH A TCP MR AT HAR L%, 1M1 HAL— L5 A =X
ARG AR M uoP IOR KR . ARELT TCP 4%k, UDP A& AN REPRIESURE A PPk, Frlel
NEZHELFPEEE OUHR ML JJBORID, EHnfixblyst, F2E el &l v 2t
B, FRRE RS FBTS, 55T FBTS XHELF VI M2 A RE /5S4 6.7 5.

£ Grape RGEH, AUEIEAHAN AL EAT I, A e BURTIN B 0™ 10 s )L
A7 B S BB AT PP i 5 DL, [RD T 9 A IR S AT IR 2 1200 2- B
AN BRI LA P BOMN R A0S pnRac:  Aae 12 A K 1 A A7 e S DA 1t 25 5k
BN R R B A A R A A A B A TR, BLE T R B R AR
AHEFEUEIES S, Fril LA RmER” & ZAE a2 i, RISe R 8uaExt
THEL R RZ I b 5 SR 152 B 545 R SEIZ A5, 48 R 2 B AL BE AR o (a0 g 44
Join A, ZM[11][12]), Hia ¥ ja B ERIHh & R, B A MR th 2 ) LFA
.

B 3-1 845 7 B LA YRR R B =AY IR BIRERR IR
REE S MR T A B R B il BV A A, B AR EHUR T AE
Wt e SRR AL 7, 3 = AN RET AR T 8 e R 25 R A, R R K M KdE
FERIAE . RAEMRADBIEN T, IR AEBEER, XN 1D,

—T e
f { f

deletion insertion

D Not inserted . Inserted, not fetched

D Fetched, not deleted . Deleted

B 3-1 JIFRERFRIT RN
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FOE R3IBESRERT

R EREN - RECE” X — N5 R R R 5 BdE 458 ——Flat
BTree (FBTree), FE4r#TAAT4 FBTree WWAEGRHIRBIE LN (U1 BTree. MAFR) FEiFEH
ZN R

4.1 LA ER BTree. ZMRMIGHR

BTree. ZithR. Mo R AR AL (B A B vt b i FI R 51 850, (HARATEA Re AT
N AT — 5 A Re At 2 B ThEE, S — LI PR A A I R R G U 1)
158 M G2 e MERE TR 2K o

WG Ay RICIE R DI REPE TR 3K (fr.1)(fr.2), BUAE AR NA PR G], 07 SRR X IR A ]
ARG HAR R B P20, 7T DR s R X, FEs b, SRR A 2 e
BITH), iR re i m B BAR 4R (O(1) 4G AT E], O(logn) IR IEALZ ). (HZZ M
RAAGEE BRI BRSPS, SIS #A 1,23 J5, —ELFPEdE 1000
RN, 6 5 R RRGE N RV E A2 350 1000 FIFEEN, RGN SRT A A R — D EL P
W, HaRERsh A2 E . WER R IR, BREA 1AL BdE A S5,
HICVE SIS 2R, DR 9 7R B 2 Hh AT B A 2 (RIS TR T8 A2 2 MR 1) o ek 2 1) oA AR A,
HIS A A N L 50 B B (A HEAT AT, G BRObRAEE 2 PR 4 N I T S8 RS 2 IS 1) 4 S o
O(sqart(n)), FFAL Nz

P4 — X B (Balanced Search Tree) J¢HARFf BTree MV WARAS gtk 13X —jn)@fl: BTree
AT DISSHE R UG R B SE 4t O(logn) FIPIESEA . Pz, BRI, K2 H (A EdE E
#SKH BTree 4T 5|, {H BTree ZFHANEKLE “JUFARF” ViR, REHMAM
for 2 BN A] S 28 FEATT 2 O(logn),  JRERI 4N R SOk

— R L HRECN k 1) BTree ZRBAT i 2005 k/2 MR, BLRIERT LATE logn 20
HIE E A n AN . W2 XM, BTree R T “ T2 5ng” (Balanced Split
Strategy, BSS), ZIEHEHRF— AT R RN . LSBT AN, W
TP AR, AR RS, BRATS RN H 2 — BRI BTree: AT FEMNH
k/2 MR, X2 BTree LUK T IIRINEHL ! -5 BTree Mym BEHG K LLARAT Pl 5
P, BPEME, IR R A, T B R E AR A k2 N AT
R N — N, KA e en.

M BTree H IR 25E th 2> fi i FL P4, B AnECRFE 2 A0S G 0F, XS RIAR
rig e e i . (BN PR RORE , XA E P AR, By — B3RS
RN BRI, AT RO IR e R, A 2 2 CRAE A & R R . X
LR 2 BTree NIEN. “ LA 7”7 BdE U a) B 14511

4.2 FBTree: Flat BTree

WG AR ZRMERAN BTree YFIN VLT, BATLIL TN “ LA 7" KRV i
TR TR B A R, SRR AE S5 BRI ERAE, LA R R A SR AR 2
PERITERE, FINIEREARE — EBERTLFHRIE. FBTree IEZXFE—FEELH
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FBTree 5 BTree {R1%, HZ 1 LLEE—Fh“ WL 1] BTree, X /2 H A FHIKIE: “Flat”
fa& RIS, FBTree b2 —FhHI55 T BTree YW SAAEMIHE R M. (HIXFp “FitL” #IR
UGN T LA PR U s, R Eae s 2 — e BEMNELT ViR, AL FBTree tH
AT AR A “Flexible BTree”.
— R k-73 3 FBTree MM 5l (BRROANET D B AL k NMZT, HTRasE
AN k-1 AR EAEMT AR, BEANE R R AR — AN IXR], R A
P B o S R DX TR S B TR S 138 HANARS, - 719 mUi X () HAC T i X
[ P~ X [A] o
1t FBTree TR R (1T 2 BTree 58 A AH A, £ ELARATHIHE N  MHIBRI5AE #1 2 SAU T,
{H FBTree 5 BTree tHA W1~ & K2 7
(1) BTree ZRBEATT A 270 k/2 MRS, 1H FBTree A A A KA.
(2) MHARAE N ERAE M BTree HIEANTT A TE B k (BE k-1) B, 2fii/k BTree
(R)~F- 1 73 25K mE (BSS): — MBIy middi N, IR b B 43 4 Bio g
AT R, E AR 2 BTree ML %4 fE FBTree 1, BSS SRE&H “iERItE
4r3LSKRE 7 (Adaptive Split Strategy, ASS) X% : RABAM THAEIEZ GBS
(TP BBHEFHRY, HRKEBELFHEEETRP. —MITF=2, K

VOB EE AT R R H, W UG o Bl A S ke ) 2 7 s, 11
1 A R e A T R E .

(3) £ FBTree 1, HHE MIBRAN b A ARAT B P AT42AF, FBTree BEANZZ I MAH QLY fiF%
AR, WAEE AT S, RGN R DR B AR A8 1 2 15 Ry
AW ZT F N FBTree HH B4R I 5%

TG R 1@ R 7 RS 5L SR 1 X 7l . ] 4-1 ) BTree A1 FBTree (143 3¢
FHHN 4, 8851, 2,4,5,7,9 CAA TR, 29— ASEECE 10 #df A, BTree #45,7,9,10”
PN T “5,77 A1 9,107, {H FBTree AMEHTHMHE (10) A%, AN “5,7,9” 1 “107.
M 2OTE R E MRS “ LA B b RS ANRERFR, B4 s
FIEdEER 2=t 10 K, AaFHIELL 7 KEL 9 /7, Bl BTree P70 2 5EPr IR 2% 77—
ZZ[A], T FBTree FIVZA XA, BEARPAEFERT A “107 BIFHZRRC, HEERATATEL
T 5 22 R B 4 LA

Original Tree
5.9 .5 .10
124 — 57 — 9 10 124 — 579 — 10
Insert 10, B-Tree Insert 10, FBTree

& 4-1 ASS 5 BSS HIXFI, 41

B 4-2 B9 ) J 7 1 5o L e 4 N S P 3 1 43 L SRS R . RO 1, 2, 4,5, 7, 9
O, BEJE — DN ELUFEIE 3 #4346, BTree ¥ “1,2,3,4” 43545 “1,2” f1“3,4”, {H FBTree
M HAE N “1,2,37 F1 “47,

#
o
=
B
b
=
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Original Tree

Insert 3, B-Tree Insert 3, FBTree

& 4-2 ASS 5 BSS BIX %I, %2

G NE RS R A Y R BRI S iU, M R 7 RS B AR EE L
BSS % . mINMEDLEHIE BN, ASS & FE FBTree IBALHN —MEER, 0] A%
HA 1/k. HIXFFAERE ASS AEFMFLL FASLL BSS 22, JCHREAE “JLFHF” KIHmAR
FBATESRMN A FREANT, B 43 BF 54, Bl 1-10 IFAEN,  IEANHT 52
B, FAMSR)T WK BTree, RAMEN 3R, {H FBTree AE 4N, W R{XA 2
Zo Bl fEEAHFHEANEIT, FBTree JUTARZMER—FF, PEREZEIZIR T BTree.

