243 1SSN 1000-9825, CODEN RUXUEW E-mail: jos@iscas.ac.cn

Journal of Software, 2023,34(3):1109-1125 [doi: 10.13328/j.cnki.jo0s.006795] http://www.jos.org.cn
O [ B Bt AT S I RRABSLIT A7 Tel: +86-10-62562563

*

HEHEXBHILES T 0-EEH %. 40
REEY BRET RRES OB BV & 8 % 7

YR T P [ K T N S 6 (B TS LR K 2%), b 100191)
AT MR RS AR X 5 BT R RS AR B0y, 4kt 100191)
SAb MR RS TR, dbat 100191)

fAb BB MR RS N TR e sebe, Jbat 100191)

SALE LA MR RS thoe @82 b, Jbnt 100191)

WAL 2244, E-mail: lishuyuan@buaa.edu.cn

[=]

B OE uFR, FARRMRE ST — AR SE AR RE, Pl B e GERSIERP LB F. Xkl
KFERRFENA G, BT B WA F S 7 Z A B8 F A 49 AR I B 19 AL, RAB B H (data federation) 2
Ri% DALY T A th 5%, BABTRIN RIS S ANBIBIA 5 E TR FE B RIBHBOTRT, 8562455 EF1BA
WA, BETREES QI X—BACRAEFROFTAL, FRALE —AF AR ORARELT
4, 4» SMCQL. Conclave. %, 4t3f £ A 33E % 2 %P A 0351, WA KIBIEI 2 HL BG40 T 194
B, EENEE— BB LEBLATHERNTR, ok, LEEMKT, b TAA AREEAB AN %
AT EE, FEATH R 58EF4 G, Bk, 450 EFESATHE, Rl T REFIATHEELE. T2 Tékde
TrEA, RHEATES S FORALRLAT, B SMER, ok, RIEBT AF0-EBGRAFERET LS
WA, REBY T EBEPE 2 RN, BB, ATRRSIEETPCH, Bie T i fka e, £k
BRI, HIMAHIEIEIRE % SMCQL. Conclave A8k, % ik A8 45 3515 AT T 19 F=3845 FF4K 2 5 I 1K 61.33%7F
95.26%.

KEBIR: BB, EEBN, 24 5F5TH

HREZSES: TP31

cs RS SRR, 2104k, SLMERT, JERE, BREk, VERT. I SR BN 2 A 2y 0- L. AR AR, 2023, 34(3):
1109-1125. http://www.jos.org.cn/1000-9825/6795.htm

B 5| % Zhang YY, Li SY, Shi YX, Zhou N, Xu Y, Xu K. Secure Multi-party &-join Algorithm Toward Data Federation.
Ruan Jian Xue Bao/Journal of Software, 2023, 34(3): 1109-1125 (in Chinese). http://www.j0s.org.cn/1000-9825/6795.htm

Secure Multi-party #-join Algorithm Toward Data Federation

ZHANG Yuan-Yuan'?, LI Shu-Yuan*3®, SHI Ye-Xuan'®, ZHOU Nan*3, XU Yil?4 XU Ke'?®

!(State Key Laboratory of Software Development Environment (Beihang University), Beijing 100191, China)

?(Beijing Advanced Innovation Center for Future Blockchain and Privacy Computing, Beihang University, Beijing 100191, China)
3(School of Computer Science and Engineering, Beihang University, Beijing 100191, China)

“(Institute of Artificial Intelligence, Beihang University, Beijing 100191, China)

5(Shenyuan Honors College, Beihang University, Beijing 100191, China)

« EETH: EZKE SR IR (2018AAA0101100); [H 5K H R BL# 4L 4:(U1811463, 62076017); (1 T K 1458 [ 5K F pd 912 36 %5
(A6 5T MR K 2%) TF I3 8 (SK L SDE-2020Z X -07)
AR SCH R EAR vE B IR 5 B G R 9 G B AL N T R . W IR AR AN BE WK T B HE R
Wi ) 2022-05-16; 15 ek it ) 2022-07-29, 2022-09-07; % I []: 2022-09-23; jos 7 % i fi i 7] : 2022-10-27

