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ALERT: Workload-adaptive Learned Index Based on Radix Tree
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Abstract: Learned indexes are capable of predicting the accurate location of data in storage by learning the data distribution. These
indexes can significantly reduce storage consumption while providing efficient query processing. Existing learned indexes are mostly
optimized for read-only queries, but inadequate in supporting insertions and updates. In an attempt to address the challenges faced by
learned index, this study proposes a workload-adaptive learned index named ALERT. Generally, ALERT employs a Radix Tree to manage
variable-length segments, where each segment contains a linear interpolation model with a maximum error-bound. Meanwhile, ALERT
utilizes an insertion memory buffer to reduce the cost of updates. Following the database-cracking approach, the study proposes adaptive
index maintenance during the run-time processing of point queries and range queries. The maintenance technique is implemented by
performing workload-aware dynamic re-organization on the insertion buffer. Experimental results confirm that, when compared to
state-of-the-art learned index, ALERT achieves competitive results as it reduces the index’s average construction time by 81%, the average
memory utilization by 75%, the average latency of insert by 50%, while maintaining competitive read performances. The average query
latency of ALERT is also reduced by 15%, owing to its effective workload-aware optimization.

Key words: learned index; adaptive index; machine learning; database

= BEETUH: Wi T AU R1(2021C01009); [H 5 A SRR 5L 42(62050099); #ivLA H S8R 1 4x (LY 18F020005)
WoRs i [A]: 2021-01-26; & Ui ): 2021-04-12; SR HII ] 2021-04-26; jos 7t £kt hi i [i1): 2022-05-24

© R

KAHIFFEIT hitp:/ www. jos. org. cn




M4 % ALERT: £ T Radix Tree (9 TR K i g3 J A %3] 4689

RG] ST i OB VT ) e A ROR, B MO T RO E R g, IS ARG, B N 3 s 4%
ERE, AN 3 5 B A AS R B 50 A, AR G800 R 51 5 1A AR 10 T Rk s 39 53 AT AR AL 5 1
R SRR EAT T T 2 WU, 10 8T 5 RS 1 S B e A W R ANE TR PR D) A, I IR 51Tk
JLST-#B 38 AT LA 3E— 25 (L. 2018 4E, Kraska & AR T 2 5] BRSNS, R0 T HLES 2% > Bk
BEFURAR A3 A, UE W T 2% 2 R 5| n] LLE i A S o A B R 5T A7, R B R 5 R i 0 A $s
£ BRI rERe, TR M R T BT R AL T — AR AT s ).
A2 3] T 22 5 | e K I 1) A T 4 N R 3B ) SRR 99, IR KPR T 2 S MR 5 I - 5. %311
2| (R4 N B — ELA A — AT B 1 TARRS O T SO RS, A PR g R R
b 5 T (in-place) ™Vt 77 X, 4 BB B AL N IR TR IO 23 A, 215 (6 a4 N N, A R s ok Al dm N
Tl AT BB ZE i X (delta buffer)l STy Iy 3, A A BB R X R P IR N, 4 2 DX P (B A A
Bl—E AR, H5IRERAEGH. FI MRG0 5 A — AR B HE 7 A S A7 )R 2 s, In-place 1)
T &R KR INEER 3), Delta Buffer I 75 2278 B R INZE vh R R IFES IR, Lk 2 KRN B EE
BRI E MK, # ORI R, 80045 TV I EIR . Rk, BRAR R 1 N 5T 1 AR, 1
2 ) R B AR B FE P R N o a ).
N TR RGP AE S, TR I R R R i A W Pk B, OF HLBR AR B I RA, AR St 7 —Fh
$ET Radix Treel® ) T4 7 %% [ i@ i %% ) 1 2 5] ALERT (a workload-adaptive learned index based on radix tree).
ALERT HAG )22 4 k).
o JEZAE I RP LT n0 SR 1A o BESTVE, R B 0 AR O R o ok 2 A K B, RUAT i bk
Do BRI R, B SR B B KR 2 I 2 R AR A T = ST B 1 AR, T s R e, AR R
S FLAT FEI0 B 1 2R g

o LZf#H Radix Tree K45 B 2 40 B, KW JiS)Z 43 B I B0 AR X 1 JR 6 000 2 K kb, 8 30 i
/NE BT, Radix Tree BB U M SCRF A 4 NS5 454, b4, Radix Tree 708 50 I8+ 4%,
5 2 3] e 5| T P (1 K00 248 700 B A o [ R S R 5

