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Abstract In the cloud era, cloud API, as the best carrier for service delivery, data exchange, and
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capability replication, has grown into an indispensable core element in today’s service-oriented
software development and enterprise digital transformation. However, while the continued
growth of cloud APIs in dynamic open networks provides developers with more options, it also
inundates them with a sea of cloud API selection, so designing effective cloud API
recommendation methods has become an urgent practical task to be resolved in the healthy
development of the cloud API economy. But current existing researches focus on modeling and
generating high-quality, single-function cloud API recommendation list using search keyword,
service of quality, and call preference, without considering the objective concerns of developers
for diversified and high-order complementary cloud APIs in actual service-oriented software
development. The purpose of high-order complementary cloud API recommendation is to
generate a diversified list of complementary cloud APIs for multiple query cloud APIs, requiring
the recommendation results to be complementary to the query cloud APIs to meet the joint
interests of developers. To solve this problem, we propose a probabilistic logic reasoning based
high-order complementary cloud API recommendation (PLR4HCCR) approach. Firstly, the
necessity of cloud API complementary recommendation requirements and the objective existence
of substitution noise in complementary relationship modeling were demonstrated through the
analysis of real cloud API ecological data, providing motivation and data support for the research
on cloud API complementary recommendation problem. Secondly, Beta probability embedding is
used to encode cloud APIs and their relationship constraints, so as to characterize the uncertainty
representation and support logical reasoning of complementary relationships between cloud APIs.
Thirdly, a complementary relationship logical reasoning network is designed, consisting of three
basic logical operators: projection, negation, and intersection, so that each cloud API in the query
set can obtain the complementary cloud API representation under the constraints of asymmetric
complementary relationship perception and substitution noise resolution. Then, an attention
mechanism is introduced to assign different weights to the complementary cloud APIs for querying
cloud API, enhancing the representation ability of the higher-order complementary cloud API
base vector. On this basis, KL divergence is used to measure the distance between the higher-
order complementary cloud API base vector and the candidate cloud APIs, and the
complementary cloud APIs are generated based on KL divergence ranking under the higher-order
complementarity perception. Finally, we conducted a series of experiments using two real cloud
API datasets in different order complementary recommendation scenarios. The experiments show
that, PLR4HCCR has significant advantages in complementary relationship perception reasoning
and substitution noise resolution compared to traditional heuristic recommendation methods and
deep learning recommendation methods, which demonstrates better recommendation performance
and stronger generalization ability under low-order, high-order, and mixed-order complementary
cloud API recommendation scenarios. Furthermore, the hyperparameter sensitivity experiments,
case analysis and user study have verified the effectiveness, practicality and feasibility of
PLR4HCCR, which makes the cloud API recommendation combined with high-order
complementarity not only more likely to generate satisfactory results for developers, but also

effectively improve the revenue of cloud API service providers.

Keywords service-oriented software development; cloud API recommendation; high-order

complementarity ; logical reasoning; Beta probabilistic embedding
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Wi B RRGE R 1 AT o e S R A L BE
A H# = API-= APLIL[E AT M B CBG,. .- 410
J e APTHAMEFEHR AR KT

ENX3. S HE S APUHER . BIT K& 1Em
i) AR 45 07 FHT &k B2 v ESR R O 24> = APTHG ALY
mIES Q= {a,,a,, - a  TENEA.FH=
API-= APL3L[EFT R CBG,.o» H A APTETE
RY: R R RE AR E AN APUETES % ANS

R(Q)={ai, as ++}=ANS (3

s.t. QNANS=(J, P(a|Q)=P(a,Q)---
HiP(alQ, a¢Q)FmifEti » AP o €ANS 7E H.
AN AR B I 2 T B B AN R EER . m B
BR a5 Qs APUEER E AN . Rk, BAb = API
WEFED R ANS WA IE A = APL . ¢ Q.
It BN = APHEIR S = APTA AR & B AME
B FRINHEST . R, A4 Q s APLEE Ky
LEF, BQI=1. & B H. 4z APT 47 1) 150 0] 87 4k Ky
KB HoAb 2 APTHES ) 5 .

3 JiRir

AR ST ) TR R A S B B A
APIHERE 77 PLRAHCCR # (A HEZR 40 (8] 4 B L 4t
AHE = AR AR E T = AP A 0] T
HE B AETE Y~ API Beta BE264H A g ik, 43
Mrop—& i)~ APLI A APTFRIR I B AN G R 12
B PR A R 5 B I 2R 24 SRR A v A B
= APTAE AR

