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Abstract  Caching is a commonly used technique in databases to enhance query performance.
Currently, existing database caching primarily falls into two directions: result caching and block
caching. Result caching involves utilizing the final or intermediate results (such as subqueries)
obtained during the execution of database queries, while block caching stores the underlying data
blocks involved in the queries. This paper takes a different perspective, focusing on the ‘compu-
tational load’ contained within the cache, to reexamine the application of caching in query optimi-

zation. Building on this, the paper further classifies database caching methods. During query exe-
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cution, a database query is transformed into a collection of operations (such as selection, sorting,
etc. ), with each operation corresponding to an operator. The data output by operators during
query processing forms intermediate results, containing a portion of the computational load. We
cache and leverage this subset of data. This caching approach, which caches a portion of the com-
putational load, is termed ‘operator caching’, specifically caching the results of each operation
execution. Due to the potential presence of common operators across different queries, perform-
ing similar computations on similar data, leveraging operator caching holds significant potential
for accelerating query execution performance. The novelty of this paper lies in its exploration of
how operator caching can be applied in query optimization, viewed from the perspective of the
computational load contained in the cache. Using Filter and Sort operators as examples, we pro-
pose and investigate how operator caching can be employed in query optimization. For cache re-
use, we introduce a semantic tree-based matching algorithm designed to efficiently match result
sets in the cache. Simultaneously, to address the potential degradation of query performance
caused by reusing the cache, we suggest the use of a cost-based optimizer to prevent the degrada-
tion of query performance. Finally, based on the open-source analytical database ClickHouse,
this paper implements a prototype of the Filter and Sort operator caching and conducts extensive
experimental testing of the proposed operator caching scheme. The results indicate that, com-
pared to block caching and materialized view approaches, the operator caching solution proposed
in this paper can achieve a maximum improvement of 9 times and 1.5 times in query response
speed when deployed on a local SSD. When deployed in a cloud environment, the operator cac-
hing approach can achieve respective improvements of 30 times and 2 times in query response
speed.
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kAT 25 R DL T, RO AT LASE A 25 SR 4R L 1 SURY
AT b S 0V 1R 25 PR Y S5 A AR R T L R R R
ERSN NI RER AV AR R R 2 S NI -y e R
T 1) S ARHE T 18 SCA DG 0 350 3l ik Le e i U
Z B 1 OC F AT LA AR B AS JAR Z 1A) i DL IE ¢ & (3
OL4.1 /h).

OB DLt A% 2 o 1 b7 100 F 2247 45 A i 1 fE
Bt 2% B LR WA &0 - 1D 27 h (9 808 o FiAR
I A ROBE R G B R > — R
) GAE i h Sort B 1Y THE 45 RARE I (] HE L M0
MHTA AL A Sort R EHHET . ZAF TP
B AL & A& 1t Y Filter 3 Sort 245 8, (H IR
S A VCIE. I I 22 52 1 9% 47 5 L VR I 4 Ak (i 98 L
HEFP 58 B4R A0 R AR RO AN AR O, 2= i
TR G A R R aS IR 4 42 AF B 23 B AR
A Re. A P Ak & 09 B R D TR e i A
L. DU AL a2 MO AR 8 AR i e 3 05 B 5
JE A ) T ) Al 28 AF B ARG AR L o e g T A
ZIH] Y B AS K/ e T e 240 A T T 2 A, T
kA DR A A A A AR 3 KT 25 Ak A 3 1 BE A9 15 1
CEEDL 4. 2 /N9,

G AT W I — A BR A N A7 R AF A7 il Z 11 A i)
AT 145 R AL 5 Ak 25 SR n Bl e DL Sk
ANIZEE R . A AR T — A R S
FUAT DIAR 8 52 B I Bk £ H O 1 A A B AFEL
A AR AR X KRB FEEAFEN
AR, FE OLAP 3 50 T Bdls 2 25 % 1B A7 it »
Parquet J2& R ECHE AR — 450 oy i HL i ALY 31 £
1% 2C L R AR SOB R T Parquet #% 3R 22 77 B0 X
FERB T F R E B = 5 % & (1) Parquet & —FF
s 45 A7 it A% =X ZE RO A% iy b 205 48 KO 28 T 4 5
(2)VF 22 HoAtl 43t BUHCHE PR B0 53 5 | 3 D A B A T
X+ Parquet #3014 32 £, B bk BY 8 78 4 [6] 5048 F &
b RESAT Y SQL H A AH [R) SO AL 7 i s R A2
FHRAERAE B KR B b 2 & T 22 A7 52 T vl g
(3) 73 Hr BUBUHE R 22 A7 L BB i 91 A% 20, A5 3]
B A 310 e 4 B B B R X R R 2 CPU
T 4 A Hiy L R A 22 ) 1 — bR | e 406 7B 10 48 1)
ZRAR K L PN 8 ) IS ke T S A A A ) 4 A
CPU FF 4. 75 A W) $hAT (Y b 72 b, 40 SR AE 55 4b 11

A PR AR SRR R AR AR KR CPULNAF
BEUR K 23 7 H R R RS A ) Y AT M RE.

BT A TAEDL AR B A 2 i 1 5C R ALK
WE 4 FroR. Faa R ALB P BB I EHEY 5
B AR R R B HE Y O R A5 . AR IR
AT 220 Sort F7 R THIE 25 R AT BAF , W] I 4%
SEPATRI A0 TR YA F A A R BT I (e P
Filter 8¢ Sort B+, X F R & # 4L 2 ) . & Filter &
F U TR o] DADC D CFE 4.1 735 H0ls XF 92 47 DG fic J7 =X
BEATTEANA 40D, ) U5 BA Y i A5 3/ 7T LU T Sort 55
TR AE R SR AR 1T SR A T A T 2 A Y
ST RE 2= 25 A A i PR RE L 78 52 ] G A7 i ofs 2 k47
R PRAL. A S A e R TR THROT 8 W il il B
He NGEAF b AR BUBCHE (TR (5 Cache W) IR 78
fill b4k 2 PhAT 5 22 b 320 B8 L TO 5 MAT- it )2 12 HUE

WA A (L6 05 HE AR 20 5 7).

e e e e T o ~

4 BT AT TAELE

BYZEAFREHRREALEWELIHE,H
B A WA — & R BE. 82T
PEHLH R SR kK L i, B Sort 15
Filter BFZRIANREE & R G 5 E Z 515, 4
L, A Join 5 ZJ5 1Y Sort FF LA LR
A7 CAn 2R Join B J5 AFAAE Sort 5 , Ry Iy 22
5 Sort BT G247 7 B AR Join 5 5 Z Hi 1Y fir A
YRS GEIR R PUAT ISR 22— B0 . A
AFER T A A R A

4 BHFEERH

AR TR TN AR T
KA STEM N AR T BN LT 4.1 7
P2 AL T SOR Y G2 A7 D8 I 56 B, B0 45 18 R
P 3 DL R SCR UG it Bk, 4. 2 795 ) = A R0
DAk 50 43 1) 552 2E.