ALERT ffH—Fdd ALy 720, B T4 AR R 8, I BT e s b 2 vp X i3 Hid 2
A IRAE R, BEAE B KRN, R A WPERES R0 52w, TR o5 20 0 3 A i S s 2E AT AL
Potb. SR, AEECZ Al TAE Gk As R AR 0L R AT 8 A TAE BAE HYE EIsedp b, &l TAEfudk
FFERE— 2 mAs S, SESeS e bl U i) R B e A i, i S S AR AR A S A . R
LA WA ST BV E AW LB, Ak READIEN I, KBk, ALERT Al H PR & v = A0
A1, A S b o A B R s A N T A D % R B AT A Ak

AP T ALERT MJRM, FRHT 7 KBRS A LLE:. SLi0 R ALERT HA R SRR, WAk
E TR T v 250 1) a5 A v RN A vk e, SR HL AR AR G M SRR N RIS T, S SR RAT I S B R S A L,
F RIS SE R R T 81%, WA T PIIBEAR T 75%, 76{Hr T 0075 etk G i RN, 8 7548 A 28 3R 44 1%
KT 50%; [FIN, J8 k850 A ) T AF S0 28ea oo M b T AP, DUBAR AR BRAR T 4l A X TR 5[ 1 fg
Msgma, s 7RI IMHERE, AR AR AOE N A AL, 1 A iR P8 B T 15%.
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11 fE5HEsS|

B VAT B+ O B v s Bt P RS BRI R. T BRARAE A B e U AR, AR T i
ZAEFp. B+ ALK HE S B RUFIEAAAT R W B+ AT s 1 K/ B AR 0 55, A1 SR I B
AEIEIB A — KR BAF L P . A TR IXAREYE, Rao 5 A$& Tl L sOR 2 A7 1K B+B AR 44
CSS-tree™ 1 CSB+-tree™, 4L P&t bhaE. 55— J71h, BEAE LRI K E, DAL BE 24 2 A% 0
EHT—AEH T, I BRAZENCA R E(SIMD)HIG, 74h, GPU, FPGA &5 54 I s A £ 11 1 e th il Sk
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TR PR A B SN W A T RS 7, FAST IR S 20k o 1k 4H 2R H A 70 ZE RN K 2 45 0, AT )
FH SIMD $54- 1 GPU i sk A i (1 14k g

Radix Tree HVF2 18 HA AR WA R PR K, AT B &, s 07 47
filr, M SCRES IR A . AR M0, TR B o Aok B, Radix Tree [Py #8571 o 23 B VF 22 B i 20 A1 (1193 3¢,
T3 JE 2 149 PN A7 85 A FIOREDRE (¥ 22 47 F1) F %6 ART (the adaptive radix tree)™fi# 7t 7 Radix Tree N 15 5%
BRI ) . ART 115 sl 0 DR /N 5500 el 20 ) B 78 1100 8 g LA, Aol D 1 7 /N PR 1 s S il 2D s 8 1 e
I AFIR SR, — 4 ART FTLLAT 4 BRI B0 A28, AR P 3R 2 00 AU B e 1 mi 2. O T
BRI X3, ART (EH T 8RR 40, Wl R4 RAA — AT s T 3BT s, T DL 35 BRI 1 s JE R 23 (1)
THAE. Rk, ART 2E5000 PE R G0 AT T2 N, R BORE R E IR R G| 2 —, 35— L858 4 i3 1
Kl R4S PR 8, i HyPer™R1 DuckDB!®, 4 {# /il T ART.