PLRAHCCR F L3R TAERAR QT >R Beta
WER A AR A5 BB 1 = APLEY) Beta it
AFRIR s I L A 3232 0 1 33 N 255 v . R A

RGP ) 25 AT AT R P Y = APTAE LR
KRN K RAHT A WL AL F5 R 82 57
7 L)V OC 2RTF DE AT AR BR B AR R ERUS
TR X D O 2R M P AT T A T IO FH A T 0
e 5 5 A = APLAY B T 7E B AN 2 R 1)
Beta MR £ R . ARG T A Al = APTI B AM A
M T T P2 AT AL B, 15 3 5 A i) 5 Q BL A AH
HAMY = APL R By BANE ) 6 g2 TR e
= APHR A 5 R By B AN 2 APT 3 0] 42 22 18] 1) KL B
FE . Ja AR S KL 8B HE v A6 il s B Bo#b = APTHE
RPN .l AR R L AT LA R A APT 2
Xof A 45 SR M R i o SR [ B 9 Ao b
R MR B AMEARZE R . AR ORI R
o FRA TR 43 PLRAHCCR J7 ¥ i 45 BR 1Y
3.1 Beta#iZRHFNIRHT

T ZNmIT % F AT = APPSR 2= APLZ JA]
ARG R AN M SR AN R A
5% SCHRL20 I J5 & » A SCR ] Beta tE 248k A2 A
75 APTSEAR J H 2 (11 56 2R 20 ARHEA TR A G

Beta #5507 AN 2R S8 o 1 g ok L
AN FHA FHE R AR , Beta HEZ i AT 22 2d 4~
S = AP d A B IEBE T gt s . HLAAN
T - A Beta R fix AXF 25 API a i Attt , 3 4]
KHWAKE R dSE E a=e, s e, R

Bz':[eﬂz;l LI eﬂi,d];tglaj%ﬁ_\‘g API a, 11 d > B R
'?J‘.EyEI]:
E(a,»):([em,l st 9€m;(/:| ’ [e,zf,l (R 79,9;;4])23((1,9[‘}[)

4
Hrr, = APL o, (W BRHURHE j DS 8 e, Fll e, I
& X Beta 431 Beta(e,, ;» e, D3RI~ .
%75 API o, 1) Beta R ix A Fn K E(a) =B
(ai» B W2 = APIEHES Q={a,.a,,
285 Beta E3R R A SR il KR A -
E(Q)={B(a,.p,), . Bla,,pB,)} (5
Uit , = APTZ A 3¢ R 295 & H Beta #E
B AT RIRH «
EM=e, s veyqlsles s ve,  D=B(a,..8.)
(6)
AR CAEAZ Y 2 APT[H) AR SC B 5 H 2] A 5¢
Z 24 (Relation Constraints, RC) FE A FE, RC=
(L& 6 R 29 (Co-Invoke Constraint, CC) , 3%
A R ZY 5 (Substitution Constraint, SC) .
K H Beta 34t A B2 AR SFEATHREAE g 65 2 A LA

L, )
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]
TG I N e i
ﬁg : -;J__;- A= i
i StRAPL FEASAPI |
______ [ __________________________________!_______l
BetaMf 215k NG fidh
Beta i 4id
0000 0000
1 1

I S TR ) N

| A 4 \ 4 A\ 4 A 4
[comw || scnw | [ comm || somw |
I

-

TBHRHE Y 2%

#x=arr @O00) OO0 5—#si | wttarr (COOO) (OOOO) #isfiapr

M AN = APTHESE |

EEAE% |

O000) =APLH I HANE

fem

| HAMERE s.t.min KL |
|

HEFE AR

A EAPT ) @

Fl4 PLRAHCCR J5 B AR HE 21

L (DBeta 3 L E P NME RS E o Tl g, Horh
Beta 43 A B AN 2 P4 ] 3 3 e o0 B e FRAT T
B3, A One-Hot Fll Dense i A+ AR AL AT L) SZ B
= APTIFHIE R A S . {HJ& One-Hot ik A% H—
BLA AR R AT R R R B R R =
APIZ:A# R F One-Hot i AT BN WFFIE TR 53
B, I HAFEZS [ 2815 4E 5K . R4S Dense tix A 4%
AR 38 25 5 | AKCER B T LA s 4 R B R AE 287 PR 46
R 2 i AT 3 BRI d A SECE I = APT d
Ak FREURRAE RN S (0 LXE LA 8038 = APLE] B Ab
KRR E MR R . EE D= APLZ [ B AR
B R AR E 1Y . ilan . = AP a5 a, B #h . FTRE
B BB L AAAE B AN R T a5 a B AR
AT BESE N R EATTHE 2 AP b K5 4 2750 7 1 EL A
Beta #E%i#x AR d 4> Beta R 535 SC 8 = APLIY
FRECREIE i A RO . TERERI S B0 8 i AN ]
o APTY Beta itk AR AR 6 APTERURURFAE 1]

(1) Beta B 341 22 57 vl Z2 it 5 APT[R] AR SE R Y
AN E A S AT AR ST B8 S 9 7 1 B8 AR O
MZICHAN = APTHEFZSS R . (2) 5T Beta BRI A
1z AP 4t 3275 AT LUAI H] Beta #3873 A5 , A 25058
PRIB R U ST A O R L Ak T LS R
H AN APTHERE B MR FE T i Ab BE . (3)Beta i
RO SR PR B BRARAE AT — 5 2> Beta 52
AR — A8 B9 Beta HE R4 A L7 . T 3L
SCREFRATTAR S AR G ZR 2 i HE T 25
3.2 EiXRIBEHERE
3.2.1 BHEXARHET

R T X AP B AR G R R T2 i PR
B LB (Projection, P« HUJZ (Negation
NG)FIZE I Untersection, 1S) =NFAREF .