4.1 EFEYHHEELER
GAFVCI R TR AFRe & R R i G, A



9 2T W25 T W) Select Al Sort [ EUE FER T M T 5 2091

SCR 1 ORI D BE 5 =R 4 W 92 47 504 17 DT
Pie ¢ 2. o SO 2 A RHE e v AR B iz A0 ) 4
Bl R 2 B SQL £ i 5 4 o OC R A R 18 X
R EA S 0 FR B T SORE UL AL #2100 2SR 4 1)
JEHD AR 3 [R] — AN 25 3, R o 7= A B A ) 45 R A T
AR SR FH [ 1 SEUAEL 5 9 ) A Ry o SRR, I
e SO SR AR 45 . Il SR A A A R R
A ME—VE AN BT 1R S5 1 AR Y A TR g R AR R 27
G S R RAL G SO Z M AEAE SRR C R, W 22
AE45 J Z 1]t 0 SR AEAE AR TR) A G G & IR I, 7T LA
N4 G A 25 B DG E [ R 48 Ay v SCARE DG I [ R

WA b 3R D D A K B3 8 1) A% R e 4 R 1
SRS, FHIE SURERAR S 1 A0 B 45 R IF 76 22 A7 5 T It
A 4 D g v SCR G T 3K DL T X R % A7 45 SR A7 T
Jic 32 AL A 1 OB A DA R i SO DT R S 2
TR X AL BRI AT R A A
4101 3 U R

GG RFRE AR HER RS, XRF
Jo B A R S O il B 2w R T R A ry Ak
PR B4R 0], AR E T AR TAERCR.
BRC15 . 34 ] 43 501l SR FH R0 3 Ak RS 7 45 £ 1 R 7R T
2, B AR BEAE i PR DC JC ) 5 R L H R 8 4 R TR
A PR R UM L Bl X T A E
6(1<<A<10)(E) Ml E,:c(10 >A >1)(E) BA
AH TR T S A b 348 PR 7 5 20 A B UAS (] Ll 3 A

R TR B R TR AR SR T T SO R R OR B
T2 AL I8 VT 1 SORE Y 5 2ok i e AR R Y
AR Z MR,

TEX L R 18 SO 2 — B R, T 3R
ANTE IR SRR R TR G R B R — R Z A Y AR
P AL & TR R 25 L AL T R SRR I LR
F.AETE SO YRR R T 1 S5 R Y 8 e
DA R S7 BIVA R EB S A5 00 3R R 08 18 S R i 2 4R a2
SEAT R EL LA B R N S8, T a5 ) A I T 3R
ENCSEES

W T R R BT R AR U TR AE
A TR W A Y AR OR I R SR
ANTRIF A 0 S0 i A T B DA R T AR
B R IE AT R — A T In R AR X R I R A%
g 5 CAND) FE COR) 5 He 85 R 502 $4 122 971
HAY L8 B 4E . 46 K T (GREATER) . K T % F
(GREATEROREQUAL) . % F (EQUAL) . /N F
(LESS) DA /N F 45 F (LESSOREQUAL) ; % 45 $2
R BOHE T T 2500 e A 91 an O LA eR A

SR SR SR EGE TV S FE S R s S A

T SUR R R AR LR A B 1 e N E AR R R
BRI ) 2 8 e B B HE S B A s LR B L
SRy v UM 19 A5 Ry e AR SCOR T 4 38 D B o Y 1)
BT M FERF R A LU S (TOKEN) J7 41
Gl AT 2% 5 A IR BT 45 3 b 138 4R iz
TAE L LA ok B B 4 R B A R S B0 2 G
T3 SR R E A AR AT T R OGSO T R T
FAFULI T SCIE B IF R 40 il SOREY G G
it AT R U T 225 B S B
A QLA 1993 KT 1 B EH =D T
25 WA T B RS B

SELECT

SUM(PRICE * DISCOUNT)
FROM LINEORDER
WHERE

TOYEAR(C(ORDERDATE) = 1993
AND DISCOUNT=1
AND QUANTITY<C25

ORDERBY QUANTITY

5 R8T R QLCWHERE #4044 2 1
TSR, B e R EUH Filter B F M8 10 &/ (&£ F
F A7 75 RED o SR 1] 125 23 B R e 4 RO BE A R B
(BHBIZ AT WBHRAESS) B 5 1 L F 1 4% R
T L U A 6 Sy o SORS Y T B 08 I
O3 ORI R O RAE T Filter 57 1935
4R,
41,2 B SUR DL

BT AT P e O B BT 0 LR R AT SR A DL
G A7 rP (0 T8 SO R 0 45 R BHE 4R Gl o e A
R 22 1) 1) 5C 2 00 BE 0 W7 i AR 3R A &5 R 4R 22 A 1) G
AR A O VE B Z 10 B e 41T SRR
Z B P VEEE X R, X F Filter B 7, B H b5 2 i
ARERE D BRI IE A R A o, I
Mo, ZIABYUCHCOC R EEZ LT =FiiE o .