12 F3EER5|

F MR G R BT RG] UG AR A Sk B A7 6 o BRI DL e K, MK 2R 51 4 )
b A0 AL 2 STRERL R 2% ST BB 1 17 . Kraska %% APHE HU2% 2 B % 5] RMI (recursive model
index) K Ho e i A BEAT 231X, AE— A0 DXl IR 22 S Bl 1 — A 14, NI 57— A HZ B BEAL A R
A2 IR G BB, AEREA i Bl B (1 FU0 &5 SR £ F — B BB, T 3 e — A B B il 2 4 o
HEFP S AL E. O T ORUER 5] REW HER 4k B P W A B AE, 5 20 R Bn — B Boh RS BERL)
TPTAT B 1A SR A TS R B /N R ZE A KR 2, IR MR R IEAT B IE. RMIE R K 23 Al
IR AW, FEARR GBS, (BARFE AR 2 B B OG, MEON AR, JF HfR BRI, ik
KA AT N kR R, B H R o > B gs R i AR A, AT I R T RS R U AR B 8, O BN R i

RG] RS HEH I H KN T E b g S RS, 9F AR R MRS MR TG 5 RMIAS
[F, RS BJKM _FH#RG], KB T B0 T A @25 R E B S Be 8 s B, st 7 s — ik gk
Po I b . H RS AT — e 5, 7% 5 32 2K o A S 152, 2 B A B s, RS A1 1) Radix Table
SARFMR, NIRRT R 51 A7 AL

RMI 2 R R51H G, RS8R 3 BEE P MU E IR G S AN FI B s &2 R L. 3
A B A& IR G MR TT FRECE W — Bl 4 R EEAL 766 T 50 B OU AR 25 18], A1 2% 409 1 4
AN, T ALEXE 735 S BL AR RO A5 ), 4 M7 SRR R Gapped Array™® igad AN, HE A2
BRI T AL, SR B S, N IS R B W AR NN A S — RO R A AR A
K51k Delta Buffer, 4% > B3R 5| b (K FT 4 AN RS EAT B b, ARG R G IR &% RG], LSS IK
TS, o Fitting-Treel, ASLM URI Dabble™45. PGM-index™ % I 177 vE 4 T AN, A A ) PGM-
index EFIE b AT I 2515 0 T 10 PE RE ARAE, Bh AR WL T 5 &5 1) PGM-index f4%E. PGM-index ] —Fig
g ik s X — R A PGM-index, 435 4 fE KN 202820 HdE S S5, Sp B, S,
b=&(logn). #EHAN— A key, R 1 MTFHES S, HTELEAE SonSin...nSpn{k} 4 & — A Fr i
PGMindex, #5315 T 8E & A& 28 ANE, 1E I S, S 2 1T | ME S B0E 25, H3)2 PGM-index #Hx} T #
ARAHE T A PERE, DN EEER b N A PGM-index.

2 ZEahigit

ALERT 454 Radix Tree RIHLas 2% A, Hir &4 RKEMADRII WA HFER, 4E8ANR5I1ER
SRR L. B 1 #0087 ALERT BU3ikaity. ROLRAMWESH, AIKN B N RS EE
B, KI5 £ A Segment; I JZ Y Radix Tree 174 T Segment F1 & KEEFI ik, T8 FLIX 4% Segment. 7
o AWl 1 5E4E H Radix Tree $R 2 7 # bt key W HEFT7E ) Segment, 4R J57E Segment A #EAT 7 4k,
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o T ERIHEEE 5 A ¥ BE R 20 ) 2 AN ASE K1 Segment. A Segment IR B #R I 25— AN HL A
SYRSERY, R TR O 1) A B AT A, B AU B M S22 B, TS Segment 4 1A £HE G C.
A& Segment FLAT B A7 IR R A, X2 0k B K Segment $iE . BRI R 51 P A 1 CHE.
AIEN Segment 2[RI 40 k52 45K, MINHE e, A48 50 FE &t m] BLAR S = 2%
o FJE{fHH Radix Tree K& H Segment. {128 i 4> Segment 1 (15 K8 A max_key;, Segment (1) dik- 24
seg;, M7k RadixTree H 774 T tn(max_key;,segi i — R &A%, b2k H Radix Tree WA R &
5, Radix Tree £x i N S /E I TR 2 2 8 H 5K 5%, H Segment [P HL &% 2% S A8 58 H 119 %
R A, TS )2 Segment 4 B T4 v LUERRRAE RSN H B0 g, ok, F)Z Segment
AR AR G T IR an 24 B k2>, &R 5| Segment 117 3L T, Radix Tree [ R /ANBEAG, MM XS 2247 B A
Uf, B A AR
Radix Tree AHKHFFT K 2, T+ Radix Tree (¥ P 3571 AU HAT VE 20 56 00 40 A5 10 40 S i), BediT o] LRI &
A A TAEL IO T %8, 0 ART, X AEE Z A28, FTHE A48 ALERT T2 Segment [¥5 24 £ 7%
Ay BLAE, LU Rl 454 1 )2 11 Segment A1 L2 1) Radix Tree, SZHL& bR gk . A i me & 2%
Bk