O b

FUFSERT httpy// www. jos. org. cn




1110 AR 2023 5% 34 A% 347

Abstract: Recently, many countries and regions have enacted data security policies, such as General Data Protection Regulation proposed
by the EU. The release of related laws and regulations has aggravated the problem of data silos, which makes it difficult to share data
among various data owners. The data federation is a possible solution to this problem. Data federation refers to the calculation of query
tasks jointly performed by multiple data owners without disclosing their original data and combining privacy computing technologies such
as secure multi-party computation. This concept has become a research trend in recent years, and a series of representative systems have
been proposed such as SMCQL and Conclave. However, for the fundamental join query in the relational database system, the existing data
federation system still has the following problems. First of al, the join query type is single. It is difficult to meet the query requirements
under complex join conditions. Secondly, the algorithm performance has huge improvement space, because the existing systems often call
the security tool library directly, which has high running time and communication overhead. Therefore, a data federation join algorithm is
proposed to address the above issues. The main contributions of this study are as follows. Firstly, multiparty-oriented federation security
operators are designed and implemented, which can support a variety of operations. Secondly, a federated 6-join algorithm and an
optimization strategy are proposed to significantly reduce the security computation cost. Finaly, the performance of this proposa is
verified based on the benchmark dataset TPC-H. The experimental results show that the proposed algorithm can reduce the runtime and
communication overhead by 61.33% and 95.26% compared with the existing data federation system SMCQL and Conclave.

Key words: data federation; join query; secure multi-party computation
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F2, “EZHHE R EBEHRNRZANZ ST EAGINIBIET, UAMES ARG MmN DT, %
ST AR ZE 0 H AR R SR EAR AL A R o ) A 2 AN U T
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2 )5 AT E TR RIS AR RIS WG i, B8 A 0 AR R R S R 2 7 AR T
B4 b, HEAT ¢4 A b b R 7 1 (5T, 2017 4F, Bater 25 A2 T SMCQL #4:1Y, %A 4 Wil OblivM T A
PE¥s SQL 75 v v R BT D YR R B AT AT, T DASCREAE AN B IR 7 L e e TR S A R
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X5 T BRI IR DI BRI S sa B s B TP BUME B F By, 422 7 LU T WIAE AN ER B F 3 45
X5 IR N, P AN B K/ 5 & sign(R): sign(R)=0 71 o=y, SigN(R)=1 £ 7R B> fy; sign(R)=—1 £
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2 BRI T Sa Soy S Sk AIBEALAE 2 T Po(X), Po(X), PN Py(x), FF) ikt 22 150 2 5 5l 25 i s 2%

(LA, [l [[pd 1A [pd]
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PU AT 5l ora0). I, B Lo ol T ] DI 54 2 Jy TR ST U S 5] res=(B,- B)-(prtpO I, 1l
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7 LB S S5 BB (k). TR ST poly-sum-(n )4 BUMEAT A1, Ttk 15 RS T AT )
WEKHE. ST A U S BB B AN T A 0 7G58 Xk g B, SRV O s 0 €6 BB L
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B P(X0),Pi (%), oo Py (%) LKA 75, BB ik AR B (TGS A BAE T Py(%a) Pi(X)s oo Pi(Xe) 2111, L
FELLAI =L Pi(X0) PiXo), ... Py (%)} . BRI 77 s K B85 PLOG) AR AL (1 Tl T B 5 Pi(x) R L 28 B A 4
05§ (). A BHRIIA I s OB HAB BRI 7 s K% 10 T B ES P(x) 5 (i), T 78 A Bl ot o 6 i 5 L 47
ZIEE o(x) =D P(X). XL RN of(x) I RALR THMEZ TR o= zx+>" 4, Hih,

j=1"1]