(DRGHEVCHEL. . 45 3 XY I8 10 55 10 08 &2 5%
BT r, BRI SRAE, . e, B 58 2R [ Y 25 2R
X0 r, =r, ,r. S r,and r, S r, ;

(DAL eSS A r, BYHT A RS 745
ro ISR HA AN I AR R R RE S B
s AR A R o, TR AR R T A A R B
r. S r,

(3)FBAF VLT, e e 25 SR AE |, AL Y 1l A if)
HTaERr, WETEHE. M, Nr, # J.
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SELECT SUM(EXTENDEDPRICE * DISCOUNT)
FROM LINEORDER
WHERE TOYEAR(ORDERDATE) = 1993
AND DISCOUNT ==1
AND QUANTITY <25

ORDERBY QUANTITY

———— e —— — — — — —

I

I (EQUALS(TOYEAR(ORDERDATE),1993),
l AND

| (GREATEROREQUALS(DISCOUNT, 1),

1

LESSOREQUALS(DISCOUNT 3.1),
LESS(QUANTITY.25)))

I
|
|
I
/

N

& 5

i Y VG E 2 I 187 B 1) — oAb AT A0, AN iy 2L 3
— N G A AT A B, B AR WX R ) 7 AT 4
B PR TE T R SR AR Z i T
Xof T 5 RS 43 DG T 7 A1 O L DU i — 2 X G2
R R IEAT AL B,

£ O AR ARG AH LUK T DU G 2 A2 R — 28 L
WL LUR A B S BRI NULL 6”230
TAAAE M5 s R, K 2 47 XS Gmin , max) X
(] 2 A5 H AR A DXl e A 2 A DX B 24
PRI A T TER.

M5 Filter 55 1918 18] i 98 2% 1F
e, :0(10 <ax <T3M(E) V 6(20 <y <50(E),
e,:0(10 << ax <30 (E) V 0(20 <<y <40 (E),
e, :0(10 << x <<30)(E).

XFRE 3 5 AN[E A ) Filter 1 TH5 45 5. Mt
erse, 1y BAH/NE EFRLTE e BYIERE BNy
<407ARH e, WIEER B e, =0 (y < 40) (e,) , HIIE
e1 Dey Ml ey e, BRICT “20<<y <507 AT & 14,
ey MIT R RTUENRRN e =020 < y <
50)(es) SHIL e De.

43 DC T 5 A 28 A7 X R H AR 51 i 29 i
Z Ut = Y Rl PU R Y (RN oAl

T SCRY I T B30 32 ) 7 A I 245 2R 4 22 Ji) 174 D T %
B SRS WE DT C AL 755G ZR AR I 5 40 DE 5 A A6 0
TR A A T EE R T I A G A O TR N SR B A S
LRI GAT A5 ROF AR IR S5 R b e B A A5 5 18 1) 25 1
IR E ROV €T NS U (N L Ca L I E)
TR 3% 86 48 A 75 O 1Y T 8 K 23 ™ o 52 ) A 3 SRAT
TERE.

T SO Z 8] 1 5 3R 3706 45 R A LIS (B A A
[) Z Ak, X6 v SOA 22 8] 1% DB FC AR SO 4Nk € X

SIOICIT:
OO0 CIO

TH SR e

TE X 2.0 SURRE MEDTIC. 5 PIARAS [6) o SO
YHEVC L, D0 LA AN T S0 L < (D) B M Rl AR 2,
151 #0232 R A8 AT KU A 5 (2) H A AR S8 11
B AH R L B BOE s (3) B A A 8= 1 T
e

FEX 315 XA, BRIAITE YW R, FIR, 4
R,DOR,. W R, .R, #HRUTFTMAZFMEZ—: (D
R, BR, M T#;(2) R, It R, BA B/ H K
HIA.

M b3k e S AR %5 5 49 215 R 22 8] 1 DC fic
SN

MM 1 AR BAEAEEXH Q. P4 P.Q BAT
AHAF B BT SR O &R L T HLE A A R A B2 44 TS
P Q%M .l P =Q;

MW 2 BRAAETHE X Q.P.# QAP MT
BLOFH P AEQ A WAL RA P A& Q.
Q> P;

MM 3. AR AETEE LB QP4 P a1y i
FHBEAERTET QM4 P AT Q.H P 2Q.

FIU 1 X N 2% A7 235 SRS o DT C I 50 . B DT C 45
EGE AN U 2,3 % I A 7 DE L L {H 58 A7 45 IR
VT e AT SR UG B A 2 . BT SO 22 8] A7 A6 A &
KRQ D2 P), WAL 25 R 2 0 14 & 6 R AR
(P2Q).

HRAE 1A 18 SCR A 2 SCRN DG e B0 00 A S S T
T SR DG e B3 3k o B3 vk R R B AR 2 okt 7y Oy =X ki Ty
JITA T S IR T F A, S R 28 AU 9 A5 A R [ L A
I3 2. % F AR BOE A JE E T 5 EAR T (R AR A
6T T B0 75 i D A AR i S e i 3 Y 2 SR A DG e ¢
Z AT HIWT. BBEE Ay R W A 1 OB HE AR L Y A
LB, 14 F T B AR I DE 25 2 5 o )R

L
A
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F B A Z A OGRS T R B A AR S H g
IR T AL R A BB R M VT BC A 2 B TR AL B Ok &R
F Al

=1 W= B A N =R

WA AT TAE W p, B q.

iy L DR 45 SR A IR (ED

1. IF ¢ = NULL THEN

2. RETURN true;

3. IF p = NULL & & ¢# NULL THEN

4. RETURN false;

5. IF p=NULL & & ¢# NULL THEN

6. IF ! NodeCompare(p,q) THEN

7. RETURN false;

8. FOREACH q_child : q—>child DO

9. exist<false;

10. FOREACH p_child : p—>child DO
11. IF contain (p—>child ,q—>child) THEN
12. exist<—true;

13. IF | exist THEN

14. RETURN false;

15, RETURN true;

(Do SR HL R

R GEAF AL praposersp, b HP
B 4R o — RS SO R SRR B AR A IR
PR T8 SO Ti] 468 2 SR AR HEAT LB 3R [l — A e i
U GERT RN R X R AR RN 7

VA 1 TR TR SO 2 TE] 2 A A A AL R
RS Filter B4 B2 45 b S0 47, A T
i [ B R I 7R 28 A7 b b A 4R DT L. LR
TSR AT AR 0 T L B0 R T A Ok 2 B H AR R
Ry A3 A BE AR AR A 25 b s 35 B i 2 A 40 1 H AR AR
W8 X3 W& F 1), e 2 b SR A 40 5% 6
R R 1~4 A7) 35 F kA BT A T 3R 25 15 0
B NodeCom pare PR FN W7 5 2 (8] 1) &
F, ISR R Y A U B L X — T
S AR — A& AN R L B A
SRAFEAEAL B G R, A S B 2 i 5 S50 A
T B R 5~7 A7) SERLY A AR i
P LB A T 1 R (B 8~15 41).