K
123 > 4 56 > 789 > 10

Insert1- 10, FBTree

& 4-3 ASS 5 BSS KX H, %3

A NRER ASS AT UL Z — @ B MELF A . TEX AT B AT FBTree 5
LRPERAELEL, EIZAE BT IRASEBIM6 T B 1,234 FiNJG, A 2 ANELFEERE 1000 1
1001 AR AN, 2GR 2] 5 45 7N $) 999, it K 4-4 ATAT LRI, #E—IK ASS 4
R )5, #LUFHSr (1000 A1 1001) S5AFFE 8 “BaE” 2 AR A, fERE SR
BefErr, SLF A B 2 m B R M ERE, AR S 28E, MEBAEE .

#
©
=
B
b
=
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4.

-

123 ——> 4 1000 1001

Original FBTree

.4 . 1000 .
123 — 4 5 1000 1001
Insert 5

.4 . 7 . 1000 . isolation
12 3 —_— 45 6 — 7 8

Continue insert 6, 7, 8

1000 1001

L4710

L~ 7. T

123 = 156 > 7809 o101 12 > 1314 15 B 1000 1001

Continue insert till 16

4-4  ASS XTELFEHE IR

ESRPA BT AR 1A PR SRS (KT PR 3R VB s LT A,
Wrm AL (BT I EARRIRRERZ “AREn” BRE, KRM “GRriEA” #
RLMAZAL B A JEIES . FTEL, 243l NIRRT i 24T (1) W3l NS A7 0 B3
AR, MEATERGNE —NFr R XA “AFEn” Eh s () WREALHE L
TR A MR, WX AN SRR AR MBS, JF HAZ A E R
[Nz 0 5P/ B A 1570 - S = P 3174 L W 517 Ml 0 TR
[ A9 o SRR B 1 S R AR IR IO R, B TR AR R R E
TR Ry, A2 2 2 SSRGS FRATTRT LU EE “ A P A L0
FER)Z (BRIRLASN) BRREIEL Y nU A BARRR RS, A TR R . Frign “i&
RE”, IR

4.3 FEXKiIEIt: Oracle B9 90-10 7 KK

—ecHk, Wil18], A4A T Oracle F¥E A X B PG A L. 24 Oracle Zdz & K I
FIEANEFE R R P ERKR—, HILRIEA G T BTree (A7) M0 SR, 2
KHL 90-10 73 RMITENE, 5 FBTree JLLHLKE i A\ BB S 28T s, RS ASHE
AL E

Oracle 5] NiZ SRR I BIHL-S AT, &0 T 8 G BSS TRIE 7L P di NFIIE L IR 2% —

o100 334
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)7 A] . {H 90-10 EEE A FBTree IZRBE A 1 2 AN (1) 90-10 HEHE IR~ 7 24 H &
XN I KR I ERE, UK AT BTree B4 T SRR, 1 FBTree FE-~F-15 73 22 U AT
KA TARATT SRR E s (2) 90-10 SRBE SMIBRHERIEIC IS, BTree fEMBREIRIT 7 12t
17 B VAT, 1 FBTree WU SE AP 1 MIBRET ) H P74 . FBTree 11 ASS 5K B& nJ LLE1E /& 90-10
HHEHIY R, 1 FBTree REIEN A /D EFLTFHAMEN. MELZ T, Oracle HZRIE/EELT
TN G KA B 4-4 2 — DR RET, R — MR R BB se sl k6 1)
BRI NEANL TR 5 R, Wl A2l 90-10 73 240 .

Y b, 90-10 7 RLEMG AN AT AL, TR L7 i AR
A, FFAJE Oracle R FEZNE T “ LA MmN, TR EAR. WIGiEE
R AT A B . WK BIFISKRE, Oracle Fuda it — N or & BRI, 75 ZE XY
BN Y s 2 S R B R U5 I B =, P DL AR R B R e B A AN 2 7E H
g s ek (B2 FBTree fEGLF 4 A BUR T4 AN B 2 & A2 )™ B 1R A, FRATTE BeEE A
EH A S E R . Ktk Oracle Hudfs e R BEE6 E L8 1] DAY ™ k& Ft € 1 B U Al 452X
HEATARAL, A BEE R HME LA TR 1) 1 B s G AT, T LR XA
AIEEME LT E . TR, FTLL Oracle B 2 Toik T iX — L AT A0 AL

MFRATIE S WK, At s BT AL, BRI A 5. A E-HRE
GES, FTLEEASHIER . KA S FEARE VIR, B, FBTree A FBTS KAL)
B, ELFE ASS REE . LAKR —EIRBINE Z KRG, A, Zaer.

4.4 AKREBING

T 9| B s S b S B AR %0, AN R R 5] St AR B, HAR AL Dy RE DL A
REASANRAHR] . PEATR . B3R, BTree s =P MR SIHUR S, A= E 4T 17 9
K =FhR G| A G A E-H R ECERIN 5. BaRLERIEE TR &t
RAEKCEEEL 7 3 AN 75 2T RE R EBARZ3); BTree HAAT] DUE N A Fhda U7 in A=, H
LA Bai A G2 BTree IIIRIMEDNL, LI BTree 2R —F 1], JF5l&EVF
ZAE R EARFE S .

B )5, ACHRE T — R 5 BdE 45t FBTree, 1250 R 454 R AU 26 — > 1 2L
S - FBTree &5 BTree AHALIIAS ZA, (HAN P05 A PO 5CHE RO 5 4 HE o 1k 1 1 PR EE3R
K& R 25K HE (ASS) Bt BTree V770 2LTE0E, FHHUH 1 2 M BRI () = 1%
Vo SRS R NI . AWrs2ial “H s 5 CRLEE s AT R BRI
FaEs, RIEE oA KR MEREE. FBTree &L 14X “JLTA T Fdi vy AL
KT — MR B IR, %05 BT B e T BTree.

Ay e 7 — /NS ¥, B Oracle ff) 90-10 4r 2456 1%, 90-10 ZEh& A LAE 1F A&
ASS TRBS I — MR, BN e R R AR AT O



& ;. - }-’ A \@
(&) X BXALT I 54 PR R B A AR

e/ SHANGHAI JIAO TONG UNIVERSITY

FHE HWERRIT. SSHEMK

5.1 FBTS &8

P IFLEL 72T FBTree & 5145 MMAE 38 24 FBTS (FBTree Storage). FBTS /&
LU TS FHH RS CEN T — AR E, watdEd, Rk P HNHGRR
ANHE V7 00 FBTS HEATARAL, {3 FBTS SENILE N TiZ M A5t FBTS LB T .Net P&,
i cHifi S e R, ARG EZ) 3200 17

A FBTS SEHI AT VE B Z 0k R, B2 — M. E eSS, w1k
N—NEFEE-HRE . FBTS [ AYSLEl, WA AR E e, E, H—
AN FBTS Sl PRI PTA REA —SUNEE. R, M P HRERME IR, EAMER T
PWTTE RIFFINTTIE. 5.2 FTHER T FBTS IS HICHIT7%, 5.3 194t T FBTS 1) API 3t
.

FBTS F AR —HR FBTree SCIL, Bl: FBTS AMUH] FBTree #HATER 5, HEIZTH
FBTree HZIFIAAE SR, KER BB XS EEEHAFI T FBTree (TS mirh (BR T ELSHEIHK Y
BEAEX ). 5.4 TR T FBTree SEILAIAH T LA LA HEZE AL -

R T HEmtEReE, FBTree i HAV il ick i 45 SO M2 52 N I AF DUIIIE DT i), 33X N7 X 85
R NAE M. (H T AETh REVE 5 3K (pr.2) 25K FBTS BENS IR b= H WA &, BT A
ZANRWDIILEFE AN NAEZ M, FFFRE - DNFAERGORE A AN
BTk, EAR—A FBTS BHL AR R AR E FRMALN), FEPEE BRI AH I .

HF FBTree [M4EFIRFIE, 2) T/ (paging) /& FBTS WIFE M RARMER T . TAlT
AU FBTree (W75 RUEAETL, EMEEEERIALE, EAFABEEYHENAE. EartHEHL
FEJ7 i i 015K U5 i —AN 01, FBTree tHIEIE ™Y f AU RE AL kSR U [ — N5 5. FBTS A
FE BT RBAEY — A IR 2] N AE b bR ) TUER B (page table), i iX AN vkt
AT HOEBR . 2R AR AR AR R CTUR TR A TG0, W B R AR T SR T 1R (page
fault), FRATFEAEN MR mOPR S R, P E AL sz B H AR IR
AWM. WAFE T R TEANE 5L L B EARAAL T 5.5 7.