FLIAMRL 2 =Y s I X%, % 5 0(x0), 00), .., o0 FATRL t GIBLAFIL A, B AR 2300
A5 3T S

32 EBO-EEHEMEIEER
I T I 7 e 2 07, DRI O-3E 4 S W il 2 A4S 1 0-3E B L. ARG IO AL VAN, i i
RT3 0 AN 3 0- T4 5 15 15 B DR 0-TE . o TR SIS 4 e A B A 1) Rl 0, AT AE 2 AN IS A Bt 9 S, DL
O-ER AW T KW LR G ARt 2 BRI TR A G- EER IR T AR RN AR AR
AL — DB A T A TS AR 5 O-XE R R A2 R A R AEAN R BN T . A b -3 12 7T i 5
AT J5 AEA I SCoE vt 55, AN S BRAL 2e G el il 1T i85 Pl 5% -3 2 T ZE AR 3P U B Ba L, 35 T AN
G0 s Mt A A R AN . B, AR T B S R DA 0-TE B A K I 5, Bk R R 1 A BRI ZN
O- P A WA ISR AN S, WE T HEAEERIERSM. IR RT, Wil A KA P
SCHLAF (R ISR, AR FA B B SR A0 2 FAU SR Y (i LA Ia 5, BT AFE RIS 0- 38 #2 Ak L=, ok b ik
IBEAASE SR AT WS, DAL, A SCAR I Bt GG | O-3E SR A i i, BEoh TR0 R A FURVAME SR, E 293
LAF 34D B —— S5 -1 52 45 RAT- PRk 45 R
o LEBUESS. MR TR NER WG, 5 ERE A 7 B RO R, AR 42 R
AWM T AW LR, XTI REAN AT 2 A, ASC BE C S A WA . IR s
TR AR SR, IHE kS ke 81 L 3EAT -1 8. T I 22 42 B 1 Ok BU AL P 21 i) 1A
BT EERL N 0-5F, WU RS4RI ky S5 ko 81 100 50 A W LA 75 5 e A A
o TELRAT. M b P HEIERSINE R, FFEIEREMN k515 ke SIS B R &L R
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. BRI ZEARSE A7 A 4 HE I ke B0 ko HURIHIME, 3R BVILAE 2238 5 40 o) B (AT A, BIG R (¥ 76
M. BT IR e RS R TP T A 45 0 TR AL A B AR A B, BN U e B LR A
K. PP ICAL R IE G AC R AT N D I PR A
o PREIGER. WOIRARHIN AU B S ER AW RITTUE, W O-E B E, XAH R TT A BT S I,
e TR RGN /iR 5 A RBATPHE, RIS 2k e 1.
CL VR REZL I Do AR 0 LBV 4.
Bk 4 B 0- AR HE LR,
Input: EAEIIE 7 S1,52,- S0 B T, To,..., T SIEH ky, ko LA IEBE AT 0.
Output: BXIRE#LE R R
1: for HHEHMETT s do
2 ifSFA TS T
3 ARH TS A5 I R % T L
4:for HEHA T s, ST, TP do
5: K, KD « T2, TP IR 5 G e s A S e &
6: TK,TK® « K2, KP G0 I 1 76 414 4
7B TS, PRI R AR R
8. return R
U 4 W8 T RN R M SVANELE. 5B 1-3 ATX N A IS B S, AN SR INAE Jroe e A 2 R
FHARGARN M EHFA, WIRTEA MR PR IATERSRAE, IR RIRES L. 8 4-TATR N
PERERY) 5. B A AT RONVBCHT RN SR INGE J7 Z MIEAT F A W, 58 5 A7 3 B R IR 4 AR i AT
Lhigs, bt T2, Ml g2 TR, DR ST S5 RN R G5 < 4. 953
FFEERLMVMESE S, 5 6T LI MIEA BN YVELE S, BOE FIME A 500 3 P N AT E, 2432805 6%
SRS, B 7 ATTOIC AT A T AE, HIERER AR R ER S . BT B LR 0- %
GEL
34 T IEEVEMELL I — AN SEB. WY AT SO B SEB, MEEEINT T 1 SEERA 7 2 TR 0-
HERERTE 3 4 BR, R MBIRIA T LR, IR BBEEINE T 2 TR W TR L AR
10, AR 4% 7 Ee R, WL AR A TR N 17, 23 A1 29 (KT R SR AR, AT LAk B H KT A
Fe'g 2-4 (Wi 5. Rk, X TR (L) e A, Hoar DUE R B tdl h (2,17), (3,23) (4,29). HLh Locdlkix
AL IR B R LHAT I, AR 3 A TR IR R T 3 47, AW, dhELH R R 2~
i 4, BPAT 1 B R A TR G e R