(2) 18 SR A5 L 3 vk

T SCRE T A b B30k 1 0 0 A 2 IR G
F AN 2R ST A i SORTRL. 18 SR 1
LA P AR RS ULk 2.
BE 2.0 SO S R
WA BARY A po RN g,

s LRSS A CRf R AED

1. IF p—~>type | = g—>type THEN

2. RETURN false;

3. IF p = function &.&. p = string THEN

4 RETURN p—data ==q—>data ;

5. IF p = compare THEN

6. IF p—~>data=LE | LEOREQUAL THEN

7 RETURN p_child—>data<<=q_child—>data ;
8 IF p—>data=GE || GEOREQUAL

9 RETURN p_child—>data>>=q_child—>data ;
10. RETURN false;

S 2 TR A Z BRSO,
BRI E AL SRR 1 s BRI B — A L BT
W11 B S Ve el 1 - iU N [ L B S S e e 1 R €1
TR R BB 1~2 471). X T 508 B 5ok 0 DL R 4%
RS R LB, T B O 58 4 M ) 5 3~
AAT) . XS T LA oR B 2R AT o 1Y LR R, 5 A
5 T B B KN B 5~ 10 43). a0, %F T LESS
o % LESSOREQUAL 15 45, 5CPr 75 BB Py
S AR A 5 H A T/ IE B 2 T A R
AT R BAA /N AR B
(B 300 7 SR AL D3 A — A A G R E 3 Y
%M 2.

4.1.3 ZBIFEH

W SCRT IR, 78 SCR R G SRR 2R 57 b 22
S5 L VLR OB A Z M C R T
VCHE & R A Z R IE O, I I 7E VG e B 2 AT 5 45
7 BB — A B L 45 . AR SCHY R A7 2 FH 398 LU
T . (1) 24 Filter F1 Sort 55 1 [a] i 77 76 I, £ 45
8] Sort 1 G247 5 (2) P e FHAF i DT FL 45 21, JOF
250K ME VT E I 452 148 5 (3) 75 DU, o D TiE 45 2R 4%
Bl B /N HE R L O 18 T B B f AR S
e

SEBR 1A T U/ DEC 2 SR FE A (R, BT LA
FE — A A R X4 53 DG C 2 0 0 ) 25 SR 4R
i 457 11 48 R
4.2 RME=s

AL G AE T A — K TR R« % £ v A B8 O
N e op e e i i R R R R R R
LT 2 AT AN T U8 HE T AR AR 3L AR X
S A0 Kb B A AN AR e, A TR A A R I
ti o AP [ R G2 A7 S i 25 45 Ak & i PE e

B XT3 ) BUAS SCH TS AR D AR A 1
I 724 AR 52 L AR DL A B B ik



2094 it = GilN =2 i 2024 4
PRl B AF S H S N B F R A7 D RE. @i 5] ORDERBY DISCOUNT;
AR AL 2R T LA AR IE 76 55 T 28 A7 A S0 1E 0 8 ) Q3:
M, MiASH T 9 AGAE T E5 MR T R SELECT  »
RN RALES 1 LIS T Voleano fL AL #% . 76 FROM LINEORDER
Volcano W E&Aili FAE M T BUA TR AL DL S48 &R 2= WHERE TOYEAR(CORDERDATE) = 1993
[B]. J5 4z Volcano 23 76 T A $0AT B 4% rh % 95 mUAS F AND DISCOUNT = 1
INBYPRAT BRAR AT 75 BECKS G2 A7 WS TN 3 48 % =5 1) AND QUANTITY << 25

W, % T4 E Sort B F BY A i) (1% Sort 1Y SEN W)
HEAE AL 45 InMemorySort, MergeSort B Fl) , Vol-
cano A& A H 257 Sort 1945 4 48 4 rh 16 25 il A AR
A ERAE S fin B $AT B% 42 (Volcano B TF 41 46 5 7]
27 CHR35,36 ). 0 T % I G A7 R 152, Fe A
TEP AR #1822 ) vh 34 0 T 92 47 52 1T #54E (Sort 55
¥y PR EEAE A~ InMemorySort . MergeSort DA & Get-
FromCache, H:#'" GetFromCache F 78 Sort 5 M
GEAFHARIBO . XA AT PR AR A R I L 2 4 B A
HINEIBLEN.

BT R B AF B e T G A A i)
TR B HAT AR DL S S T A7 5 AT AR, i T
BT A B MR AT TR — &8 20 H 5 R B
T LB G A7 B8 10 0 T SR AR RN A 8 A 1 B
A, XA 2 0 F . R B K Scan, Filter
(1) B A T Sort 55 IR AR

bSO, AT T AV T2 L A3
SRR TR TR A DL R AR ] 2 A I B A X TR
) 58, JLOHRE 9 BE IR A R] DR G5 22 43 il 4
NETF WA, Ry T O A SOR S 0 K
RGEIRGE— 4 WU 26, I S A 55 20 0l 1 5300 i
A 3X DU 2R AR 23 5] J2 - CPU A N A7 AL
AT/ O WA DL B 48 A AT B 2R SR 371
RO T BE B BOE L I H A e Zat B ok 2 — 4
HE. Horb, CPU AR i pR 500 FH R B3, 1/0 i
AR MR A5 DG B 100 288 1 B A 090 o PR A AR U 1
AR N A STH AR 2 AT T R T T/
O, AR 2 78 H A A% o 1t R AT H 5. A OGS i BT
DA3E 3o SO AR I, PRt L 7E T B3 A i FR AT AR
BOE & T BER Ay A 228 OB A E0 BT

i) Q2:
SELECT  *
FROM  LINEORDER
WHERE TOYEAR(ORDERDATE) = 1993
AND DISCOUNT = 1
AND QUANTITY << 25

ORDERBY QUANTITY;

BEXSAS ) B, HoE 5 Al AR 2 N B A g A
T3 W AT 2R VAR DO 7E T4 3 7 B AN TR 7
B, PR TS A 0 O ). 9, XS Sort ZE A7
s FZW K CPU L HAE DL 24 FF 85 L H: 1/0
BA S 0. AR — IR T4l LB ERAE I #E CPU () A
0. 0025, HEFF BT E L n * log,n (F Ik
B IS R 52 2 BT Horh e R ST AN B IR n =100)
WL 58 WAHE . R CPU AN 2. 5. %Ak Jk
WA & B RS R 0005, & JK K4 1% B w4 b
0.075. &1t 5 i #2 b K #8 10M N A7 DL R A%
TOM %l , W] JHE P9 A7 1A IR 4% 1A% 43 51 2 0. 05
0. 75 (AR EE Z %82 % ClickHouse Bt E).