A R e R G SRR K S, B[ FBTS RVFZ Y, RGTIEFH SR BHRE
KERMEE. — a7 200G BN FBTree MY 5, (HIXAE2 3
AT SRR /NME IR AR AT AT, MIMET 1 (pr2)X WAEEHIFIRE R 54h, BfER
[F]— AN, RN RO IHIBR IR T A AR B8, X5 15 R AT Ry R T
PRME. FBTS AA AR K H al il ) KRB BS & (1) BT S R/NMERIN R R e, i
i HE R K BB B (20 AT AT e 2 TSP B BRME . 5.6 TRk
1 FBTS W) SC AR K H 4

WHATERERE A7 % FBTree 19 B AAZE —ANKIAE, {H 2 a0 SR ATAR =5 g 4t 725 1l
L re A ANERIE A (External Fragmentation) . TU/MAE Fr ANMEVR B | AR 2%18], B2 5| i i
FIE, PRREIEFEVERE. 5.7 TR T FBTS MURGELE 1 R W & B R AT R . A
A

)5, 5.8 TR T FBTS HIIF K A=HINLE]

%1200 k38
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5.2 FBTS WEB#HEHLE

FBTStorage<K, V>& FBTS (38, & Mz, Hrp K Rk, v FoR(ERE,
F /7 €14 FBTStorage<K, V>IN 7 20 S 5 1l E il 1d 38 FBTConfig<K, V>t N ARk H
AN EE RS

BranchFactor, RN SC 1) FBTree 1193 3 5 %4 k. FBTree " 115 s ¥4 i 2 31 BranchFactor
A E R TR

MaxKeyLen 5 MaxValuelen /& FBTree M5 mi TREfE A7 I B RBE . (EKRE. R —A
HEE KBRS ASE, WHDRSHARRCT Hed, (X IFARWEKE N T S HN
B — & AR fi . FBTS JEAKIX NS E LN T2/ a5 5, BN
U SRR A K FE BT LU O, B — 14 JR) R 2 T BOR & TR CElORR g N R
Internal Fragmentation). S5 b, FBTS 7EARRAN Y sl 61 Gl I S M T FH 11219 s
JRIERIBIE, TIX H A AN S HOUE R AR E Y L RR

NBlock, ZZ¥455€ FBTS M4 RN KN, FBTS AN E T RAKREZAEN
A R 224 NBlock /)™ FBTree 717 il IXULZR A7 ¥ (AW H A L=

£ 5.1 FRAIRE FBTree AU KHIBEAF T HEP, Jh T RGeERe, JATIETHE
D HE R S — AN AF . FBTS BRI T XL E— 2R, 24 HeapBufferSize 1 7€
THEGRAF RN

A1 LS, FATRIATTHE FBTS W K NAFIT 4. 54 FBTree 1Y KK AT fE
/NN (MaxKeyLen + MaxValuelen) * BranchFactor, TiiAEM5 s RK/NEE /N, FBTS o) N AF itk
Z AT NBlock 1N715 1, TR _EHEGZAEI R/, JATTASH FBTS HYB R NAE T

MemSize = (MaxKeyLen + MaxValuelLen) * BranchFactor * NBlock + HeapBufferSize

FBTConfig<K, V>t B 5 HAM R E S, HIant SR bL A er 2, SR RIME SR (1) 7
Y5 IR FPHIG T . FBTS ANAE—A FBTree 7 s th BIAEAL . N BN A2 A8 H P51
W5 I TTE . AH FBTS AT it B AE s B4l A\ 2 H50 408 e i e gk 28 s i) e AR, A
18 S I FEEE R B AP AN HE T 5 A S BRE FBTS ZESR A P 4R SR E /N T v
FERZH B, HP AT UAZ s B sy A KR, XKt — 03w FBTS 1k
Ae: Iz, HPIRALAEEAT — R P A R B L e P S, SRR 2 AT L3321

5.3 NHAEFARAE (API)

FBTS SZHL 1 R 41 S FH AR 7 51 -
(1) B, MprEdER, FBTS HEME —NMEERE 2R LR R

void CreateTable(string alias)

void RemoveTable(string alias)

(2) 1IEHEER AR AN, FBTS 424k 1 B SR A SHEEIR A AN O (R K 2 o
EEAEEE, FBTS ARVIER— MR R S MHSE S (HAH P R AR B
BRECHED), R ZREA DN OAENE, RESTWHE R
void Put(string alias, Tuple<K, V> item)
void Put(string alias, IEnumerable<Tuple<K, V>> items)

(3) FBTS MLARML T —A “HmABER” METHAE. H R ate. B, UA—E
B s WAGKBEAEE, NFREN 2R WRREAAE, RGESRHMR
{180 B 7 R B T BN T B o AT REA R —/MEBEREAR (7 P 5 4

137 JLk3am
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++count[key] FFIACHD ), FEAH FBTS EAFEALFH AL HNLHI (transaction) FIRATEET,
B T A AR JE 2 e

i V2, FBTS A EREE LB ok B e s i) i) — >4 fp, BB bt o
HHE WA A, HABMAE AR 5 U R SR AESE, BTLL FBTS & 7E
SEHT R b ) P SRR AR AE BB, DUEE R AT DA G R AT B

void PutOrUpdate(string alias, Tuple<K, V> item, Func<K, V, V> modify)

void PutOrUpdate(string alias, IEnumerable<Tuple<kK, V>> items, Func<K, V, V> modify)
(4) LB HCBAE DN, FBTS 44t 1 5 s i A X i) . EXIRAT Iy, ik m A

RS HLE &L IR B Z DN AR, X LB R AT A AR, B

b T XA r A 5 e 2 R X T P A

Tuple<K, V> Get(string alias, K key)

IEnumerable<Tuple<K, V>> Get(string alias, K stPos, K edPos)

IEnumerable<Tuple<K, V>> Get(string alias, K stPos, K edPos, int maxNumberOfltems)
(5) LB BREEES, FBTS SZHFHL AU BRAN X SR .

void Delete(string alias, K key)

void Delete(string alias, K stPos, K edPos)

5.4 FBTree 148

FBTree [IZHR /) NIEHR 51T mii8 R . WHZASCHL T AT R (A 2 I B, 97 ks 20 U i
LY FBTree M7l NFRIZHE, 4G ASS Wi MG, W R NI RS, WD 51k
LKA R | BTree B AR KA, H3CAH KLU, Tl HHHiE FBTree 711 k2 H

5.4.1 5 SIFHARAR R A4 )

5 BTree #[A], FBTree APHRMT mi: ARMT i (PRI RO A5 5, AATIASLE K B 5
7 FBTreeNode<K, V>, FEIESEIL 11T miOIL AR, BAEcd A R aii . FRalie sl
fi A A S N S e A A Bl N A7 32 8. B FBTree ™1 #0017 A 4 SC A rh — BOE LY
AN, I A (RRR SO R B RS D ME—hRoR. — 1T RUTRE RN OB
FEAEZAT BN SN R 5E BT AT (8 K/ A B AL I B 5

head ltem 1 tem2 | ... Item k
head | ptr, | len, key, ptr, | len, key, | ... ptr, | len, key,
32 8 4 S 8 4 S 8 4 S

B 5-1 JEMFRIMREN, H—ATRMEBEN, PIH
—TROR TRRASEH, B=ATURE T8N KR

Bl 5-1 s T — N X RN ks KRB S BEEMY SR SIALE AR /A S5 . 78
TRE A A 32 F KM T EEE X, % XA A A LK FBTreeNode<K, V>iE Yo T
RIFARF M-S T kAW EBEEE FERT S 808 . SN SEas—18
FHK BRHZ TR ptr, 4 FUHKPOEKEFER len, DL& S FHIEE key. W55
K len ANEE S, W key TAEEIIRIZFIIM G I R key fL B R 2 —MHEFRE, HIE
IV A7 T3 R

St

o147 347
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MRIEIL R S AL DR ROMIRI TR, BTN T key (AR T2 T keyia
HIBEEXT AL T ptr fE FR) TR H . KRR, ptro SRIVET TR EE T AN T keys HIBHE
Xt i — AN NEEEE R 22 k ANEEE, ONZTT mA— 2B [ key Al len

el

head Item1 | ... Item k
head | klen, | key, | vlen, | value; | .. klen, | key, | vlen, | value,
32 4 S 4 T 4 S 4 T

B 5-2 MATRIAREN, BT RMEKREH, dhiE—
TR TR, BEATURE TRMEDHKE.

K, B 5-2 BaR T — M X REON k. e RBEK N S, BAEKN T T ST
G AR R AN S5 44 - 5 N ERE PR A EL, SR 6 & 17— A e B BB N S HLEE | fE KB < BTree
AT S A A — MR S 46 S RS 4k e EE, FBTree b 2K 11X — 544 DUHHk [X 3k 25 6]
T2 18 FBTree M) M55 S, JE 44BN TR 2 G —MEX PR E, M7 SO RN k-1
ANEAEXS, ABFRATIAESCILI W 5 R385 A7 T oo 8ds X8, A5 St Re A gl k ANEE XS,
X5 4.2 WEMH XA,

TR X 3B B 7 1 s R (A s B T D BB S B KA K T RTORERE!
JERIRE SRR, WA Tz SR s =

5.4.2 RALAT S EE

AT ERSEEE N HER . KR EEIP 4, FBTreeNode <K, V> (R H N7 T
ARE 2 A

TG, FBTreeNode<K, V>fili FHEERRAEH F 8l (BT, XFERT LAZE O(2) R (7]
WSEEILET A (B0 BIFE AN IBR, AT ER S CA BdE . HRrEKE N k 1R+
AT RN B E 24N O(k), 10 FBTree 7EfA A MHIBR. SRICEAE XS # 55 ZEAEZLAN T 15
WHEB I TR, DRI LA BR 2R PEAG R & P2 S 520 FBTree MITMERE. ik, FBTS FMIHJL A
BRI, PR SE N R IR PRI 5, e BARA T ST P A R AR A, Al AdAT
[ A EE I 8] 52 2% BEB&AR A O(1)