K3 I 0- I BRI AT S
o BRI
SE 4 5 1-3 AT A S HAR AT s AR AT, A KEAEIAT )7 2 WA, A2 iE HARE 250 5
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ITW REIANATT s M g TAER AL K 2 b, Hogarhn] frg a2 07 W T ORIE. /£33 L 4s
KRG, 5 AT FFEAUH A SO 5. R, 553k 4 Al 2 A SO 2 AR S, BIAE %5 B 47 07 A -
SRR AT B T, HTC i3 g B 2 v 45 SR A ) A Bl A O 45 6L

o BLREIREM T

FESLE 4w, B 1-3ATRIAWISCUE S, AT ZMEAN TR, B 4-6 AT ESEMEE TAE RPN A T s M s,
5 ?Tﬁi%ﬂ@tXﬁﬁﬁﬁ‘%&#%ﬁﬂXiji44£&ﬁ§221;‘%DTQ PR P 4 i HEAT B, JLT 22 O(ITS |- [Ty NIk &A% 5

e, BB, SE 6 O( X 37 T2 1 IT2 1) = O T |-[T° ) e ettt th T2 20751 T

BT A W SR A T, RIREAT 22 42 2 07 BB T B B IS 0- T 2 S M ME RS, #6T
K, ATORFEE A AZ ML RE A B vk LB B e A S s
4 FEMALKR
HF BRI IR E R AL, Ferp (AL O AR AE T I i A A A F MBS A R A i
W R R, TR AR LRI, B, A X U BOE S I — I BT SRR, IR
ARSI RO EIE R, IR THEF & I AR AL S .
T SEIUA AR IS LA, 5 f67 B 8 () J T B A A () AR AR % 5 VR T AT O(n?) Ik
g A baL, T2 AR RTINS, DI S B8O i o O A SR R PE RSN, O T 98D LU B, A SOR)
BEBE . BT 0- TP S B BB 5T, BB RN KRR P Pk &, BATAL b, R
A LURI - IR L A 1 8 SRA IR el #E AR LA . 25 B, ARSCR I T 2T Sort-Merge [ SVEILAG SR M.
BT RA by b 22 AR UL AR, AR T R 0- 2 B AR AL SEmg . i SN B P AN B B, 2
HERP I B 5 T B Be. e, HE R B BenT DA i - B AT 7 AE A M W SCHAT, R > ANMBUR T A4
I B A A LU A SR R Bl - e FR B R 33X 3 AN A BRI
o FMALLEL. ZdREHIR A R ER AT IS —SUE, AIREHR R ACRIER SR IR —SIME. T gLl
BT, VRPN FMER SR A - BB A, R m XU e LU A R, a4, AT
FEAREI RSB, EATTE AT, WA A TR E 2 8)

o MR D). A7 HUALE RO LB AT, AR AT R A FR BT N 4R8N 3, DUE T 4kEkLE
8Os, T AME AR AR, BRI B AR A ORI SME, BT BURT A R A AT
JEAL.

o JeiREHBE). FHBREIRFT G A, WE BN R NAME A A, Rk A TR P R
Pt Ve v &0, ZESREL DT HR JC RN A FR B R K U SR L AT A A, B, EE A RER
45 1) 1) S48 2k SEEAT EU R R AT

S8 5 A D I 12 K i Do AR

Bk 5. I O- AL H NG

Input: 5% T2 54 R TP A FSIME L, R, S84 1F0.

Output: FF&ERLFIFIIEES K, K.