AR BT SBT3, A SCHE T A 00 1 R0 AT 1 5L B
A cost (R) XN

cost(R) = > ,¢,(m) « r (D

Horbr e, Gn) FRoRE « DA T A ] On KRR 8L
P i) 10 SR B0 R RO B R [ 2 SR R L
2 AL L SR 1/ O, r 2 0] E B 0 LA R 8K 38 i
PEHE AT DR ) A T R A A
G AFan PN T AR B N B AR rp I
Bt 27 AR RS VT B, 38 75 SO B A7 Ak B R
[, 3 3 5 B A 2 0 A BUAS . B N 92 A7 B2 AR
cost (C) A 0K HE Xy
cost (C) =cost 0 () + cost ., (x) +
R + Zcost(c,-(.r,-)) o r

oSt () 78 T A VT L T 96 #8 CPU 1
AR o T JC A 10056 008 DG TE R £, R Ot 3 L5 R 23 AR
ARG RE— NG cost,, () FTaaMNEHF T
Yt SR iy A AR W 28 AL i AR s R R A% %
A AENAF AR SCR HT Parquet #% 24 2L8085
DR I 0 305 A% oX % 4 ) CPU R ARt B2 40 % 7 N

Zcost(ci(x)) F 7R N 58 A7 B AT A A o g L HE

i

JF B BAS 22 B B A Al B8 ] i SC.
T I AR B AR SCA Y Sort 51 52 S 1.

(2)



9 27 W25 T W) Select Al Sort [ EUE FER T M T 5 2095

i Q2. Q3 MM & Sort B FH:4E, Q3 W LLE
Q2 v Sort H ¥ 4R AT L QUANTITY
FHHEF. %1% Q2 Sort 5T 2847 1000 J7 454
(%) 500M $Hg , 7 4 i Parquet # 20 )5 29 100M) ,
29 500 ANHL AT Or A L X BRI A - =
(0.01,1,2,1) A%t R CPU. P AF | W 2% 1% i L 0
£ 1O A AR AR 2 AT HME ] Sort 25 R A Hr
H: DEEC SR CH Parquet B8 48 254 40 oy J 5000 4%
FIHFER) CPU JAS 471 15 85040 19 1 2% | o4 A7 AR LA
L HE P AR CPU BUA. Hovb, DG 53k il AR
COSE e () BB N H B 50 CAE FRATT A ke 2 o 00 3
FVE VLI AR B BN 50 B BRI 45 % iR RS %
B 5% O s SRR A cost ., () =100 X 24500 X
1 =700C100 {72 P 2% 1% i B4l 5 . 500 QR 5% 4 bk
HIENEE D5 cost (e, () T HEF A, Bk
IXCHLR PR HE T, DU HE P BUAS R cost (e, () =
100040g 1000 X 0. 01 =30 ; # X 4 e sl A R =1000 X
0.01 =10(1000 A pR I FHIRBO . At 22 47 5 FH A
AR cost (C) =50+ 700+ 30 + 10 =790. XF T4 i) &
JA R TR A R 35 Filter 557 # Sort 5
T A, AR A R B Filter B 7 A R
cost (F) =500 X1-41000X0.014500X1=1010(1/
O A \CPU A DL K I AE & T A . PRI,
A cost (R) =1010+ 30 =1040. i i X A He A, AT
A& BAE 28 A7 9 AT 310 4 5 18 AR A KT TR R
AR, PRt A A ) o 2 3k Bl 2 A7 O AT
).

5 LWHESH

A F:T ClickHouse SZ¥ T Filter B T LI K&
Sort BT G A7 J5UAL, JF Al ] Redis 58 24 AN A7 &
G5, AU BTS2 B X G A7 DU L 30k ( Filter 58142
£ . Sort B G2 A7 HEAT IR AR K.

5.1 SKBiE

S PR P B B g 2 R — B AR R AR A
fR55 4%, — 658 % ClickHouse [R5, H.H, i FH Re-
dis FF A A IR 55 - A7 /NI S S 1Y
20 % 4 Ja B4 . 29 5GB) L il il Redis BRIAZE 178
e mg . 2 HLE LA SRR ANE B 2 UL 2.

SLE 3 9% ] SSB(Star Schema Benchmark)
FIl TPC-H(Transaction Processing Performance) #5
#E. SSB i = 55 b ML fE 2% 01 & KA 9 TPC-H f

WEBCHE T O . & AE TPC-H Ay JERE oK =5 78 B 8 2k
Sy B RIBERL, JE A I R TPC-H & 2% Ad-Hoc #F
TPk Ry 25 0 T [ A8 1 OLAP # i), A 3¢ 3 F 4 X
OLAP i JH 3 5, N It SSB A5 i 87 3% 1 T A% S 52
K. SSB R4 & U S A i, b 13 A . Hop
Q1,Q2 KM il &F Ql.1.QL.2.QlL.3 D &
Q2.1.Q2.2.Q2.3 4% 3 &4 if]. Ql K&K HH
FA Filter B4, Q2 AWM NP RWA
Filter DA & Sort B FRIEIR, 75 H FEA RN
Yy s s PR M AS W S 56 32 B 3 9% 7 S A A

F2 MKTE

A 5 (A

CPU Intel(R) Xeon(R) Gold 6240R CPU@2. 40 GHz
MEM 374 GB

DISK 7.4 TB

Ethernet 1000 Mb/s

NET
Infiniband 100000 Mb/s
(O] CentOS Linux release 7. 5. 1804 (Core)
Kernel Linux 3. 10. 0—862. el7. x86_64
ClickHouse 20. 10
GCC 9.3.0
Redis 6.2.7