2.1 SegmentF&RiR

Segment [ ¥ A BIAS H b5: A EE 20 A5 285 201 Segment A #5483 22, k2> Segment (1) 505 1M BEAR
RoIAAE L R 8 e e A TR ATL S 2% S B 22 5] Segment P (K558 40 A1, SR 5 A6 FH — Fh 3k 100
S (R AT e /b Segment FO K &t
h TOB LS A IR BN Segment f BT Ff, T AR AN ) JL
o IEMUAT ARk 2 S B 1) oA, BRI (¥ B T A I A R R, Bdl, SRR
T ARIAITI92228 5 0 A ] R B ] A R AR, 2R VA R, T A v AR 2 A

o LRl ARERABR (IR, ARAEA SR, B R 2 T B R R ORI, R R AR kT
WRZEM RN, B FH A5 2 B W 34 AR 22, (RS 7 R 25 R A BE AR IE R 22 5L, AT fig sy S 80— AN u
TR JR BB A 2% o 4 AR 38 0 R A P A AR 2, AR RS AR 1) T 0 4 55 30 52 00 A ) 25 A 4R AE — N K
WZEF N, R R P A Sl B KR 2 F, R 2R 51 2 4R B AR B S  F
FvE.
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CEE DB, IR0 06 AL B5 5 22 S 10 23 B 2 M A (o 0 2 s B i 1) 3 A T 4t A0 T 3
BB R AR 22 1) 4 B 0 P 4 5 28 S 5 00 3R AR 3 A 1) T 20 Ab s L

4 —HAEG m ARFEEIEIFES U={X1X2... Xn} 2 AKX G n(n=m), 54 U iR
VEER) B SHTFHES U P4 x, 1 perank(a) R 8 G B4 A /N x BRI BCE, BT x 78
HA I L ARG B K N8, 2 d=(xip), MWIENZEE D={dy,dy,...,dn}. & X S[i,jl={d;disy,...,d}, %
KIRZER e, W H bR AL B R RZSA T, & D 4R fE 1 k A Segment S[iy,i—11,S[iziz-1]....,
Sl ike1—1], FH, 11=1, ig—1=m. {T&% Segment S[i,ij—1], 1<<j<<k A F%dE, #5n] LU — A et dfi A5 )
fi()=a-x+b FKITRL, I H g R 7

[fi(x)-pil< ¢, ielijij-1] (1)

AL 1 A 1A 2 P AR AR ASE TR T AT VX Segment Sy i 1100 Ak, I FLBERY (1 FiL0 58 2 A kBt e, AT
fRAET Segment Py £ $8 1 B KR 25 5t

$f T4 —A Segment, 1] LLE VE— A 11,78 4 (keys,values,slope,pre_segment,next_segment), 1, keys Fil
values J& 77t B4l (1 8 20041, slope 24821 2244, pre_segment 5[] - —~ Segment [1J¥5%F, next_segment J&¥&
i) F—4> Segment [W484t. BEMEIEEA TN O A7 EFLRH IFAEIL BT AN AL 5K R 22 S IR 4 P 47 455 20
f(key)=slopexkey { n] i bl Segment H{H KA $0 3 (19 B oh o0 A, R 2 450 1A — A 2R M Ji R AR 28 11 o
slope. IS ALY fkey), T LATIMI 45 & BEAE SAE ZUAL P I AR pos, AT S5 78 WU A Bt 3z [pos—é, pos+&] 1 %5t
ANYE R P HEAT R R R AB IR AR 25, MITTARIE T % & 138 R I H).
22 HEXNNEZE