1 AR EL Left, right 35 170 1 T, ki, ki@

2: while leftzend or rightend do

3: If poly-cmp(L[left] R right]) 4 & % 8 441 do

4: Ki, KjKjUL[left], KjuR[right]

5: left—left+1

6: else

7: right«right+1
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8. return Kj, K

DL O ARTE 38 T 6k 5 Lh D B AR AL SRS . 59k B 28 1 TR REr S4EA AT YIIR, ¥iaEr
St A RSERI T I, K 4 RES VG N T E, B 2-7TIT R G AME L Rt AR 28 34T RN e 2%
T P R SEER K 24 2 07 LS T poly-cmp, THELZE AT RREHE W I U R R AT GBS, 44T
B SAT R T A A, WA T 18 M (E L[Ieft] S5 47 Fia 5148 108 30 )5 82 A A (B3 13 B e e 4k 1, AT
BN RES, FHHZERE T —0, SkedtiTRstbi; % 617 3 2 TR R A IREHEEARTT & iER
Bisk, N4

VA P AT A P 10 S48, 3l 3o rp R g AT D BRR R B  ALAL Se . W El 4 TR, 2 MR R B8 AT 4]
LRI, AR LM S A I I 11 SR FIM T WUE 7, AT G 4. LR a4 Ml
FREFFR M TSEHI S 2 A4ME, B RHE 44 EFORTE L. Bl 224 RS Pk SEmT S0 {8 10 5 TG 17
TEETERAME. b, S 17 6T 2 RIS Sepra 1T R 3. ITH 4, W ek i i 1. e/l 1 19
i m, KA MFesr T8, ghaaslibi. ERZMMRE, WnlE R a 56 Esaimongl

(s | s Wiers | BR
EEELE: HE<FE 1 =1 1 L

2 19 2 17
"

1 o= 1 1 =7 R . o h 2
2 19 2 17
4 Sl 4 29 1 ilil i 7

2 =P 19 2 =P 17

3 25 3 23

4 31 4 29

Kl 4 BRIR O- B AR SEmE IE 4T S

o BV AVESHT

HE 5, 31T ettt i &2 T WRE TRIE. WEIEINAE 7 s s, 55 SR REFS A%
WA 7 s P40 2 T LG L[left] ok, TovAs i iy s R AREEE. Bbhh, ardeX— eBad F2 v 44 %0
FHm 0 77 5 v e L[N eft] R IR B 4 4. (RIX — {5 BRI FE n] PR A M 0 45 R T HEWT R, Al BE AR 115
Bk, &1 50k 5 i I 034 B2 507k R R AT CRAE 5 20 s 30 7 7RG - v s R T, Jevk 3k an
B 2 ) 4 SR A i A 2 A T 1 R

o HVREIRE T

ﬁ&siﬁﬁ&4¢%5ﬁ%—4mw.Eﬁ&s*,%z#ﬁﬁ%ﬁﬁm%ﬂﬁom?HQDm,ﬁ¢,
mﬁﬁsﬁ%&—ﬁﬁﬁﬁﬁﬁ%ﬁﬁﬁ%ﬁﬁumwmmmmi@%wﬁ.m%,ﬁ&sa%om§HQD
WE 4% )5 LB AR

ﬂ@ﬁ&5i%%ﬁﬁﬁ%@ﬁ%ﬁ%J%ﬁqZLZLmﬂHQqumnwﬂﬂmmﬁé%ﬁwﬁ
AR
5 KGN

IS S L VR AR L S0 SR A e AR ST IR SLVE AR T A B EOIR R A M TR REEE TR, B AR AR ST
DAL SRS A . AR e AW, RE NG 2 T H T 5 0- & B LR - A SE 5
51 LWiIEE

ARSI 2 G HLA BB 5 R 2 /N BRI i BRI, R G PLEE CPU 24500 Intel®
Xeon® Platinum 8269CY CPU T 3.10 GHz), W1 32 GB, #:1E % % Ubuntu 18.04.5 LTS (Bionic Beaver), Hl#s
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[HE A5 %L 6 GBIs. KM — G HLEE R O M BB AREENY i, 78I ALMLES A BRS04 A 5 e 150 1 44
P, HREEAERPIT IS, 2 EVSETE 88T 5. ARSI IRES v E T 47 Rl 7 25 N BRI T
B VA B0 BRI 5.