[V S 1R W53 2 A7 A9 3 P L FRAT Tk 2R
TPC-H 47 T8 TS AF B L5 5 TEREN L.
5.2 BN HICEE % MEREMIK

eI RS T G A7 O PERE 2 il 17 SE 7 ZATAG A7
VUL L B PR RE. 73 Ah i T AR SCT7 SR AN R N A7
FEAE R BT T LA I 45 I SEE -t AN T 220 DR Ot AR 4 S
50 2% 3 Sl AR b A7k A R G R AT B3 15 R DR AT
B SLE T SSB QL. 1 1B R B bR A i) K HAh
AT Dy DE TE X G, 3K AS [R] i R 580 Y DT

K6 s T i SORE C 5 125 1 SE 3 45 R . 25 2R
e WIB % 119 DT I 3 R R BIORR E L B A VE C AR H 2tk

o JLACHE (HRE) —k— [LRCRSEE CREMER)
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R HAA Y IR B K s A F) 107 g0 B Bk AT
SIE DL B I 24 3 R 2R b ok B A R A S AR
AR AN A HE A AR SR N b B A W 2 AF Y
HE B H 7E MB 30 GB 2, 28 A7 Hh i 2 ) B
KA 20~ 500 Z ] AR M 3k 5 495 o5 4, O
AN AR K R B E 5 LY. PR il G AR A 1
A ) TR 4512 i G A7 R i 1 i LS 2 R fE
T AR R .

5.3 Filter EFEfF RN

AR A SSB Q1. 1.Q1. 2.QlL. 3 B
Filter 5 F A M RE . X = A AR JE Fliter #4F
Zi A DR RGBT DUME B i SN Filter 8
TAF I N ROR. S5 P Scale factor WE N
100, £ R 2 100GB £ 4. [A) 38 3 1 % 22 $h
17— AR R B L2 Ad-hoe ) N5 F 2247
RICR . A A DL T B, H e XXX 387 A A8
SR 38 2o E AN (7] 2 BRI G B0 1) 51 ok A8 LA [
A P NIC R T G A A S R G YL
DA K e 22 A 14 A5 1) N S
A AR -

SELECT

AVG(lo_extendedprice) ,
AVG(lo_discount) ,

AVG(o_tax)

FROM lineorder_flat WHERE

AND lo_shipdate>>=XXX

AND lo_extendedprice>= XXX

AND lo_extendedprice<X =XXX

AND lo_tax>=XXX AND lo_tax<=XXX;

SEH PG AE WAL R DL R AR 2 R 22
FFEAT R LE. O T RS2 B B UL ), B 22 sk
50 I V- YR M Ry dic 2 SE 90 45 2R . A X L S5 v
Py A AL 1] 2 5 e 1) v 328 38 e 1 38 ) AR 1 A 31 1Y
SERFEAT YA TR I AE ek A v ) f A i) i b ) Al
PR 5140 % A AR AR 3 AT TR A 3 ek S O R B
AP B, Horp, view FARAF T 45 A1 11 %%
ff lo_extendedprice F lo_tax [/ 45 5.

P AL A

SELECT
AVG(lo_extendedprice) .,
AVG(lo_discount) ,
AVG(lo_tax)

FROM view

WHERE

AND lo_shipdate>=XXX

B 7 RERT QL. 1.Q1.2.Ql. 3 HyHAT4E
SIS U e AT — il A IR AR G A L SRS TR IR AT
AR A 2 ). 45 R R WY A7 o vh B A R 45 R A (2
FRASGHO B R Rm . B FoEARZ. M%7
PETH2Y 8. 3 4, LWL LI Oy AR T2y 1. 1 f5 ke,
A S5 v R P AR L A ST e ) 3R 20 T A A )
FT A 56 18 1) 2R 0 B BRI G ok 5 7 28 AE A AR
AWNMESR X & WO T G A7 H % A7 Filter
TG R AR TR IAAT Filter 57, Br LLRESS 9 4
K A T .

B 7(b) R T #A7 — 4 H A L5 Ad-hoc
il Filter 57 A9 MERE. A SC H ¥ 38 FH SCHk[31]
i A, AR A S O I SR R E 10060 ~
15 % B9 , 23R (0] 8 90 ~ 13 %6 1 B Hs . B vk 52 6 Fifi
BLEEHL 100 452 1) . A5 1 45 S BUZ RS2 56 1S 29 (.
T iX 2o A AR I AR T S B Es 1 L R i 0 3 5
AWM REAET LA X T EZE
FRATI I T SR M T R A B AE 5GB A2
A M A7 b T H G2 A7 0RLBE A0 B0 RR a2 1Y
T D DRt B A ) S (] A i 6% 52 A i) o i
NEF.

SEU AR TC WIS AF N DL T HEAT L 3 ) 3 SR
17100 4% SQL A if). 25 BRI AAELR BAAM O,
GeAt R A7 /D i 9 508 B, DRk M B 4 T SOR £
T )AL T G2 A7 o 1) 235 R A8CHE L > A i) i op I L
544 R R TEA R LR T WAL T =
AL 20 2% A8 iR A7 i v o SR A ) I RE B IR A
TIREAR 2906, B L SR EAEFEAR 16 %, LW Filter
TOA7 WA AR W R AT, G2 A7 5 T SOk B
FEFRATH SR, 100 FAsif) P A i 30 kA i 2%
A7 S AR A 9 B A B 4 A R PR IR 3800, AL L
HRAERRAR 21 26, B by AL AR 181 07 2B AR 13 %6,

A H AT B I B BUAT 100 kA IS AR
TRIFBIEL Y 4. 85GB, BEA M 1 T 5 9 77 B il
Ry Tk — 2L WL B B A A B £, DR A B
AL FRATWCEE T A v B rp AR T AR AR AR A T
B 7o R T & %47 )5 20T I A TH AR, AT AL %€
B, P 47 7 Bl B A0 i BT VS FE N AE. P01k
PR L Ty 28 4 P 5 E W Ak i v ) R (A A0 I i
T2 75 TS Ry A i) B R 3R L T DAAE 2 ) R
il FErh AR T AE S HE A2 Ak, T3 R A7 B 5 4 A
ANWTERAT - A7 T FE 22 18 15 n. AE AR 8] 9 A7 PR T
B ZAISAL T WAL
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TCE A AR 0 3 G A7 i b OO L A i
P75 3B e 24 AT 2 A DR ) A P ok Y 22
FRCREAR TR TG A7. XNy WAL R 32 202
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K7 ZAFPERENS H