ENX4 WEHET P BE—A 7 AP gEQ
FHLRAH reR, BB TS th— D H 1 = API



1930 it A

Pl

L
&

Eitd 2024 4F:

a, Ho g Flaiilad 56 R AR r %5z, D

PJ.(q)=PJl,, 4 (Bla,pB,))=B(a,B.) (1D
H B(a,.B) . Bla,,B,) M B(a,, B) /3 HFmKF
rvz APL g Fla 1) Beta 24k A gty . = APl g Fla
AT R

BY AT PIEARTT LR —1 = API Betaiit
ATE R R HT A BB 9 = APT Beta #E 54t A, iX
— i A A AN S TR 0 £ 2Rk LB . L
IR B E T P SCERRI T . 5 e AR
= APLHIZE R Y Beta it A il B AT PR SR 5 DF
Y25 09 m) i 4k 22 2 IRHIALAL BE L 24K 17 4 o S A i)
= APLIf R AR A G R I BB 9 = API Beta #E
i A TR . B, = APL a5 a, % T 3 5 98
i, Bl ¢y a)=1,Z 5EAIYIZRIT AT H P
(BCa,s B EANGER T Bla;s B) LRI 5Y
T LR O R A BQaces Beo) SEZ )2
HAHL 2B BT . R e RN SR 5E K
Ji s KT 5 APTHRA U0 o] 0] G [ 3 1 6 R i
A BCaces Bee) FIE S WY 2 )2 BONMMLIE TR 28
A B A L FJHOC R = APTIRA .

B HT

ZEAPTHRN KRN
(©0000) (0000)

K5 BoE T

EXNS. WRET NG, 4E—"1 = APl g€
Q. WU A A Hi th— B = APTa, B ;
NG(q)=NG(B(a,p,))=B(a,p.) (&)
Hip o, =1/a,..=1/B, WREF NG -1t Beta 5
AR S B m) = 0T X AN TR IR S BB 4.
SRR AT U B SRR AR T - (DT R BUR A
(1) S B B AT SR 2 R AR I LR, R B 3 b 7 =T )
I 2 RS A — R S BT R AE 85 PR IR BUL
i B B RAEAT 5 AR AR [R] . (2O T Beta
YA X HIEAR S EOBUEEL, 1T DA fe KR B ek
AR T 3 AT 55 AT 22 [ 1) 22 5 (R B A ARE 30 % 132 oA
BT | T AT DA AR P AR BRI 22 ] Y
55 XAMAFAFRATT U 11 B A

EX 6. TIFETIS. BE—N o APIES Q=
{qisqos ) I T —DH = APLa,
IS(Q)=1IS(B(a,,B,)li=1,2,..)=
B(a,,B.)
Hrpa,=>wa, B, =W, NHERZE w i HUTF .
w, = eBm(a"ﬁ’)/zj:l_zv,'_el)’e“"(""ﬁ’) QL))

LI IS B AL I HAE AN Z > Betafix A1)
MO 5 3 43 A B ISURR o 3 1 4 4558 34 7 B 1
Bz APUA SR (1) 25 A R IEE )
3.2.2 HAMCRIZ AN

LRI FR B R A T O 2% ph 5 BUR R3S =
AR T4 = APTRYE AN C R 2] M7 405
AL . B 58, =~ APTZ [8] 9 3 8] 3 H 5C R AR 548 &4
FAFFHH AN R I T = API-= AP [R 474 &
CBG,n» FIRFE BT PT T SE X A ] = APL g€
QeI & R AW CCF B WL PT ().
B0, 7 CBG.,., 7+ 75 APT a, Fl a, 22 ] 77 75 2 7] 4
R W ECa,s ap=1. WH o afE RV
— BB 5N, 4 Ploc(a B)BESS RN B
Cays B » SR 4 LA Sy iy A AR5 057 v i) 2 [ )
RN Blaces Beo) BB 2 2B 1 2
TCBH . AT R Ploo(@Q ISR
H CBG.,.., 11 = APTAE[R)J F I s 2 21y . 3L
W HERAE I THERI A S R = APLE AR
AT A AE ) RE AR [F) A9 2 D DG R | T 32K 23 % B AR
= APTRGFZ T R ME = . I Al = APT g€Q7E
BN KR LR SC T ML PJo (g R U 38
Frm A5 3) NG (PTo(q)) » DT AT AT i 5 40 56 2
X H ANz APTIZHE 52 . 76 BLIEal I o oK 3G [R] 7
FHOGZR T 0 B A IR R0 R 75 i Mt F Fr 45 R 1o
LIFEFIS, il — 15 2 & i = API geQAEXTFR
HAb~ APl a B Beta iR E R AT «