ARSI EPE TPC Benchmark™H (TPC-H)E 4 MR AL HE 4. 12 A5 i H0His 42 2 s e skl 22 45 i 1 40
BT BE IR AP A, DRI A SO 3 Bz B0 A2 M A S 1 e Ar M SV I M B R B, TPC-H - i 455k 11 A . 1
NHY S, 2R ME R RS B HE R, ST AR AN [R5 s U I B 4

S S B PR AR I FE R 48 SMCQLIIANT Conclavel M g st . 31X 5 AN 2R 46 42 3 4 0 HH DL IR A 6 P 5
BN RS, ARG EEET RN, 7T RUEE & SOl H )R )Z 24, LSt 0- 8 m 3 fr. B
T, A0 SMCQL #il Conclave ()£ 2% ObliVM 5 SPDZ #AT LGS 1 14 dE, ik £ 07 514k
fE PR, BASEEL ObliVM Xt £ J7 i B 32 FE. Horh, ObliVM FEEAUR B e it Lng A R BR, DR ok 3
B hFZEEE Oblive, HLAEibThfe RIS (. St DU $6 Al 500k B9 Is 47 i [0 RE A5 TF85 78 A il 1 S0k vk
RefFabs. HAREN Y 5 S80I an DUF 435 TR,
52 ZHREETFMRELE

B, MRS 3 M T AF AT IR, 150 AN AN R TSR, SRS
thigis s, o, x4 Oblive A Z# IS 577, SPDZ SA e %2 L AH T Poly i 2455
TR, LAk e 4402577 (WK 5 FiR).

1 0()

R

USR]

(8) 4TI (b) A5 T4
K5 25 rItaeig

IS5 R ETT LR B, AT 2 ) AT Poly 7RI AT IN 1a]_Em A T Hofth 5k, 7EI8A5 T4 ik T
HRKE. ARS8 S IR b, ASCHTRE T 7 Poly FE I 5 iz fESRFZH I, Poly b SPDZ 4271 T 87.56%; {3k
g I, Poly b SPDZ 427} T 85.80%; 7ELtiRia & b, Bt ikt SPDZ &1 T 75.92%. X /& i T A ik
TR A L S, OTRVA SRR B, AR TR L, AT T KT SPDZ, {HI T Oblive:
SRR b, A SCHTH 7t SPDZ BRIR T 90.82%; frskBUSHE I, A SCHTHRIN vk L SPDZ B&AE T
78.46%; {ELWEIZH b, ARSCHHRIJTVAL Oblive F¥KT 78.39%. TRk L2 H5 15 Jy i) 3L S flb w1
DAL S A S 5 3 A A T L

gE LS gE R, RSO £ 07 LA P AEISAT I ) 5 0 AE Y Lk AR RN R AE, R A AT I ) sk
B LT AL, P RERE AT R S AR 0- B P AIME L X — D BRI TR AL, bAb, A7k 2 A
W EHIEZ S5, fredt LEEH T2 5
5.3 BEIRO-EEEAMERELLEL

KRILIEF 27 LT RE T A5 3 MBS DG B A S, AT A B S AT S 56 50 iF
RSP S 0T B B IE FE R 48 SMCQL 5 Conclave iy HL#at %, SR i T H S Fr oh s A B, DRI As e
XFHHAT TAHN S . o, SMCQL RAEAEAM BTt b 3CRr 0-3% 8, AR HAEE TR I S RN
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FHARSCPN 3 MRS fl, RAMEPEAL, AT SMCQL R 4i10 %4 T A% OblivM SLBL T 0-
HEREDhAE. R, BT ObliVM fER LB AT e v BB SRR, & KRB s RS, IS AT I 1) m] ik A+ A
AL BRI, S BRIESEI AR, K VERERBLE AR Oblive. Bhobh, WiFRGin 2 507 Bl By R v
EHA, B, SMCQL RGNS ARG T7. 4 S P kAT X L, ASCh R GHEAT T 1,
LASIEIL 2 5 1) 0- T 4%
531 LA RGN