SVEETT T TR G AT Ay R s AR 25 R A B
AR AR T Z R W R AR T
X — 7] A, H R A7 v A B i B AR TH R A )
Il I FLAE % A7 B0 i) 75 B0 1T SR b ) 25 SR 3R A
R UA FRAR A SR A FitaEs(E1FH
S S FE A AT A1) A ) 2 A7 808 . R S H R 25
SNTEES T BLAE B A7 5 R L A B R A e 22
A TFRAAIEMFE N R TR Z A 2 A%
. PR B 2% A RE 0 B v A b 28 A7 B0 L A
=T ¥ R R E R RE.

5.4 Sort EFZEEFMHERENK
AT LIEMHR T SSB Q2. 1.Q2. 2.Q2. 3(i%

=AW E T Sort #:4E) HI T ¥ IE Sort H
GAF B A TR, 1 5 DN IR R 45 52 A i b Y 1
DUR Sort Z A7 af7 A B 1k BE 4R T, X BLKS E UT BT 1§
Ol FLU T I R R 1 S R DL R R L 8 0 B
TATEE N 2090 & 100% , BLI A7 P g S5 SR AN
AE B H R ], 75 B 22 0 i g L HE AL PS4 RE AR
FH R AL 5 S B0 AR X ARG DL T L AR £ 32 fil
AT INRE A B A 2 fih %z £ 2Bk T A& xT 1
it FHA 1 B A7 W4 B9 4. A AT SCH E 22 ] 4
A5 R AT AE AT iy I HL A o v RO {H B X
AT A L NG 2 5 K U E ) AR AL PR A B 22
(S
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8(a) 7R B & K5 MEVC B Sort M9 5% 47 Jin i
PEBE , LK F e AT — 0 A I T ARG A LR 4
B M B AE Sort BT EAE e 4R THE AL 5
£ 1 25 AT R50R L A H A Ak L I A R 4R T — £
HIAF R, X2 Sort B T2 R 5 AEE A
W B 22 B 1 AT o AR

8(b) 7R T4 & 1 Ol 1 VT L L 52 FH 28 A7 504
T B BE AT U8 HEF A R IR ). SIS 25 R R,

=l ilzieii%ﬁ- ‘ fﬁmmm . .%ET-&#

PriIR /s

Q2.2 Q23
i)
(a) Sort 747 H HE TR {4 B L

i Sort 531247 1) A 1) I SE 3 B A — F L G 2%
7 I S BT A G2 A7 Hh A 5 ) Bl B4R T 500/ [
B MG AF PR RE S 22, 1R B A A7 0 vT LA R T4
TRAFWIFIMEAE. B Sort 5T S AFHX T Filter
ST AT KA B 2 I RDT SRR L X LR 4R
FIRERIE AT BRAE RS SRR T RE N AR T R SCH AR
B IE AR PE. TSI A A Z 5 AR RE I 1 4%
PO T A AT 07 3, D e B SR B R PR e

15

-0 - Biggr
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Boog. e
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ERE T e
(b) A RABR M Son HF A7

K 8 Sort ZAFPEREXT b

5.5 TPC-H & & MaEHK

TPC-H J2& [ br 3 45 kb B 44 fig % 51 & (TPC,
Transaction Processing Performance Council) T*
1994 4F % 1Y bR UE , J& — 3T [a] 7 it 2 85l 55 1Y e
LRGN S 8 Tk, 22 ANAE . E
it TPC-H W, 7] DS SR 30 1 55 1 22 7 1 A 34
TIHMT 22 KAWL R LR 100GB %
P i) . 7€ ClickHouse "8 43 & 2% 5 1) 23 Hh BL N A7
PR 4545, X5t T ClickHouse A X HF £ AN FEF th
5 .

R3IVMTH T TPC-H BT 19l
B, A 11 A if. A i 45 2R 5 3R OR A 1R [l 5L
WATELBRAERRBENHTITEBIEFER, HiRF—
SR A AU A A A I T L
Gy RAL, TSI TC 58 A7 DL T B AR A IR I AT
BFE], PUAT 2 0O0F e sk P a3 ik PR 72
17 AT Z W IF e 45 8.

SLHG S5 SRR, Sort G AE A TR AR RS T4
W . 3 5 A A A A A A RAT TR BT : Project B
T B I RIE)Z . T Sort T M JE7E Project &
T b—%. . 7E Sort A7 anh i, Je 2k AT
BEXF LB AT 45 F AT e 5 I B AR AR B & A i) 2
H.Q6.Ql4 HAL# Filter BT, HE R A A
. B G 8 T B E AR T R A E R

B AT B T X T Sort B, BT H AL TR
TR B2 L 3 2 AF I 45 B D L Filter B
T A B ILiE £ T Sort B 7. NI, Q6 Al Ql4
F) 28 A7 W 2% 38 S T He At 2 i)

%3 TPC-H jllif

Hifl RZEAEFE) BTERAEFD  AfER i
Ql 39.71 1. 99 <10 Sort+ Filter
Q2 21482. 26 27. 86 <10 Sort+ Filter
Q4 127.87 1. 25 <10 Sort+ Filter
Q6 15. 33 4. 66 R®E Filter
Q11 10. 85 0.18 <10 Sort—+ Filter
Q12 21.37 0.72 <10 Sort-+ Filter
Q13 75.1 0.22 <10 Sort+ Filter
Ql4 17. 83 0.31 R®E Filter
Q16 10. 27 1.74 =>20000 Sort—+ Filter
Q18 197. 82 22.57 <1000 Sort+ Filter
Q22 91.61 1.57 <10 Sort+ Filter