IS(PJoc(q), NG(PJs(q))=B(a,.p.) (1D

R QD Y2 s R W] LIy g9k
SRR T M D e R ) 25 APT b 56 2232 4
PR 2% . fedm  MKHR 208 AN 4% L 3l i CBG.
R A S A i) APTSE A b B —A> 2 APT
HH 4b 2z API Beta B .
3.3 EMEHZ=APIHETE
3.3.1 B EAbEE A )

X TR B B AN S R R 3K QLD A 09 B AR
K R I T W 2% ] B AT AT IR APT g 19 FAD
7 API Beta R 375 . i & Wy B 4 = AP 15

€
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W) %Sk HE 7 B = AP 5 = API # if] 4 Q=
{ag, a,, -+ a, ) BREATAME. i, 5l AERE S
ML A AR 2 Q h AEA~ = APT [ B R 2 55 Hf # 4%
SO BOAS [RIASCER , 208 177 344 5 55 B B A b 5 AP 3 ] £
(1) 2= AF RE

A IHE Qs API Y Beta HE 2 Aic 4 -
E(Q)={B(a,,B,), -, Bla,,B,)} F QHhE—1
= AP1 4 i A B ) 2% 22 S A3 20 1 B4 = APTIE
HJ:E(Q)={B(a,pB;), - Bla,,B;)}. R5¥E
(Q) My AFI AN &1 6 Jir 7 1Y JE 13 3 T 46 1 = B i
AN ) B ) L AT 22 5] B 5 APTAT I 4E Q1)
B E A = APT Y JE i)

® ISR (@®)
® BLY e 1
@ee0) | m gl @9
A
Z i@ i {00 0e)
beraBAERIIA b \| (@8] 4@S
@9

FI6  BET i 0 2% B g o AP o) o 2]

BRIV, 5 F ECQ) B n 2 API [ Beta
RER R A Se ek v 75 ) W28 5545 36 1 2
AP w0, = ¢ /S & g e

A H Az API Beta i A ) a F1 B AR S50
BOR AT 2] = APT £ i) 8 Q 1Y i By B #b 5 ) f
B ( Qs ,8 hase ):

Au(E(Q))

=Au({B(a,,p; ), Bla,,p;)})

= B(a)ur B ) (12)

n n
:/H\: ':F' a;m.w - 2 u’ia;, ’B/(w.w - 2 wl’lg:j,'
i=1 i=1

3.3.2  FET KLU A AR

KL B3RE 0] LAAR - b 52 £ A M 380 A R B2
] ) BE S . X B IR ATTAR B 2% 2 20 & B B AN =
APLEE ] 5 B( s Phae ) 18 E = APT (1) Beta 5
A Bla,, )35 2o APTBHFAE 8] /) KL % A
BECRREAE TR] ) KL F50RE B 28 A R /)N, ) 3R A ik =
API 5 3 B B AN ) B 42 30T, R 3% = APT S
i) 5 APTSE QEE A . #h . 78 I JE Rl |, B 5k

= APTH 55 B E4b = APLEE [ i B(a., Biu. ) Bt
FHAE 18] 19 KL B T K /N 2 APT, A 1 24 1
HAb = APUHEZE 25 5 . HARW 5, X T Beta 23 #i
Beta(a, B ), HAMES% 5 iR T

o 1
S x5 a0 p)= Beta(a,3)

XFF I Beta 434 Beta(a,. 8,05 Beta(a,»3,) »
A A DT B AT LR B R A p () Fl
q(x)Ja ENZ M KL B E .

KL(pllg)=] p(2)*log(p(x)/g(x))dz (14

5 = By 2 APT H AMERER HI 1 {15 Beta i 3
R AYERE Ry 3, B 2824 2] B 1 R By BLAN = APT 3 ]
i B( s Pios) P i =11, 3,81 Biue =13, 5,4 ] 1
ez API o, Beta #%ik A B(a,» B)H a=[11.8.
97, B=18,13,7]. WD B( @y Biue ) I = A BRAFAE
Ay B 4345 Beta(1,3) s Beta(3,5) fll Beta(8,4) 3
7~ BCays BB = A BRRFAE 5399 FH 43 4 Beta(11,
8), Beta(8,13) fl Beta(9, 7) %/~ . AL 4R 24 =X
14, m W B A= APLEE ] 2 515 3% = AP FRRRRAE (1]
(9 KL B A KL (31, 3|3 11,8)) +KL(f(x;
3,938, 13 +KL(Ax;8, D[x;9.7)). 4 I,
HRAE 3 A T T3 B B s AP ) i 5 TR
ik 2z APT 22 [a] KL BLE . fe, Bk = APL R 5
B( @, B ) I KL HLE FRT K /NG 22 APTI AT AR Y,
B H A = APTHEFE S .
3.4 FEZM
3.4.1 Pk RO