DAEARESRA NG, T BA TR 0 4l N IR EGE P (1, {E FBTree EAGZRIHANL
BRI AR 4.2 FORESR BN ASS Wi, 1E “HRFS” 5 “ELUFEST B
BRI R, SHrEdRA B TR o T A R E, BEEMARIRA A AR5
FAUH, ATt AT DU B 0 MM B R A AR 2 R AW B s T TR0 2 BN STk, X
THAEAHN )5, FBTree IY7Y i 2 M5 A1 B AE S i A R AN AL L AESAAT I R A I
A HT A JE A R MBRAL B o XA 73 IR AE 0 S N i 2, S
T H

Xt LA Fr AR AT , PN ZR T3 R AR TCE G 1 s Y A AGL 2R (10 0 B i) 223 J3E A
N 0(1), BRAFAI P AEEBUEEE JE L R R . — R4 FBTS KA SN i et 5k
W T REXS S e PEREAT T . AR U AC SR — R FBTree BRERIRAT i (15 s P 7
KRNALE, JEMOXAM BARSARR O NI R  WR AT —MEE, IR LA P
FEATEPUX N HAR R, XA T oK PR 2R AU TR B2 2% B2 1R O(K) P O(1); EARA
Z MM T RN SO EE R, AT, B S aRE SR R, d1 T FBTS Y
RULEAMHESLEIIRE, RATEX G ZMHRER S0

St
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5.5 HNEEEBFRS

WAFE BT RGN E I RE LN FBTS SR8 /7. FIAEIE IRt A b, 7ENAF
WA 5 FBTree 19 A0, ATIIEO 1 S HIV5 Ml ABXUHEE . BT FBTree =R — 17
EWMT R, FIZRGH &I N4EE FBTree SIS — A H NG — &Y. FBTree A
BLEANAE T, ORREE T M Y A, TR R A T RRE (WA ED A
HEHEFRGEHIE T A RBIR. NAAEEF RS FBTree 245 T 3 NEEHO: LIFF
SERR YT ] CAFFE T T, HEOIE—ANFT A, DUAHBRIEAN T A

[FJE, FBTS (3 & U a4z L 2 SE A WA E BT R4t T, — H FBTree 1Bid 1%
ARG LA/ S RURFTFF R 55, WA 75 B AR %9 05 BRI R U7 A, B ik ) S A
K, L EHFE Vi i AT NS T T RS A G 1918585 kU 4551 1t 4 3
Bk, AN EERRSAAEEIEE, BTOL R IR A &I AU 0 L, 5.8 1
SVEAN M FBTS [RFE K Ui il 35 LA o

5.5.1 [EUl. WELUL, WS WAER—EUE

WIS HL T ARG LA T 5 sV BN TE . 5.4 9 ) FBTree ¥ 55325 FBTreeNode<K, V>
BURE T, —oud<® 4, WA E>RI bk, 25 Block<K, V>RIER A AF L P EE UL, FBTS
N A3 NBlock 1 Block<K, V>XT 5, fXF T NBlock ™MFETT. Block<K, V>H1H —/M5
] FBTreeNode<K, V>ZSH 184 content, BN HH T 5 6 T AHER S . 24— FBTree 9 &
e NV UIR, RGN RERE SR A% s AR, [T H1I1E 4 FBTreeNode<K, V> H:AN+
FNG CHEBTT RGBT 50, Rz GBI B U content $84%F . AHHL, 4—
ANYIPER T ZRAF RO g ), ZEE T content R EF L # ) FBTreeNode<K, V>Xf %4
oM. EANEEL, content FREFFR M) null T4 S EE ST FBTree 79 Ao

B AN 5, ZIUREA 1 PIASRCAS s B2 B RRAS DL S A At o
HIBA, AT DAY X AR —F . BT FBTree RGN AZIb A G247 1) T HEAT 12
OB ET, AR TR I ROAS e 72 A B RROAS ST (B RDD, i AFRATT 75 227E FBTree 542
fEfa, MWNAE AR RDDEE . AP A R 2D SRS . %A S SRIE  (write-through) 8]
B (write-back). ZFi% 5 M IEREIK FBTree X 2% A7 UL IHI 1 5 O R0 ML 55 MR A, {RIUE N
A7 5 AL I 20— B 10 005 SR s ) RS G2 A7 T N AR DT, Fo VN A B R I A —
B, HEA M, B IR E R RIS E Y FIE S RS 5 Tk
W, HpeeE s /S TAE, 780 R R B A, (R MR e A s Wi, Bhn 7 SEmg
R, REENZ, BRENFHESHERNEL, (247 ERSZ AR [l 5 Jig
BRI ED . SEVEHES:, AGGIRSE, BT ENES SR DHT, A2
B RER AL EL/N, FRAR T ZAFRAE R RE I, (HRRAEAS KA e U A A — ELAL T PR DR
A, IR T HIBER

FBTS KH T 4B S 5R BHEEITE. % RURISEENEAR, 5NAS 5
SR T, ANESRNAE SR I 2] — 3, AR BRAERIAER s {HIfIEAE#e DTN 4 34T ]
W, MRgE AN e FP AR, @ PR AR, S A — SR TR AT R P R AE,
XAERERED 5 AL A, NRe R ET S AL AL, 785 R BE R 78 77 . ik, FBTS
NEANYIFR T —ANIRASHL, £1FE Clean, Dirty, Reading, Writing VU/MIRAS, HOARASHEZ 0
5-3 7.
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Swap done
> Reading

Dump done

Writing

Read/Write

B 5-3 FBTS KIMIETOREHL

Clean RS R IRIZ BT T A7 (I BUE SR8 — 21, Dirty IRES R/ Z 80 71 5 e 4k
A=, TEHATFE, Writing RASNZR R ZYEE T EABATHE . FBTree X — (I i it
TR R, TR — B0 (H24 FBTree X — 3 HHT SRS, &I AN A
EAFESE 5T, WA Dirty JRZS; X Dirty IRF K VU7 2 52 5 8:4E, 954
RA—EI. 56 IFEE R E W Dirty TR FEHT R, — BRI, % @it
N Writing IR7ZS, HEFIPE R G, ZIUHER 2] T —21 Clean JRZS . EIH 1 Reading IRZ
KI5 Clean IRAS A3 TTHITEN;, 7EILAL BT IR,

J& & [FP AR IR AT AR HLEEAT — 4R R0, Rf2m FBTS MhREMEZ R . WRFE T
THRE, WA R0 S g 2 1R A 2805 5 SRS R R A, W& KREA—E
U HERAE A7, AMUOETE 78 20 R P RGAS: 1A 25 PRI 8], 3 23 52 i 250808 P R e g o AT
W R FEPEA —E B E A —FOU, XA LRI FP R R 7 2 s
PIREHT, WERAEFD; (HXANENAGE 2, BN FEDA K, AR50 R4
PERE . HH TS AL IS [A) 7= A (A — SO T A B T8 N BRI RS, [FAP AR AR
FRASTRE, DA, HEENZN A s AR BRI, ATCNERE DN
FEH R 209 11 DT TR HE A B AR o [RAD LR FEAR YR 2R b %0 [R5 i i 1) Ta) B 3 38 1A — 35T
T, AECUET= A — B R, I S TUE 20% 0955 H bRl SR IR ES RS
6] (HFEDEFEARKT 180, &0 BERBEE R IR, KREMN SIS 54t
[F5 ERR AN GELL /N (i 10ms), PROAIX L 2R FRARIR RS FEAR PR o W SR 48 [R5 I (A
—HE RS D (WVNT SRS TED, FPEREMSMET RS, 2545 FBTree
FLEZ e/

5.5.2 Huh-EHEE S ¥ A

RN T WIS E RGBT, DU U AE AR S RE R — B, AR R
7 QRT3 I 1 R R 2 FBTree X REETT S UTIRIE K, DL S He DBV 4

Iy TNAEE B BAZ O R 4R — AN TUR AT M S b B 3, 72 FBTS 1, TUREI—AMHi<
R, WERALE SR B PIHE UL Block<K, V>TSS . TIRH c#id L (Dictionary) 4EH7, %
B ARBTG5, PT DATE AN (R 9 SE RN HBR . A SRR MR LR
G E] FBTree X TR SBIVF NGRS, @I B TUSETR P ET AW . WA AR
Thys D56 2R UL A SR A7 E I AF R, R Rl I R4 B T ) R O 12 6 TR [ 4

17 34
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FBTree B ] WA WM, WU W% RE DU AR A7, KAE TR ITTET R (page fault). fE
EMER T, NAEH RS E G0 H iR NSRS P H AN A, R [E4S FBTree
iR, XA RERI#RTT (page swap).

O VRAREEAE FATSR AR, B SR RE “2EH . B EFRREA
A, MBEELEE H H b5 01 3 7 514 ) FBTreeNode<K, V>25 14 14 H br 0T EE R EIAH N 1 77 21
T b HAZOAETRTHN, RGN ZFHE, DR FHE# .

N4 52 3 e N A B ORAE N A SR — Bk, PR DL “lnferdge 7 5 EATER B[R] AP
FUEAH K X THFEE KN, NAESHERNZ—3, RTEMZFEMNANARFERI]; T
0] g, )RR EA A 2 N AR A 2 5 SRR — 8, HAE L ER AT R, J7n]
W2 FHWFT . 1M FBTS [MSRES RAESE G REEL . AL EZE, Py DAFRAT T AN 75 AR e 0T
I REATRIE, AR BB I kS clean TUNTE N2 HE, FEHHIFFRIT .