AT S B UE A SCRT R Y 1 0-3E R A AL BRSEIE AR RE RN, JUrb, Bl s BCR BE N 477, AT
L B I AR S b A R n B 3E AT I R SRR T AR A W 1 6 Pk,

10* 104
smcaL smecaL
Conclave Conclave
—e— Sort-Merge —é— Sort-Merge
w 10%} o 19
E =
= &
Tz =
3 s
T O/e/e/e,—’o 2 102
10 10
500 1000 1500 2500 3000 500 1000 1500 2500 3000
Kokl B S R
(a) BT (b) A% 4

6 Bl BRI, % REEE X H

S0 LA 2 S m LU Y, B 2 A S R (R 3 0, % B IS AT I ) S5 03 AE JR A3 BT n, oA
SRR I SR AR R M B R R FEIBATIN A L, SMCQL & 4838 47 K IN Bl B4 R 88 K B0 T 0 S5 10 488
Conclave 5 A& Sort-Merge 5 3G IR 22 0%, Horh, RS Sort-Merge 572 FE I 71 - Hd R
RRIRER AL, b SMCQL ML T 98.18%, Lt Conclave MMt T 61.33%. fEififZH 45 L, SMCQL R4S
Conclave RS JT454HiE, H SMCQL B&{% T Conclave, — 3 J7 441 b B ¥E A1 by o B9 K AR S
Sort-Merge 532 b —# K — AR 2%, HOHAE FAS L SMCQL &K T 93.36%, Lt Conclave [&{% T 95.26%. %5
AU S 25 BT DU H, A SCHTHE Sort-Merge STVE RS B K I M BE R I T L i X % SMCQL 5
Conclave.

B T ORI UF A LT 0-E B AL BRBLVEAE 2 5 3 5 P I RER I, S, B g e i 1500 17, A
SO S AT IR AR G BRI S 5 SR S n (IS AT I RS AR ARG 7 TR,

10* 104
smcaL
Conclave
Sort-Merge
smcaL 0
L Conclave =
% 103 F Sort-Merge ﬁ 103
E =
- 4z
] =
by e
102 L
2 A/e/e/o
\! 4 5 6 7 \3/ 4 5 6 7
B 7y B el 7 o

(@) iEAT 1] (b) S TR
B 7 Bl SO AR 5 R G e L

M BB A AT DL Y, A S AT O B i n, 8 SR IR AT I 18] 5 0045 T B AT B g, i
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AR M SRR R e R . SMCQL R WS AT FEN BE I 407G 7 B (e K B T W1 S iy 388 n, e 4%
WA T8 7 7, ORI I A3 H 85 8L, 1 Conclave 5 R34 Sort-Merge 5032 1K 1 i 1) 55
Jggtg, ok, ASCHiE Sort-Merge 5L FER S, b SMCQL F4#1% T 95.55%, Lt Conclave &1k T 37.50%. 7&
BAEIF4 b, ASCHTRE Sort-Merge 53t SMCQL Al Conclave &G MR, HiBE P4 L SMCQL B&
.7 93.23%, [t Conclave P T 95.59%. & bsie 4 K nl LUE Hi, AT Sort-Merge Hik fE 4l 1A 75 4L
TR R R B T R % SMCQL 5 Conclave.
5.3.2 AN SR LGUE

AT S0 56 UF A SCBTHEAR Ak S Sort-Merge 1 T 3L Al 517 Nested-Loop (12 GE42 THR I8, FHdr, Hdiim
A7 BEBOE N 4 J5 . SR AR USSR g AT I )L AR AR b an 18] 8 TR,