Pk PLRAHCCR 19 H A5 2 f5e /b i B BRb I
1] 3 B( @ Biue ) 5 H L H AN 25 APT ans€ANS (IE
FEAD 1) Beta ik A B( @, fu) Z B KL BEES . I
Ab R T BETHR AL 25 2T U FE I Sl R 5] AR
FEAS R S5 KA 155 B AR 7] 22 B @) B ) 5 7
FEAR 2z AP neg Beta it A B( @, B, ) 2 18] A KL 1
BRI VE AL AR R R B

Loss=—logo(y — KL(B( @, Bu),
B(a,., B..)))—logo( KL(B( @, )
B( @, Bre))—¥) (15)

Hory R B K KL . 0 &8 sigmod P4
3.4.2 mEAMEFERIL T

Bk 145 T PLRAHCCR 7 ik 55080 .

X VX (1 —x)? " (13)



1932 it m o E R 2024 4F
BRSNS AP R R R B o 7
Hi A BBRHE D RQ4. itk A 4Bk J7 i3 PLRAHCCR F 4k 75

AR 53 He ) s
YNGR E steps s
YA bsizes
Heti = AP K
fth  HAb 2 APTHERES 3 List
1. Witatb =%
2. Dyuins Doy s D32 VA5 7 X0 53 BH 5 D
3. FOR step IN range(steps) : //FERI 2k

4. 1% bsize 5T ILANFE D, ..,

5 FOR (Q, ans) IND,,,, j:

6 neg < NATMAE QL LGAEA

7. FOR a,IN Q:

8 By<=PJ.(a)//FLRHIE R

9. By<=PlJg. Ca)/ /B R 25

10. By <=-NG(By)/ /%4 = APTEUZ

11. Bi~IS(B;, By )/ /H A APLIR/R

12.  Bj.~<~Au(B,Bs, . ..,B)/ /{1 QH KRt
13. FRIPEABE pREL Loss T AR S

14, ARERBUR EHEATHEEE TR 240

15. FOR Q IN D,: //FE R

16.  FORa,INQ:

17. B~ 8-11315T ¢ (I HAb s APL#E/R
18, Bj.~<~Au(B,Bs,...,B)

19. L append(KL(Bj..s B/ /KL /MBI RHEF
20.  List. append(Top— KD/ /M KA H AN API

21. RETURN List

L1 AR PR A AR ) o L B - i AR
X3 I 2R 4E A A IE4E |« 3-14 47 2 A AL p |
SRl B . BB 2R T 2 B AR T 250
K steps FIIN AR 56 D, (I KN . 15-20 17 S A5
I B B XA B A i) = APTAE & QiR
KAHAMY = APL

4 SIGHSH

N T B AIE 7 12 PLRAHCCR B9 A R » A8 SCH|
A BB APTAE S B AR VEAT ) 32 1) 5K
B, AR LI 7 48158 8] 31 (Research Question s
RQ):

RQIL. Freth iy ik R B0 TR F iy 54k
Jrik?

RQ2. FIHIE A B2 B AR I 2R R AL ZE AT B
B B AMERES 5t T YRR R anfn] 2

RQ3. gt i T ETEA R = APTHER U K

RESZ MR A fay 2

RQ5. 7571 PLRAHCCR A Sk 534 R nfay 2

RQ6. 77 PLRAHCCR 7 52 s Ji FH v 1 HE 75
ROR AN ey 2

RQ7. J7 ¥ PLR4AHCCR 7E 52 br = API 1 4 i
TEZR G FH AT A A P AR ey 2
4.1 #&
4.1.1 #dlase

AR SCAT FH 04 552 55 504 4R A4 18] ) Mashup &
) PWA (ProgrammableWeb AP Fl T ] £ 1 )i FH
TF & B HGA(HUAWEI AppGallery APT) /> £L5%
= APTHE % . PWA ¥ [ T M\ ProgrammableWeb
B B L H b 445 6, 452 4 Mashup B i AN
22,6631~ AP SRR B 2R HIFR %5 (H iR 15
BEE, DA Mashup Flzs APTZ [8] 4 7 s FH G &
HGA 5 F T Ay i T 3 35 B0 B4 4 466
11,339 M50 APP 5 1,946 = APTHZE S, SCRY
RS B LA B AT =22 18] Y B S 3R FH 56 22 80005 .

PWA FITHGA $4 /2 Ifif [n] IR 55 1R 5 I & 1) L5
TPl APTAEZSEUR 4R o PWA J2 I 5] Mashup
TR = APUEESE  HGA 2 181 ) 3 30 15 T & Y
7 APTERAE . % 12 2 APITE Web 3t 137 FH T & il
B 8l v N R & v i SRR 3 L Ik Ah  PWA R
HGA 1E 1 HINRER ] . = APT SR v )
P = APUSCE R = APLAZ 5.9 B 2505 T A BT AN
] . A SCRFR A PWA FIHGA BE 4 48 RN
F 1R .