I TRT S T ] A G A e R A 2 S KR 2 TR R, B 4 ORI RE D (1 Segment, AT AR
JZ Radix Tree FIR/NRIE FLFF4Y, X T 3X AN ) A 1R 2 AH CHEAT, X U0 Liu 6 B8 H 00— PRk Al 47 2% 1)
Il (feasible space window, FSW) () 25 11 57.30: 1250 FSW L A7 25 11 (0 15 17] 52 2% J3 A0 5 1) 45 ) Y, MG v e v
AT ATl AR 2 3] T 5 | IR 45 3 T EAIE. FSW A B0 R JEVARL, 7 3 A2 0 s iR 25 A R 0L R, AT i

ABFR A B IR IN, ABKR g B (R A7t L, AN [ P B B A7 A 7 A B T AR R R A TSN IR 0 di=(x4, ).
pos
u

AT E L

&l

od, = (%, py)
I Il
dl,

key

Kl 2 FSW 4Bk

N AR 2, RE VY FSW AR B KIRES Ne 2 dhi=(xi,pi+e), dli=(xi,pi—g), 1 FEEH 5
1A R dy FE DR AG AF, IR, 258 2 A a d IR, dy dy A1 dhy (REZE uy FoR AT & I A,
dy A1 dlp FEL 1 sl AT 8 LR R J, 3 v () A I XA O AT 3 1. BEAEORT I Es sl i, T 1
EF U S G AERAT R DN, WA B DR AT AR, 5 3 AN R dg IR, RS up AL, BRI AT
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AT T LA 28 up T 1y 2 R PR RS, 22587 N (R B3 A e VA5 PTAT B DA IR, B 2 N IR s B A A A — A
R KR, PRI R I 2 de 2 BT S M — AN BT 1Y) Segment, F044 de fE M BT MRS 4R 0, dkEipgd ~—
A~ Segment, B 3 414 56 4 B A

3 ZESI#BE

3.1 =

HeE MBS TRl E R RS, ALERT RA AR By it = mEcrm g g, e maczm,
i R UF BN B AP . E A FSW 4 B ALV AR E Segment B4R, HEE I 43 2 AN [R] Segment
AR A7, RIGTERAS Segment HRAF L MR (A B ) S 4 #8A> Segment Hh s K ) R4 1)
Segment [FIFEE A R X, A E] L JZ Radix Tree AT BE, H76F )24 Segment 4128 s £ 2.

bt NV (A IR TR B2 2% 5 2 O(n), X 75 25 1+ FSW 43 BB VR 26 1 (1 1) (1) 52 2% J 1 Radlix Tree 4fi AR L5
B ORMH BIH EA, FORW A R b R R 4 #5 U2 Segment (S E AL, (HXT TR —AICH,
HeEEINEA A E B WA, BRI R gk SR B R i R
32 =mEif

9558 — /N keymax_key;, AETHERVES N,

e 1B, {f Radix Tree FF#rif] key n] B84t (1) Segment. X T- 75 #k# key, 7¢ Radix Tree ZX k% max_
keyi, #1753 max_key;.i<key<Xmax_key;. max_key; 4 key £t Radix Tree 55 1 KT 25T key (158, Xtp
1) Segment Rl key AT REFT7E ) Segment. 7FEEyd = 7E Radix Tree AU, 75 ZHF key %% 4 il vl H R
M 3B TE S, WA S KA key, WTALRACEES 8 (15 1 4 A

o 20, HE AL key AT REFTAEN Segment 2 )5, 75 ZAE Segment P AHR. 1 oAl A BT 1 B A
SR TNAL A pred=(key-keys[0])xslope, 4R 5 1 FH J5 48 A& IE BB TR0 (K32 7. BT RS 284 ) ) o7
B HEEAE R KIRENEL e, DR 5518 R 100 A7 1 1 36 Fl [pred—e,pred+e].