QTR R DU Sz FE R, B4 DU RS (page replacement algorithm), & —NCEEAE R
Gt UBIRNAIE FE I (1) o] 10200, 88 DL () 46 TS ME AT BEATLHR DT, Je NSty I T, o
I f/E R (LRU/NRUD 45 LRU SRBE BEARRCRET, HIFREIFHR: K70 ARG AR
A ENSe I i USEBON T B R SRIS G I B TSR AR “ IRl e NGB
T (1) 187 5 SEIAE )2 L

HAE RGN AFE B E R ST AE, PR 0 RS, T H AT R R
BAYBETHRME T 1bit BIEHARIC, PR SOROBIRE () 260, e TURLE A Re I3k 15
BEANYIBE DU B S DL, BRSO RN B SR — O B Y L2 o T2k
WE RGA ST ZIE, K VB RGOS, JRATHAT DO A BE 4R 7R 40
PTG, PR mik iUs R . FBTS A 1 —Fhelct i e DU Sems . A7t rh i &4
YR e — AR B A, 1248360 T 0-100 2 (8], TUHARYE VT H, Z80 0 a. W
FEHERGAES —D2RN B, RS A N B8 B, Gz e T dirty
RA, RIZITCE AT A —BORS T A RS t, B85 5 Wi AL T clean IRAS,
B399 s, WA (100-s)% MBS N2 FHd, U 0UA o2 FHE, WA b, I
PREHE R N T, HERS-ANREE. BT RS RPLEAWN dirty 51
N clean T, FTLAZH# — € Rep R EI.

5.5.3 TARZAF (TLB)

IR FBTS (DI HH CHIY Dictionary SEL, HAG RPN BN 0(1), AIESTH
B O R, 52 S ma B B (1 REAR 3R o R 1 FBTree 1)1 h, I3 — R 3N
RS R A2k h IR (BEE L) B, fXETIV SRR TR, LFaett
EPNiIP

KT HAE R G, ATHAT LA ATURGAT (TLB) SRR M. TLB 22— MR/
[ ZRAT, A7t eIl FH 2 1) 10 2R TL3R I BLAR A 10 25 DUR I, T Hd 1y il 1 B 28 A
TLB U ml iy K& i b B IE K . 7 LTA P s, Harh S5 hn i, e
HIAR] T 99.7%M A E . HATE TLB B RIMMIENL T, BATA S EMBRIR, I
RIFAEN TLB. 24— vl tl, B4 FBTree MR, HUTRIAH S N TR IR, X
I L [ED H B TLB,  DAARIIE TLB 5 TR (1) —E i

B RGN TLB A& BEF SN, ERR TLB I, ff1h e i v LUFAIE FT A 22 A7 Tk 7 &
MRS, NI e B i B0 36 07 FBTS A, FRATIM TLB 2B SLBlr, RAEEHAT
i@ﬁ%—‘%%ﬁlﬁ’ ’fEED/fEﬂDLH:y ﬁ;&&%’fﬁﬁ%%? DiCtionaryo igﬁ%wﬂ’ iﬁ_ﬂ% TLB E
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& ;. - }-’ A \@
(&) X BXALT I 54 PR R B A AR

e/ SHANGHAI JIAO TONG UNIVERSITY

FBTS 3K15 T #2550 25%HIPERESRTT .
5.6 HWETKEEEIE

FBTS VTR K. H, HXXHIEEEHERFG LN FER. 1151 ik, TATARE
A . E AR T FBTree Y, X £ FBTree 11 A I A/INFIAS v TLEH Hah 25284k, Toik
TEAEERER . — FBTree 1 iR/ NS ZIAE HoB ST 2 ISPl if o, 70 LS 2B A7 J8]
AEGAE, FrPARRATL 2 e gt . EKER LR Xk T AN (1) dnfa] Bl e s E K
BEERR; (2) HRKAEEAMEIEM R . IR R A X A ) j ) e T 6

5.6.1 FE AT

IR FBTree 77 mi BB K B PR, FRATTT LLSP4T FBTree 1123 ()R FH 2R AN AL HE U5
F RO . S S RE R R, K B E # B A7 1E FBTree 1, VimIESER, H
TR, AW RZ, THFAZF; Kk, N FBTree M HFIHZE S, HEAEL
BEE KM I B E FBTree W, SR VT MR . XTI S, BBV PERE
bR [E) R R B 2, R HR R, R B HIEMEAA(E FBTree H, IR TRE X
WS H RN, #TEEZ —IREEEVIR . BTl —A “GF”7 BRENAZ - IX 8 T
FEAT DA A BT HHE U5 19 1 8 1 7 Rl AR AR R o

FBTree JFAME F— /2 R A0 SEE K IR, W2 7E BN 5857 2 I B 2 T s E
KPR ERR . 7 AR 5 B B K P A BRIAE, AT DA RE G 3 S B A K BE 1 R iR 44
SR O T LY N o =l | ) <

PAIE WS BRE KRE 1 U B S R SR dl AN (B B, X R “ T A
B LI AN R B AT 1 MR R 4EP — N K/ BranchFactor HIIE 3152
&, @ OS5 IETE N 1Z R 1 BranchFactor NMEAE IS, KA HFME N 2 MhrfE 2
VE RTINS S o AR BB E K E D A7 B IE S 20 A0, WA 95% 13 V& AE A A5 i 22 I Y
W, XAETRATAT PAERIE R A /D s Jovkidt N FBTree, [RJIS AN 2R Ayt vy i Faaml 7= A= itk %2
BT N BE o

AT RS ORAEERE UF () P RE . FRATTAT LK IR T A e L — AN 4 R 2 (i 1.05),
DL INIEN FBTree [ME(E S E, PRUEEIEVI M BITERE. A T #8H FBTS AR E, B
HR TN FEANRE I 4 B R PO B AR R (T 8 7)), RENIRMTFEZR D
8 FAT N K BAE X e 3 — N HEFRER, I 5.3.2 7.

5.6.2 M

R K B R PP BT, FRAT TR AT S e Vi 3 R o i LR RV BE R R R N 45 44,
SR T B0 215K 1 5 Ja R B AT A AR A 33 SO b, ad e B 78 SO A A BAE i B Z
BAERIFEE, BI85 ACT FBTree 9 A iR X 3. T HAEEIEN FBTree 2 J5 A
2% (Update #1E2 (0 T A8 SR IHEEE, JFEEEESCRIREME ), Fr bl B3 nT Do
B SR, A 5 BHLO R AT e R A B K AR

X FBTree Vi BKEERT, W2 —IRHEVT MHRAE, AR HE - B 774 T4
o, U2 P EE M A IR . FRATT AT DO HMERE S G2 AT, I EE U5 1] 1 23 A ol SR B
EHERIMERE . AHELT 5.2 241 FBTree 7 S INAFEZEnth, HEZAF B AL,

(1) FoNEESIANFSE, IR RE - MRS, HK/NN HeapBuffersSize .

(2) FUONHMEREE A SR, B —2rhin 8. 80 i A\ B, FRATE
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JUNMELRAT, FFEATHE IR FEGEAF AR ORIE— 200 S8R SR A7 i
I, EIREREM FBTree B KA I B IE 2 MR K A Kt #n] LLELFI
Fo

(3) 1T 53.1 P EHUE KA, FBTS X HEVS M FIMRRE (LK 6.5),
DRI AT TR 7 S B e P (R A7 1 SRS (Pl T HESRAE A2 0 DU BN, ANBERRZ
NGRS ) o FBTS IHMELSZAF RIS N e HH I B ket s = — N Sodle B N HE SR A7
I JAPRFHEG AT by R IR et o AR B4 AN K (1 K/ 5 4 A 1K K
FRE T B 2 AN HEE, A REOET O A ]

5.7 MWENXHEESIMNRERFTH

FBTree A3t HE#S ELIEAZ TS0, {HJE FBTree MUY s vii M HE N BB #I & Bt 2
HHE R BRI AR . A IS AT I AR B 2 18, FRAT TS R — BLd I 38 n S /N o7
HTE RS, DA R R 2 T

FBTS Mo A8 45 4% 7] 1) HH i AR JEOR: LA — > FBTree 9 i (B —26HEIDS) AALIEEIT Y,
(B 5 72 [ [ UACRH B S REAE X AN KRS B3EAT, DDA (1) B> FBTree 19 RUIK/NVERASAR
A, LA FBTree 7 s HURLEE B 2% (Al 27 AR VF 2 TRIE M EC AN s (20 fEMCRIRE R4y
A E AR (free list) A& E——FN FBTree 5 B K BRI AR, FoAl 175 BEEALIX [a) 4 1)
HAmshrg, 45— FBTree 11 mgleMlbR, #EIATIXAIGIEERAE: (3) EAMRIE FHREAS
()75 5 S80S A i A s, RZ 5 FARSRRI Y s e EAAHAR, XN 17 Hd (1 2% () A
e, 25l R R SRR

DRI, FBTS 7EBE KHIRLEE b AT A2 (M A IR E A, SRE 7 X e i A s 2 1) 1
FEWE o FBTS 3073 K FE [ i 1) R IX e (g 128MB), BN IX BB 0] LAFEGifi 11 2 FBTree
T AL, {H FBTree W sl AUE AN T IXEPEL, MAREES A XH, H— AN X250
B e REE, XA XA SRR E A

ZHHE T TS ARG —AME TS, 29— FBTree 17 AU 4 FCAFA 15 1%
DX TR RN 1, 4 DXH Y ER A AT SO I BRI T 538k 1, THEER 9 0 I BP B IX
HNFTE FBTree 19 # MR, ZIXEaT DI E A . BN SRR — AR EHD S 40T
IEFEE RPN X, — B AR A RE X e, BRI X e 1) 2 (B Gk 2 BB IR AT BE, B2 1%
X Pl 5 (B IX R P R A 25 AN TR B I 25 B /N o T X S5, KGR
K225 A T DL FH ) X, an SR X B mT DA B, D 75 B SO R R S — SR X

5.8 F&EIEH

FBTS 3K 17 18 32 N LB A AR AN B R R 7= % 50 B85, T FBTS A&
FRIRE A, TR T R P R S ARG & R AR I R R 7 1) o 40 e T S
FIHZ—ANEM, FRFMTIESRE. A—DRESAY RS RS TRILE -3 7T
R R A T B ATAG o bR PUAS S SR 0 A2 1) B, R R R T el 12 R e 1)
HIT%.