F1 PWATIHGA ¥IB&ESITIHT

e PWA HGA
o FHZE A Mashup i Bl H
o FH K 6,452 11,339
= APLER: 22,663 1,946
N FHYIRES B 315 78
= APLYJREZE S K 160 85
S FH = APTEL/ 1% 3.11 9.40
= APISE TR PR 1.432% 2.433%

Sk T ST R G = B B AN s APT 3E S AT
By BRI 2 T A0 R A R FRATTAE R A = AP
B KT 1A A S T LBy B AMERE £ s
2 Dy T FVE 5 APTECER KT 2 19 07 A A
T B B AMER R BEESE D, 1 TH A APTEL



S MR B4, BETHERBEHEINY & W B AN APLIfEF e 1933

RT3 A HAG EEAUH T = R i R
Dy i FARHL A8 E B 2= APT B AN 52 7T LLidE
Bik2, 1EW o APTEAMIEE A B
i A8 E BN order
o7 R F 2 APLJT; s M_APIList
it . order B HAb =~ APV AE Dictionary
1. FOR APIList IN M_APIList:
2 len <— Len(APIList)
3 IF len <<= order:
4. Continue;
5 /A AR R 5 | 4LA 53 Qldx_List
6 QIdr_List<<[ 0, len-1 " K &K order ) T
AL Cpi G

7. FOR idas IN QIdxs_List
8. queryList<~[ APIList[ i ] for i in idxs ]
9 ansList<-[ APIList[ ] for i not in idxs ]

10. Dic'tionary[queryl,z'szf]eanst'.s’If

11. RETURN Dictionary

SV 2 b S P v 2 9 TS = APT S 3%
M_APIList(147) s R M = APTECR /N T45
THEE WIBTEC order, WIZN A S5 8RB 1Y 1 7
(2-447). FLEEINANERTI A A Qldx_List
(647). $RJG# T Qldx_List FH—4 i =~ APT4
G queryList W H 4z~ API(7-947) . 35 45 R A7
BV BE M Dictionaryl queryList J(1047). %¢ L,
FIR B S PWA FIHGA VR R 8 2 (4 A AT
A BEHAH B — B s B A =B oAb = APTEUE4E
FHOCE I B Y GETHRAE A2 2 s

R2 ZBHEESRIHER

- —— = ATI
PWA ., 12,772 (a))>a, 100%

PWA  PWA,,,. 74,469 (ay, a)>a, 80.42%
PWAL . 379,008  (ay, ay, a;)>a, 67.72%
HGA 4, 38,588 (a))>a, 100%

HGA  HGA,,, 363,150 (ay, a,)>a, 98.09%
HGA, ... 2,061,330 (a, a,, a))>a, 96.50%

TE 5 APT 5 HEAR AR B e h (1 5 A = APT (5 s APTRY LA .

UEAN  FRATTRE— B s B Al =B Bk = APT
TR A "THIE T 0T T BB BAME ) 5
MERAR . AR R B AEEAT B AMERE SE g
PR AR H L8] 72 22 1 X043 IR AE L ik 42 A
£ SEIBHRE AT PLRAHCCR (82 S 2 3 T
Github® s AHEICAdARSC A D1 i — 2R ATHFSY .

4.1.2 THNEER

R T VR R I B A APTHERE T iR AR . R
FHEL T An PR 45 S 0 MERA PR R A MR

(DA% (Hit Rate, HR). fiif i #4751 & Hp J2:
A B EL A L HR 8 3R W 7E b R A PR
FB T (L6 R

(2) H — f& ¥r it B 3+ ¥ 2% (Normalize
Discounted Cumulative Gain, NDCG). F FHEF
Al , 5 EHEFE G T P 45 Iy . NDCG B 55 32 BH
WA 25 R HE Y o i AT, TR A= (L7 s

(3) °F ¥ {8 % HE 4 (Mean Reciprocal Rank,
MRR). B HLERAEH T/ R H Y HES . MRR
7 15 2 W] B S 8 AR HE 91 3R h i HE 44 BRGE T, T
=LA s .

(DHFAMEE (Substitution Degree, SD) , i i {77
FF = AP S - APTREAMERE , SD Ik A
Heri s APLEIST S BAMESKR RN s .