A3 key [ RT B BRI T A0 K R k, T Radix Tree £ key T 7E Segment f I ] &2 2% &k O(K).
Segment P4 548 22 1) ] A 52 A% B8 IR o S B R B AL i A R, W R oy A R, R — AN HE A B R IR
FZHRKIH i O(loge). Zr b, sidMIBIm T 4 fE 2 O(k+loge), FAH i i) A i A
3.3 SEEEM

SEFIA W N PIE: 81 D RUS A, 1 5E7E Radix Tree H s i 444 7T 8 FT 78 1) Segment, #8571t
Segment "R EEE 1 ANA/NFRRIGEEGAE; 5 2 D T, A Segment HER 1 ANAS/IN T4 5 1 47 B TR,
HERKTHASET LI, BT Segment Z [ FZIZU T 8ER AR, W01H 417 Segment i JJj 45 38, H8 4
i 7] T —A> Segment, H.Z Segment ¥ SR VA E 25 ) X (7] 2 A EE BT Segment #5 C 4 i .

O A T4 PR AL — 3B R AR 1 NN TRIAGEALE W ITRY, M5 S A T84 AH
[y 55— 840 2k 3 D) ¥ RO JT Y, X th R U R A WA =TT A BTAE, JF LA A Ta oK, UhEs o R4 & Lt
oK. BT HETE Segment A EREEAE S 4] h I SE 7 4%, Segment X [HJ 4LV BER Sk, P LI R T B MG SR 17
FRERESYs W), HHXFT B A1 Radix Tree %53 Bl £ 1) I 75 22568 U3 M )77 k715 7 =G, 2 snik.

3.4 BIREAEA

AER Segment ik T FRAR A AFSFIE AL, (ELIR] I 25 4 A FH S8 i ok TAR KBk k. h 7 54l AR
B, AT PR ik T SE T (in-place) A4 T # Ak 22 i [X (delta buffer). In-place i i 73 BE U A% 175 [A] 25 44
AN, HHRK R B 2); Delta Buffer [ U2 A S b X 2 R 2 I BHMERCE, 2 PR & m AT
NIRPERE. BT Lt PR 7 i A7 AR IR 10, ASCRETE T MmN i (K77 3K, A7 PIAS H AR

o T HERE S A N I R FS B A R K
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o PGP B EH 3T 20 WA BRI AR R .

HEMHT AR In-place J5=UALBREE IR AN 135 5. BN — AN key B, B EHRBIHAM
Segment, 2R J5 75 BAE Segment IS EA P H B L AANT key IOALE, HE&LEICIRN, (HILALE O FF 4
A, 3Rl 0 AT AR AR B 47 N (B 5 SRR A7 A PR 8 A T w5, A8 56 o e 0 O e e oy 5 o 5 1 SRR, A
Segment FIBE(EEA H, B DPPRIALE Y — D E X EGH AN, B4 A Segment [ 88 (5 22
seg.keys FF, H: pos £ B XF B g% X R key, AL seg.keys[pos—1]<key<<seg.keys[pos]. ZZ X BRI K B £
SEPL, LA R N6 S 3 R i NG v IS b s R h B e, R R R R B A N BB
.

R Bvk R AP AU H bR B, M X iR N EA T EB S ILE S, e T A
B o AT A, DRI A £ RS BN R, A A BB A b A4 R BB OE ORUE JSUE B PERE HIR, b
S A7 B — AP X, A TRSB i N W BEE 2 B FE A R Z ol X h, 28 T SRAS o K BE o 2
WTTRY, I FLA A )T 5 T 58 415 b sk % 25 960 (1) 23 A HEAT E 4L R4k,

i GAEANG I, ALERT B4R NERAE 40 ik, & 4REHE K Segment B 52 22 5 2 O(k), 7E Segment H1 ¢
IR N MG X I 0 E 22 B O(loge), K S I A B G2 b X I 1) R 44 Bk O(L). £ b, $f NERAE S I r)
F A0 O(k+loge), PREFLER EIN, TTLLERIEZR 5 45 i 4l A%

4 BENEAMRKL

Wi AR AN, G2 b X R R Rt AR R, S B AE G2 b IX I A ARG, DA R B G X A
Hn AT A, BAMRIEARM L 1D E XK a2, KA P X T E Segment [T AT
22 1 IDXOMVER B 5 2 TP (R s & 0, G BOSVE AL A5 TR Segment. 33X SR AR e A i R D7 ) R
HEI, HL 240 Segment T FTE A Bt OBt ok s, SR T AEDLSE S S, SR AUy ) R
e TR B, JF HAEAS AR oK SE AT AT BER RV IR, 0L B AR D B B . LIRS AR B Z A
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