5.8.1 FEMBI

FBTS R&FEA =K. BAEE - NMLRMLEH, FIWHTE AT, UK
—IEA R R T, AT AT SCER BN DU I R s ) 1 R AR = A4 T VR

B 5 5] — AN R0 B 5 7 2 e A T B R R R B e L, R AR A R B E —

o200 FE347
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)R H AT

J& B R 2R (A 22 5| S 5 5 A — B50R] R 491 2 A = 3 B R AS e 4 AU
WRJE B R R BT A RDD B, W2 R A2 e B A — 8 H P o k=5
MIMESCT e AR AP BN b, 1 RIS G % RS A B clean, X FHCT AU
WEENAE B IRAS KR RA B, — Bz slbl Ja gk A4 sl 1) 32 5538, WA 2 R
(ERCE TR

PSR U B A ) R AL, il 43R A I —NTH R AR AL U FBTree
AR, RAR AN RE LR A2 (B — N RIME LR B KA THITE IR, Tk
USRS SR U AL IEFE BRI T sS4, ) AL st RS, FEA i B AT s .

T _Fd P A [l PR A v 7 58 0 — B0, e AR M BE 0T 5| N — 408 P BE DU AN TR 2L
MR EEHF, HA-EEESHEIHETE. 2 FBTree PAEARIT AT flt, HETTER
YT B, M UUSAURAT R BS54, 5, )E & RSP ARG R 3 0l [F 28 2 4
I, 7 EBOZ A, HFENICER B TR (dirty 2 clean), FTUAZE ES8; 1M
40 VUSRS S VR N2 FHEH N, B B8 XA T IR PN I i) ) 6T
FEANEE, AP RRE SR EEE, FEN e, BOTE SR MAESE AR,
TUREEAE, AR AR A B, RELIRLRRRFRA 1 i st a s 81, W
UL DR A

A DU 2 5k P AR, 0. X7 A] e ik A — AR U2 A, gl iR
A8, T N TRRIE R ITERE, AR E DRI, X —wenF
B, ORURAE AT AN e DU AN 2[RI R AR

5.8.2 IR HEER A AU e 45 |

5.5.2 T & UHE T A TR AT HULER 1R 3 2 FBTree XJ T 4E UL U7 inl 15 3K 1L FE,
EHAIRAE B Z LRV, F52 b, BT IREW . aE sz —4
JRFE R, BN B TTAAEAE,  an SRS Mo b B AN EE v R E A AR AT I U7 I 4
W FEU™E R

EAZELE TLB HITEHL T, 24 FBTree XJIETT SIR H U MG KIG, WAAEH T R LIrE
AT AR (1D EWTTR, KBTS ERYBI () %I P 5 H U m AR
HuUmet. XP AR E T HE, BRRE (D () ZEER—MHFPLREUIN, FFdER
TR T, WA RTRE PR (O P OAB B IUE R, Xl FEN AR B E R
UL EAR VB AT PLORAIE TUIRTE EBE Aottt (HIFARRIRUEE BRI IR 2 )5 . SRIT
BAZ AT R R A T4 o

Ff R IK A 1] ) — AN B 7 VA s FE LR 1R 2 IR H R OB, 25RO BB e R
TR U . W SR IXAE, T R TTB” SRR T DUERBE . BT AU G SRR T S,
SE4 HF I DUER B A2 7™ B 5 R Gk e o 8 DR B O 1S B T AFE — e R BRI A
A, AHSREBOSEBUK IR — @ T8 . MARA BuF, #Eio0 A #5000 AS N B BRAS Al A 15 1714
PEUT B B, PRUIX M R B B A G B

FBTS REU XN H A5 15 4 52 (double-checked lock) 177 VSR AR 4R T 3R 1) 9 & V7 Ta) s 21, &L
SR, 24 FBTree HHE TS M 1T mily, WAFE B RGAEA KI5 15 00 T B4 ) 7T
o REIPR R MO BB NG TUE A, WUIREH R DI NZ FBTree FHE VT M AN PR 45 25 i)
BB TUMEL . XA B R EUE f5, CEE e, FRAVE TR A X AN B T 2
FEH T FRATRE EERT S W SRAE R AP (R K AR TE 4, WX A3 00 A SRk 1 3R

%2100 k34
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IR BRI i, B HOR M4 FBTree RBIW]; WURTERIBES B ML 7564, XA EE
TUN R AT REAS A FRATRE BT A, BRI A TR Z 0T USRI, 3k N R TLiZ 55

IR IS, TSR RNOS B E R A R, AR I AR EIER
AT BRI IR, RUONAE BRI SR U 2 ) 0] Be A AR LR H AR DU RN T V0B N A7
PATFE SR B B 5 PR R AT U E A A, e &R IR AE TH L. BT FRATT
CPAT T8, IR MBS R — a2 B .

EITEBALE AR, 500 G | L H - BH R R SR DT 28, s ik 5 5 4 D4 A=
AR % bk 03 T DA 58 4 AT o AU A 7 2 U AE b 380 196 5 48 D #4455 o ot P 22 i b
T A2 RA, BT a5 WAL, BT LR B Re R AN S 4 v, (B2 e 4
T ERER G, XEABLT “make common fast, make rare correct” iSRS %
THH,

5.9 KB /NE

AR 55 Rt 2 BT RSB T 36T FBTree B EEFE FBTS. 1EN— /5%
TISAEEIE e R, (A —NRINGWRIT T AT, B RE M BIE A7 HRIEHE
—RYNAE . AT ESSEE TX FBTree H—2efifk, JUHZEE A BIERR R IT MfE T
RN R . BEjE, AR T Ravot b iU KA #: NaEZmt. KR
EEL MR ERNAE, LRI ]

FBTS il i 73 T 7 BN AE R N A7-W A — SO J7 T, FBTS %A HiRH
&4 1) write-through SRE&BL write-back SEBG, M 2K T WML GG G AP RS, 1%5K
BE AR SA o RERT ARG B . BRI ARRIRE[RI A0, SCRE 70 45 1) AR 25 9 225 PR R o E 46 0T
S, FBTS KA TR B U SN, FEid s 1o S BEOREAf ) U T s R A A T SRR Y
THERE

N T A RBE AR KHEAE, FBTS G117 B K B TRIIAL I AGS HidE . FBTS fRIE FBTree 75
FR/INMEQISE Z AR [ Rk, [RIAE G SLE T s i Sh A P BR B, R ] Bt~ 2
V)R FH 2R RN V7 ) 205

2R 72 - B O R B A B — i PR REAE,  FBTS 20 [RISCR) F R A 25 1)
FBTS SKHU 7y X P s A 4 23 (R U SR, FEASOR RIS B A 25 A],  IX A AT LU 2R
WEALE B RITAY, RN CRUES M E A B R e, s vy i I PERE .

TR BIFE R VT M FE ]2 FBTS RGBT N — 5. 18I double-checked locking %,
FBTS JEASLIL T LB TR A, 38k 50 DU BH I RO SE IR R G0 B IS
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6.1 MK IFE

PAF A SREe A AE [Rl— AN s PR RE R AR B S8 e i SERE T I S HLAS LA Intel Xeon
X3360 ALEHES, LA 4 4%, TAEMAR 2.83GHz: NAF R/ 8GB: #RIE RS 64 £ Windows
7; HEALNE Dell Virtual Disk SCSI, 1% 42— H1 SCSI A #L4H B f1) RAID FE%1, %5 & 2TB, %
BIEHEE 160MB/s, B iEEHE A 210MB/s, RAALHNIEZ 118MB/s, Sl 53 FE7E 100MB/s
YLl

TEFTA MR, BATE = FBTS [ X RECH 100, WA 547 1024 N1 A, BA
T MBOKEKA 32 7Y, KRN 5000 775, BRI NAFZEMHK/NA S00MB, i
He g A7 R /MBI E N 512MB,  FBTS HIE N AE 5 I A# 1G.