13 .
HR@K—N;/MZs(z) (16)

NDCG@K——i{i’T“OgZ(”L ) an
IO
;10g2(1'+1>
MRR—— Y1 (18)
N~ p,

1 N M K
SD@K_WZEZ&'”“/ (19)

Horp N R MR 11485 KRR HERESS R 01 3=
T APTANEI. hirs (DR 55 ¢ 2R 1 45 51 2
MAEMEREL RGN R, 2N R 1, B 0. pre, ,Fm
55 1 A5 DRI ) A 25 T 2 A 2 L S0, 2 R
1, 80k 0. T 3R 7R 55 ¢ A MK e 45 2 rh L
SEIAEL . p e i SR B () AR 45 v 2
— A E S A R T L B AW R A
TEESLI, W p>co. MF R E T = APTAEL,
So BN B 1 SRR I RS R R B S A 4
HEE m AU AN C R L SE R 1, A0 R 0.
4.1.3 LRSS

ARSI ML IR A TR R AT . s IR 2
ALFER  NAE 128G, BRI - 15 = Python3. 9,
IFEIEE VSCode. )77 PLRAHCCR UM S0 B
UL 3 PR

@ https://github. com/hey-mem/PLR4HCCR



o L 2024 4F
®3 ESHUE ST 44, A A IR KR S U1 6 R A
e BHIHEPWA/HGA) i B 4 75 APTIE 2 5 R O e e B . 72 4 A
A 64/95 5502 T TR AP S Jo 20 1, PP
L e J7#% PLRAHCCR 75 PWA FITHG A S F 5% 1
;iifm] bsize " 02?;;2'12002 J7 ¥ 16 HR. NDCG. MRR Hl SD 45 b5 F 14 52 %
IR steps 15 000/80 000 R

4.2 FiREEERQL)

H T HETIE SR T B oAb = APTHERE AR
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81 M B RETARRB AR A B TR = APTHERE 7 v 1935
F4 ETPWAHEEMNFTEEEER
- 1B B AMERE 55 2 B AMEETE S
HR A NDCG 4 MRR 4 SDy HR 4 NDCG 4 MRR 4 SD ¥
Random 0.0461 0.0148 0.0126 0.0263 0.0441 0.0157 0.0138 0.0316
Popular-N 0.4418 0.2138 0. 1600 0.0413 0.4687 0.2145 0.1508 0. 0486
AP 0.4229 0.1823 0.1129 0.0795 0.4005 0.1583 0.0883 0.0735
FM 0.1677 0.0781 0. 0554 0.0166 0. 2267 0.1027 0.0704 0.0164
AFM 0.1828 0. 0640 0.0307 0.0333 0.2247 0.0783 0.0376 0.0327
DeepFM 0.1914 0.0677 0.0383 0.0333 0. 2380 0. 0930 0.0572 0.0325
NAFM 0.2114 0. 0889 0. 0605 0. 0499 0. 2692 0.1048 0. 0626 0.0501
DynamicRec 0. 6570% 0. 2828%* 0. 1859* 0.0721%* 0.8105* 0. 3694* 0. 2537* 0. 1042*
PLR4AHCCR-NG 0. 8884 0.4112%* 0.2744%% 0. 1202%* 0. 9466% 0. 4420% 0.3005%%  0.1218%*
PLR4HCCR 0. 8453 0.3723 0. 2420 0. 0654 0.9172 0. 4369 0.3016 0. 0668
Pvs. D 28.66% 31.66% 30.12% 9.26% 13.16% 18.30% 18.90% 35.84%
Pvs. P-NG —4.85% —9.46% —11.83% 45.58% —3.11% —1.15% 0.36% 45.12%
ik 3B I AMETE S RA W BAMERE 5t
HR 4 NDCG 4 MRR 4 SD v HR 4 NDCG 4 MRR 4 SD Y

Random 0.0465 0.0164 0.0145 0.0328 0. 0456 0.0156 0.0136 0.0303
Popular-N 0.4918 0.2121 0. 1402 0.0535 0.4674 0.2135 0.1503 0.0478
AP 0. 3805 0.1451 0.0779 0.0621 0.4013 0.1619 0.0931 0.0717
FM 0.3433 0.1562 0. 1090 0.0161 0. 2459 0.1123 0.0783 0.0164
AFM 0. 3085 0.1085 0.0526 0.0323 0.2387 0.0836 0.0403 0.0328
DeepFM 0.3012 0.1239 0. 0806 0.0319 0.2436 0. 0949 0.0587 0.0325
NAFM 0.3458 0.1345 0.0818 0.0513 0.2754 0. 1094 0.0683 0. 0504
DynamicRec 0.8189 0.3593" 0.2384" 0.1176" 0.7622 0.3371° 0. 2260 0.0979"
PLR4HCCR-NG 0.95417 0.4335™ 0.2894™ 0.1226™ 0.9297" 0.4289™ 0.2881" 0.1215"
PLR4HCCR 0.9358 0.4367 0.2977 0.0674 0. 8995 0.4153 0. 2804 0. 0665
Pvs. D 14.28% 21.55% 24.88% 42.69% 18.02% 23.19% 24.08% 32.06%
Pvs. P-NG —1.92% 0.74% 2.89% 45.05% —3.26% —3.17% —2.66% 45.25%
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®5 ETHCGABBREMAEILRER
- 1 EAMET 53 2 B I AN 5
HR A NDCG 4 MRR 4 SD ¥ HR A NDCG 4 MRR 4 SD ¥
Random 0. 0496 0.0171 0. 0083 0.0441 0.0428 0.0154 0. 0081 0.0447
Popular-N 0.6933 0. 3076 0. 2047 0. 0450 0.6903 0.3118 0. 2098 0. 0856
AP 0.4270 0.2032 0.1423 0.1112 0.2740 0.1124 0.0652 0.1091
FM 0.4785 0. 2477 0.1836 0.0499 0.4529 0.2463 0. 1887 0.0492
AFM 0. 5509 0. 2700 0.1893 0.0999 0.5702 0.2779 0.1976 0.0974
DeepFM 0. 5226 0. 2409 0. 1645 0.0832 0. 5305 0.2419 0.1630 0.0817
NAFM 0. 5567 0. 2546 0.1765 0. 0803 0.5461 0. 2456 0.1674 0. 0810
DynamicRec 0. 8005 0.3651" 0.2452 0. 0802 0. 7920 0. 3597 0.2428 0. 1209
PLR4HCCR-NG 0.9598" 0.4536" 0.3084™ 0.0886™ 0.9168" 0.4233" 0.2864" 0.1006™
PLR4HCCR 0.9547 0. 4469 0. 3037 0. 0309 0.8773 0.4076 0.2778 0.0318
Pvs. D 19.27% 22.43% 23.85% 61.49% 10. 77% 13.33% 14.43% 73.73%
Pvs. P-NG —0.53% —1.46% —1.54% 65.14% —4.31% —3.71% —2.99% 68.45%
ik 3B EAMIES 5 IRA T EAMET 75
HR 4 NDCG 4 MRR 4 SD ¥ HR A NDCG 4 MRR 4 SD ¥