10* 10*
Plaintext Plaintext
Nested-Loop Nested-Loop
103 L Sort-Merge Sort-Merge
o 10°
2 =
= =
o402l i
= 10 =
o £ 2
by = 10
10"t
10° o
500 1000 1500 2500 3000 500 1000 1500 2500 3000
A Hefir B
(@) 1B4THS ] (b) 5T

K8 Hodl UL AL I % STk v BE X B

IS 25 W DB B, A ST LAL SR ES Sort-Merge AHER T-JEAl AT Nested-Loop & A1 PL g Hi
TF, AT ) 50015 FFRY S8 Bl T W1 SO A ). Bl e AT Bds RS (K 4 0, Nested-Loop 2 )34 2 25 H B I
WS 30, A5 HHE AR A 2 600 B, TV GVRAE R I 1) g 73 HE 45 1. Sort-Merge B AE I8 4T i BRI In it 1)
TR AW FEIN BOH . 5 Nested-Loop 50 AHEL, Sort-Merge 5532 11938 47 I ] R AR P AN ikt 4%, AR 1 Sc
PrWFERT ¥ 5 %, LB AR T 4917 75, Sort-Merge HiE AR T Nested-Loop 52 Al /> 96.10%, H B 5 £ A
(13348 i, Sort-Merge Fi2% 1) 1 45 T84 2 i e U 1 SC A ify).

Bz TSR B0 UE AR SCHT B R SR A Ak SR E B A 7 A A I R P R B T O, b, B R B
1500 AT HLIZAT I ) FHE A TF4 a0 181 9 fros.

104 104
Plaintext Plaintext
Nested-Loop Nested-Loop
Sort-Merge Sort-Merge

= 102

JEATHT /s
_O:\!
WS TFH/MB

11
10 107

3 4 5 6 7 3 4 5 6 7
Yol A7 77 Ho Ml Ay S
(a) iB4TI] (b) AE 4

Ko Bl Jy B AR A 2 SA TR REXT LE

A BURBL, Bl BT BOR R, BT SR R AT I TR RE A TR S B H G N . AR B A s H
B 5 I, Kb 5% Nested-Loop CLIGIAE/ERUE I AN £ HH 45 . 5 ILAILL, Sort-Merge 532 (K13 47 I /] 55 3
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fRITAE R T — AN EUR 2. Sort-Merge S IR A5 T A AR BT W1 SCE i 5 X8 I T 170 M, IX 825 E ]
T T EARAL S Sort-Merge (147 25 1k

6 SHESRE

ASCWEGE T BHa BR IR 37 50 it PR R A0 b ) JE. ¥ 0, AT DA WIF 0T 3 12 v v SO A B AR 1)
M, ARSCER I TIOR 0 A, AT SRR T AN T AR AR B A, D TR [, A SO TR
FIEHARRI T 3 M uaT AT IR N B s R P R BE R T, RSO TR
O-ERL AW SR IERIAESE, IRt DRI & Hs 90 77 ASHAT PP, RS 2 10 L ASs 551 4 A 9 5
PAT, WTTEE— PR SENERE. AR A TT I REENNR S TPC-H BT SCI HUAL, Wtk T TS STk E 420
PUA S (AT 2. AR BT CAT BRI R GE, A SO $ SR B 5 R 1247 I 1) A {5 -8 20 0 PG 61.33%A11
95.26%.
ARGHIAK LA
o SCRPEHRIRIR o 2 R NI B A ST A SO AR i AT SRR RO IR m 23 BICZE 22 5 1) A 5K HE R
AR AW, BRI R B 2 K AR B A W) 23 M R AR IR B R i e AR, AR AE L
5 DR T  BX 3 s R A N AR SOHRE 22 SRR NI 0-3E Fe Ak, AT R B T (L

o T i S R U AR AR N R A IR ARSI T SR R B e, BIREAS SR AT 2 s A
2 7 O BCIRAT A N (0 2, A A8 P AR AT R R v il HE I AR BRI A T i, ASEER
SR A T R R A R R U AR B A AT T AT REAN R IR AT B, AR R AR, T
B DA A 1A 5 O B Wl AE AR R S IR B A S, R (AR R T K )z —
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