B, HAE TR, B XN M B B AR AR IR be g i
6.2 5 Berkeley DB B REELEL

Y& Oracle X} Berkeley DB )35 B SC 44122, Berkeley DB AETLIESRE (Hdi RE N fFHh
ZeAT) RS HBET, B s B RF> 1,000,000 78 (1,000K/s), HAUE NE
FENEERD 447,628 1K, XIRIEHUEFE ANREF) 4,565,910 K. (H LR N I RE & 7E Tohl i 2
SiiEm Ik B, HHEE— R, Berkeley DB 7R M AHALERME . JF I 4B IE
FF ACID Transaction 4614 T, Sif NN 45K /s . iIXEEEIERTA SIS HMEA K, FIA:

(D FREIELE 06 AT, 5 FBTS FIMNAMRE Z RECK; (2) FREHR 2 fEmAEK 8
FAT, HK 32 FHRIAE R H R, SRR, RABL T EE KRN AR
BONIRSRET (ITERE, KRR Berkeley DB WA PERERIFI R (3) 1% TR H %A IR
it Berkeley DB 7E¥# J i 51 EHANE I Transaction fAPERE, 5 FBTS HUATELIE AR, R,
AR — £ EFHIK T Berkeley DB 7E 5% 4] Transaction 150t T HITERE, PAMERT LS FBTS
BT AP LR

FA143 1) Berkeley DB 5 FBTS 4 A\ 10,000,000 MK Ky 8 71, HK 32 Fi. 64
FTL 256 T 1024 FOTHIBREXS, PR A N R AT AL A, AR R 6-1. ik
55t Berkeley DB I N fE 201t 1G, LIME T FBTS (N FE 5 F IS HL UL AL .

% 6-1 Berkeley DB 5 FBTS M:REELER

Value Len BDB Insert FBTS Insert BDB Disk FBTS Disk
(Byte) SPD (K/s) SPD (K/s)  SPD (MB/s) SPD (MBJs)

32 65.97 200.87 2.06 6.28

64 65.44 198.10 4.09 12.38
256 43.38 172.52 10.84 43.13
1024 16.18 108.59 16.18 108.59

%237 JLk3am
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B EOR, EILVFERPIESE T RART, FBTS HITERER Berkeley DB 1) 3 5%, JLH:
7 2T Berkeley DB XHEBELMEREMIFIFHBES I FFALF, MEEKERR, TEREREMAE
I, ReEE 2, @i XA RO, AT DIE R HAR S (FEREE MR ) LA
P PEXTHR T+ R Gtk e r) E AN H .

6.3 H{EKEXS FBTS M RERIFNY

2R s WA [ B AR K FE 6 FBTS PEBERIEI . FATE e s K 8 #77 (R WL
int64), APEEKERE N 32, 64, 128, 192, 256. ... 2048 FHi, FHIHE—ANEHE
F G N 10,000,000 A [F] BB, 43 50 A WU L4 NG BE (DA K/s D B, TIR3E N EERD)
MRS E (LL MB/s AL, JEFETR). SLIRERNE 6-2. B 6-1, 11 E TR
XA o

R 62 AERKERENTBAEE
Value Len Insert SPD Disk SPD

(Byte) (K/s) (MBYJs)
32 205.53 6.42
64 199.51 12.47
128 189.41 23.68
192 181.55 34.04

256 170.32 42.58
384 153.29 57.48
512 139.76 69.88
640 129.26 80.79
768 120.81 90.61
896 112.31 98.27
1024 101.65 101.65
1536 73.94 110.91
2048 53.40 106.80

=
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=@=|nsert SPD == Disk SPD

250 120
- - 100
i =
S - 80
= 150 2
Q - 60 ©

[}
n o
t 100 ”
@ - 40 w
£ (=)

50 > 0

O T T T 0

32 128 512 2048

Value Length (Byte)

B 6-1 AREHKERENPEANEE
TSI AT ORI, AP NEAE RS2 2 FBTS MITERE: — /N2 FBTS #HT—IXIEA
10 /A B eV R A A TR B A, S — A AR A e 5 M A MBI K RO, T
ANBCNHIZ) R GEVERE RN, KL FBTS ¥ KA & £ 52 FBTree #/EEE I M; 4 H
FUIENBOR BB, FBTS (1 A 32 B2 A2 R4 15055 T R R BR 1
T EARRR — S 1SR I SEI AR SRS B RS AT 2200 . FES BF, ARG AT
RIBIAT, S R 2 T B AN B 2K RS, it B R AR AR A X — SR . (R
FERGRL BONMRSIAT, WM, 0N N e REANAS, A4S B IE e B . sl $ds
NG AR K ORI RS AT N R, RSSO . FRIEE 2 SLITR AT
TEIREERE, AT LA
(1 BARBIR AR S S E KT, (BB X B s e R 42 N A7,
DR 8 KA AT I 1 AR R e B, S SO A O BB b SR 32 B B
MR R SEE H AA . SRS, RGN A
AFBEAT B B, 38 KA KA AN & 7 b7 3% [l 648, DL 256 e gt
BRI RGAERD AR 17 J3ANBEAENS, DA ZR B 43MB A2 A5 I A 25 A], XL
FEAEXE PIAF 2 I AR IS0, DR 3 [l T A G AR K
(2 —ANUEF R, IR, IR A 2 Sz B A AN R R AT TR
fl, XA N RGBT . RS EE G G 2R th7E i %)
BHTRE AR, (HERE SN /T, BB B R A s AT
B 1) b 500 2 P sz o T A B T B

6.4 [XiG&EHIT FBTS MHEERYIRH

1Z SIS X IR A& ) (range query) X FBTS PERERISEM . — N P23 ¥+ e Im) B0dE 22
Hiidi N 10,000,000 MEAEXS, S E RTINS, — N 2 M EERE ik
HUBE N, o 2 Py DAEESE A 7= 3 S8 A A4 N S PRIV o 3 s U B2, 2R (1) i
FE— MR T 5, P R AT 4E N B 2 ORI (2) Bk, o IE kUi
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SO, ARSI BN 8 T, (HKCRA 64 F5A1 1024 7715 (HT 1024 5k
B E e RERS, FRATT R Ad A 2,000,000 ANEAELXT), 1 X Ik A ERE (Bulk Factor) 43514
1. 2. 4. 8. 16. 32, 64, 128. 256. 1024, FKrl7EA[F] B8 FE T EHCEEE (BL K/s HEHRAD,
SEIGAE R 6-2, VERBEEAL T AR

=-=64 Read SPD  =li=1024 Read SPD
450

350
300
250 /
200 /
150
100 Prad

50

O T T T

1 10 100 1000
Bulk Factor

Read Speed (K/s)

B 6-2 XEWXHERERRA

MSEERER T UUE B, R BB BOE ARG, DL 64 FATHE KB, RFMUREREAT
45,000 XA, 3RIA] 45,000 AMEEXS . 21X IA) 2 8 BERL/INES, 39X 1R B8 B2 RE K
RTINS e NS 8 I, FBTS MHRE(E — R IR BT 20 /A MEEXS 15 {H
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% 6-3  FBTS XK BHE K T HEMN

Predict

Mean Space
Standard Length Overshoot  Overshoot p . Insert SPD
Value Len . Utilization
Deviation Threshold Values Rate (%) (K/s)
(Byte) (%)
(Byte)
64 0 66 101 0.00 96.97 203.56
64 5 76 37873 0.38 84.21 199.19
64 10 87 90524 0.91 73.56 192.44
64 15 97 119721 1.20 65.98 187.08
64 20 107 138383 1.55 59.81 182.45
64 25 117 154955 1.55 54.70 185.02

[5112,5.6.1 715, FBTS WFBEAE K 2 A H Al v R BUM PR b 2 1 I, A8
Threshold = (Observed Avg + 2 * (Observed Standard Deviation)) * 1.05
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DRI i A8 % B D o 3R 6-3 IISE RSB A EIE | FIRER /4, FRATIR S 2 B 5 br it 22 1)
WO, IR R BIREAE ETE, HIST 2.2% A T . EEEM TS

Threshold = Observed Avg + 2.1 * Observed Standard Deviation + 0.05 * Observed Avg

ALt FBTS SEPRE A T 2.1 AMFRAEZIN— AN EI (0.05 5 FMED FIEKXIE, P&
FREZE G0, AT 8, AR X A Rk T 2.0 MRz, X R T A4
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AZR, 1X 5 5.6.1 15 FE R 1« A BRI M5 - BE U a1 B B 7 [ A AR IURL ” & —

6.6 FEIFIEXT FBTS [4HAEERIS N

T MR FE R VT IR0 FBTS 14 B8 I REMA , A SEEG 4 —ANAE =35 [ 504 2% 748\ 10,000,000
ANEEST, FAE 0 A 1A 24 4 M TRE IR RHIUZEE R . R 6.4 5K T
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Value Len #Reader Read SPD Disk SPD
(Bytes) (K/s) (MB/s)
64 0 184.27 11.25
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64 1 132.21 8.07
64 2 121.73 7.43
64 4 112.17 6.85
64 8 106.99 6.53
1024 0 78.86 77.01
1024 1 54.50 53.23
1024 2 52.13 50.90
1024 4 49.81 48.64
1024 8 49.79 48.62
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B0 0] 5 F 3 ) YE S K 3] 1-100,000,  PAZE — A3 B0 F 2k e BB Bl a0 A R S e
TATIE =AFeh5r: FEANHEE. FBTree A5 s UL S B e, D& S5 SEUR R A
FBTree 7EALBEGEL P4 NPT BE 2B AL, LM & 25 s 80T I H 2 &= AR R (46
NI B A A 5 DAL 4 NS U 80, AT 5E FBTree FRAB LR, B Bh v Yk 3
D) r] 255 BhBRA T HE A L BUE 6 FBTree BCR =AM RN . 45 Rk 6-5. K] 6-3. 1&] 6-4:

£ 6-5 ELFEAXT FBTS HERERITT M

000 Small Delay Large Delay
T‘;;; Insert Insert
SPD # Nodes # PG Faults SPD # Nodes # PG Faults
(K/s) (K/s)
0.0 198.20 101011 0 196.46 101011 0
0.5 190.43 141568 85 165.55 141902 21798
1.0 181.48 165726 463 146.39 165783 46216
15 174.38 180367 1262 130.17 180513 70117
2.0 169.31 189021 2290 121.04 189050 91689
25 165.54 194357 3393 113.15 194265 112301
3.0 160.36 197275 4446 106.58 197379 132825
35 158.45 199361 5614 101.02 199335 153721
4.0 155.25 200483 6726 96.57 200578 174184
4.5 153.25 201049 7814 91.46 201233 193970
5.0 150.26 201387 8517 87.00 201513 214855
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BUILDING APPLICATION-SPECIFIC
KEY-VALUE DATABASES
BY EXPLOITING DEMANDS AND USAGE PATTERNS

General-purpose databases, with rich functions, complex structures and wide scope of
applications, have dominated the area of DBMS for a long time. However, as we are making
progress in parallel computing and distributed systems, general-purpose databases cannot catch up
with the increasing amount of data processed by modern computing clusters, and people start to
build application-specific databases by exploiting unique characters and patterns in their
applications. In this thesis, I’ll illustrate how to build an application-specific database system for
producer-consumer warehouses in distributed systems with 5 steps: analyzing application
demands, exploring data access patterns, designing indexing data structure, designing DBMS, and
run tests.

In distributed computing systems such as Grape and MadLing, large amount of data is
transferred from one computing node to another due to the pipelined execution of infinite stream.
Key-value databases are deployed between producer-consumer pairs as warehouses to coordinate
speed differences and store data for a longer period as upstream backup. The database must fulfill
the following functional requirements: (1) it must support bulk operations, especially range
queries; (2) In some rare cases such as data loss, producer may generate out-of-order data, so
DBMS is required to index and reorder data; (3) Since producer and consumer may access
database concurrently, and there may be multiple consumers, we need DBMS to provide proper
concurrency control mechanisms. Besides these 3 functional requirements, there are 2 additional
performance requirements: (1) DBMS must provide high throughput with very low latency; (2)
DBMS must control its memory usage.

For this application, we can find many useful patterns, for example, there is only 1 producer,
so DBMS doesn’t need to worry about multi-writer concurrency control. However, the most
important pattern is that, the insertions are almost ordered. In normal run, vertices output data in
an ordered way. Out-of-order insertions might appear only around time when data loss occurs,
vertex is abnormal, heavy-loaded, crashed, or in recovery, which are rare cases comparing to
normal run. Not only insertion is in ordered way, retrieval and deletion also stick to the
“almost-ordered pattern”.

With such demands and usage patterns, we can understand why hash table, list, and B tree are
not qualified to be the indexing data structure in this application: (1) Hash table cannot provide
ordered indexing and range queries, so it doesn’t meet the functional requirements; (2) Lists
provide best performance if insertions are strictly ordered, but it cannot tolerate even a few
out-of-order insertions, because out-of-order insertion may cause large amount of data shifts; (3)
When data items are inserted in ordered way, the balanced split strategy (BSS) makes B-tree
half-full, which is its worst case. A half-full B-tree wastes large amount of disk spaces. Moreover,
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every split operation moves k/2 data items from one node to another, which is costly.

In order to solve the “half-full” problem for BTree, | proposed FBTree. FBTree is quite
similar as B-tree. It is a search tree with a pre-defined width k: internal nodes have no more than k
children, and leaf nodes contain no more than k-1 data items. In internal nodes, each pointer has a
corresponding key range, which indicates range of keys in that sub-tree. For siblings, their ranges
are continuous, monotonous, but not intersecting, and child’s range is a sub-range of its parent.

Search algorithm in FBTree is totally the same as that in BTree, and they also share same
frameworks of insertion and deletion algorithms. However, huge differences exist as following:
(1) In BTree, nodes have at least k/2 children or data items. But this restriction doesn’t
apply to FBTree.
(2) When a data item is inserted into BTree, causing the width of a node goes beyond k, a
balanced split strategy is applied, i.e., a new node is inserted, and old children or
items are assigned evenly between two nodes, so that both of them have at least k/2
children or data items. In FBTree, this balanced strategy is replaced by a new one
called “adaptive split strategy”(ASS). Only Children or items that lie behind the
newly inserted one are assigned to the new node. If the newly inserted child or item
lies at last, only itself will be assigned to the new node.
(3) In deletion, FBTree makes no attempt of balancing, i.e., FBTree doesn’t transfer

contents nor fuse siblings when a node has too few children or items.

FBTree is specially designed for the “almost ordered” data access pattern: Although the
adaptive split strategy may cause FBTree to degenerate when data insertion is not “almost
ordered”, (for example, when data is inserted in descending order), FBTree is better than BTree
under almost ordered insertions: (1) When data is fully ordered, ASS makes every node in FBTree
to be full; (2) When there are a few out-of-order data, ASS can automatically isolate out-of-order
parts from ordered ones by splitting them into different FBTree nodes, so that the out-of-order data
won’t harm the global structure and future insertions.

In implementation of FBTree, | make further optimizations according to the application
demands and usage patterns. For example, in-node search (locating target key) of FBTree can be
optimized by wisely choosing the search direction. According to the “almost ordered pattern”,
when we locate position for insertion, they tend to go to right-most child at internal nodes; when
we locate position for deletion, they tend to go to left-most one. So choosing proper search
directions for different operations can speed up in-node search from O(k) to O(1).

With FBTree as indexing data structure, | designed and implemented FBTS, which is an
application-specific key-value database for producer-consumer warehouses. | make further use of
application demands and data access patterns to optimize FBTS for this unique application.

One instance of FBTS manages multiple independent tables. Each table is a set of <key,
value> pairs. FBTS allows user to use arbitrary classes as types of key and value, as long as a

comparer is provided on key type, and serialization/deserialization methods are provided on both
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types. Each table in FBTS is directly organized and indexed by FBTree. Most <key, value> pairs
are directly stored in leaf nodes of FBTree, except for those extremely long keys/values.

The “almost ordered” data access pattern suggests that data accesses in FBTS have high
temporal and spatial locality, so | deployed a memory buffer pool to speed up data accesses. In
order to control memory usage, all tables share a same memory buffer pool. FBTS manages this
memory pool by paging: we can regard nodes in FBTree as pages, disk as virtual memory, and
memory pool as physical memory. Just as computer program accesses pages by their virtual
address, FBTree accesses nodes by their disk addresses. Memory manager maintains a map
between node’s disk address and its memory pool position which is called page table. If a target
node isn’t in memory pool, a page fault occurs. We read the node from disk, swap out a victim
node in memory pool and put the target node into memory pool.

In order to speed up address translation, | designed a small TLB for FBTS, which buffers the
latest 10 translations. This optimization brings a 25% performance increase.

Memory buffer needs to keep the consistency between memory and disk. FBTS uses a new
synchronization policy called “backstage aggressive synchronization”, which combines
advantages of both write-back policy and writ-through policy. When FBTree modifies a memory
page, FBTS doesn’t synchronously update disk, but put a “dirty” flag on that page, which is
similar as that of write-back policy. However, FBTS doesn’t wait until the page is swapped out,
there is a backstage thread that periodically polls pages in memory and aggressively synchronizes
dirty pages to disk. If we set the polling period properly, we can utilize the disk idle time to dump
dirty pages in advance, without causing too many additional dumps (synchronize one page for
multiple times) comparing to write-through policy.

FBTS supports variable length data well. FBTS set a length threshold for keys and values on
each FBTree nodes. Data with length being smaller than threshold are directly stored in FBTree
nodes, otherwise they are stored to an overflow heap. By changing this threshold, FBTS can make
trade-offs between space utilization and performance. FBTS dynamically predict this threshold to
balance these 2 factors.

Even if the amount of data stored the warehouse might be small all the time, the total amount
of data that ever went through the warehouse could be extremely huge. So FBTS cannot keep
allocating new disk space. FBTS contains a disk manager that reuse disk space from deleted data.
The disk manager divides the disk file into large blocks of 128MB, and recycles disk space in this
granularity, so that it doesn’t need to maintain a complicated free list. This strategy also keeps the
spatial locality of FBTree nodes.

FBTS uses 3 kinds of locks to control concurrent accesses. They are table locks, physical
page locks, and a global page-table lock. FBTS applies the double-checked locking pattern for
accessing page table, so that most address translation doesn’t need to acquire the page-table lock.
This design enhances the concurrent performance of FBTS.

Experiments show the inserting speed of FBTS under almost ordered pattern is over 200 K/s,
which is as 3 times as that of Berkeley DB. With range queries, the retrieving speed of FBTS is

over 400 K/s. FBTS supports variable length data very well, and is immune to concurrent readings.
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FBTS also tolerates over 5% out-of-order insertions caused by data loss with an acceptable
performance reduction of 25%.