SVEET & 5 Sort 81 4k T A 1 $UAT 3 R 0 iR
2 AL R T A7 I 25 R — R B AR /NI
HA 538230 e & 25 5 5 1 Filter 57 4k F #0471 X1
FA) A8 I St o G A7 235 R 1 B0l o RO HLE W SEAT e
SLi 2 A RE AR HUR 4 45 . [ ML, Sort B 142
A kU 25 Lt K T Filter & 1. {H Sort & T4k
THIRE, K AH E Filter 57100 5 0 5 XE 2 (&
[N B URERE S I E AR 9 FUN AT DN
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TS H B A RN AL ] 18 % L S 56 A 43
Br 7 f B i), Ry 0 S g o B RS M, FRATT A
7 TPC-H #4700, &L H Q2.Q4.Q11.Q13,
Q16.Q18.Q22, iX S Arify # A & + A ) LA L I Z+ %
PR, AR X Lo A ) 1 F & R T 1h, X 2
A i R G S e PR R T L K W
FLE i Fp g7 J7 2R, B 9 R T SR 25 . w1k A
EIM A Q4. Q1L Q13.Q22 MRUR Fbr. 7 Hr &
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ST BRI MR X e AR TS A
T BEAS B AR T, RIEE 4n it , 557 SR AE AT 9K A T
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150 +
é 100 ‘
§ L
o
50
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Q2 Q4 Q11 Q13 Q16 Ql18 Q22
il

Kl 9 TPC-H F&ZA7FH RN

5.6 S3IEAGEHMINETFEFERNK

H TR 2 20 B BB AR 23 2R T S3. 0SS 4§ =
R RAFAE R BEARAT it A L 3X 45 43 A B BCHE P 1Y
A PA TR TR 0 PR T T RO R A A Y B
FEFFE HAF v AR, A ELE B SRR U B
AFAE IR 55 S T A A A B 43 B B O PR Y A
VAL BRI AS /N HEAT TTE 1) S3 A A AE il 1 B 27
AEE BE I

DR A if) JBCE 5 5. 3.5, 4 M A, SE a0 4
SR A A I R R A AR T AR SR
I Minio #4l = | S3 1Y SEH 358 . = F WL 56 R
TE 200MB/s, By ZEFE 10ms 2%,

10 J@7n T LL S3 AAFG N 5 h 3 F 247, 58
o R SR LA T BURAE S3 A7 1 A i B AE
T B AT AR TR TE A SSD A7-fif 1Y A 1]
B 0 = fIR T AR 1B G A A b I A ) A
(UL A if) 23 A Redis o BRI HUR IR 4550,

Wt AT LUE TR LD S3 AR BN s h B
TG A7 BT K TR Y Pk B UG # L o HUE > A i A A
R IS B - 2 A7 ok B Pk B AR T ] L X2 TR
MG AR S3 LB A AT TR E N S3 4

~@- S3  -%- Local SSD --dk- Redis (HTS)

60% 80% 100%
WA 5 i
Kl 10 S3 FHEFZAMREN IR

RO TR T A A Y I 25 R AT S BR A 1t
1/ O B n Sk F2 B 107 2 A7 00 B A & — % 1Y
TR (25T Filter 52740 315 79 8008 2 32 5 4 I8
ARG 1053 To R )+ B RE I 20 I 4 1% i o B s 20
HA . A LA s A 6 37 A7 A = 3R B
AE A R SN R LAY 1 BE 2 T

BT RS A FATIE ML T S3 T A4 R AFTT
AT LE. 0 b R K dh 4 v A o A 3k R Y
FHE b » 27 J0 AL I A5 300 BT I 2E 5 08 AL #5360 31
AT SiE 2 B SE A sl b mT DA A b Sz e A i) S
PR inE SR 11 R B SR AE LL S3 N AT i Y 7
SN A GAE T RN e, DA S5 25 SR AT LR
TE S3 VRN AT B 9 5 56T 38 1 G A7 A7 TR A9 T 5
FE , IF ELBE A& e A A 3 5 30 1Rl 1Y 18 el 2R
EBZ T LTS B T S AT A B IR BT S
N AEAS IR P T A A PR RE.

i —— HTYET % DLUE -8 BERF

20% 40% 60% 80% 100%

B 11 S3 F& SN

6 XTHMEFHITIE

AR SCAERAMT T 45 H AT E N A Tl 5 o
ARG A 22 T B 12 A RO A SR B9 Sl L B
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FATH T T A7 B LT 5 A AL HER X Filter
M Sort 51, W RE WS HE) B H ALK A W 7, & T
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FEE FREAERREIT e IR E ez
EESEIER

Bt Project () B F i s, HEHF XKL
Filter 8 1, {H 7£ 17 SR 4 8 A5 SCUL S 1 2 55
7 B, A SRy U A O SR b A 5 e B RT . 28 A7
52 FH s R R TT LA Bh AR A 000 £ 25 SF 4 7 41 FH 92 47 2
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Background

As technologies such as cloud computing and cloud stor-
age continue to advance, database architectures are gradually
shifting towards cloud-based models. In cloud architectures,
databases typically adopt layered or decoupled models. How-
ever, the layered model increases data access latency, resul-
ting in decreased OLAP query performance. Therefore, opti-
mizing OLAP database query performance in a cloud environ-
ment presents new challenges. Considering the relatively
high latency and low bandwidth of remote cloud storage, cac-
hing data becomes crucial. This paper aims to explore how to
leverage caching to optimize the query performance of OLAP
workloads. Currently, caching primarily includes query re-
sult caching and storage layer block caching. The former of-
fers the highest caching efficiency but has very low cache uti-
lization, while the latter, being a general caching method,
improves cache utilization but suffers from low cache efficien-
cy. Given this context, we propose operator caching, a cac-
hing method that lies between the two. Operator caching pri-
marily caches the results of individual operators within a que-

ry. thereby improving both cache hit rate and cache efficien-
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cy. In the context of OLAP applications, the Filter and Sort
operators are relatively common. Hence. our research focu-
ses mainly on caching the Filter and Sort operators. This pa-
per makes two main contributions: 1. Proposing the use of se-
mantic trees to represent cached results, matching cached re-
sults through semantic tree matching, and introducing algo-
rithms for constructing and matching semantic trees; 2. De-
signing and implementing a cost-based optimizer by incorpo-
rating operator caching cost calculations and modifying the
cost optimizer to address the query performance degradation
problem caused by operator caching.
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