Random 0. 0324 0.0147 0.0075 0. 0449 0.0416 0.0157 0. 0080 0. 0446
Popular-N 0.6895 0. 3074 0.2039 0.1049 0.6910 0.3089 0.2061 0.0785
AP 0. 2630 0. 1060 0.0598 0.0961 0.3213 0. 1406 0. 0891 0.1055
FM 0.4312 0.2433 0.1906 0.0484 0.4542 0. 2457 0. 1876 0.0492
AFM 0. 5560 0. 2765 0. 2000 0. 0943 0. 5590 0.2748 0. 1956 0.0972
DeepFM 0.5179 0. 2406 0.1643 0.0798 0.5237 0.2411 0.1639 0.0815
NAFM 0. 5476 0.2510 0.1741 0.0816 0.5501 0.2504 0.1727 0. 0810
DynamicRec 0.7802 0. 3491 0.2323" 0. 1406 0. 7909 0. 3579 0.2401° 0.1139
PLR4HCCR-NG 0.8925" 0.4123" 0.2801" 0. 1084 0.9231" 0.4297" 0.2916" 0.0992"
PLR4HCCR 0. 8136 0.3802 0.2618 0.0299 0. 8819 0.4116 0. 2811 0. 0309
Pvs. D 4.28% 8.92% 12.72% 78.711% 11.50% 14.99% 17.08% 72.91%
Pvs. P-NG —8.85% —7.77% —6.53% 72.40% —4.46% —4.22% —3.61% 68.90%
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F6 ETPWANHGARGHIEENTALKER

ik 1By B AMERE 5% 2 W HAMERE
HR 4 NDCG 4 MRR 4 SD ¥ HR 4 NDCG 4 MRR 4 SDy
Random 0.0214 0.0073 0. 0034 0. 0208 0.0211 0.0074 0. 0038 0. 0230
Popular-N 0.4583 0.2014 0.1313 0.0316 0. 5496 0. 2410 0.1555 0.0716
AP 0.3971 0.1690 0.1102 0. 0849 0. 4846 0.1927 0.1039 0.1105
FM 0.2617 0. 1260 0.0908 0.0228 0.2701 0. 1406 0.1084 0. 0292
AFM 0.1353 0.0842 0.0715 0.0203 0.1498 0. 0949 0. 0808 0. 0257
DeepFM 0. 2580 0.1236 0. 0900 0.0278 0. 2946 0.1463 0. 1091 0.0428
NAFM 0.1524 0.0461 0.0192 0. 0210 0. 1500 0. 0429 0.0161 0.0277
DynamicRec 0. 5852+ 0. 2597* 0.1678+* 0. 0704+ 0. 6649+* 0.2936%* 0.1918+ 0.1017%
PLR4HCCR-NG 0. 9449+ 0. 4554 0. 3147+ 0. 1008 0. 9338 0. 4343%* 0. 2948 0. 10593
PLR4HCCR 0.9284 0.4376 0.2971 0. 0497 0. 8979 0.4192 0. 2866 0. 0395
Pvs. D 58.64% 68.49% 77.06% 29.31% 35.04% 42.77% 49.42% 61.18%
Pvs. P-NG —1.75% —3.90% —5.61% 50. 66 % —3.84% —3.47% —2.80% 62.72%
ik 3 E MR IRA B HAMER
HR 4 NDCG 4 MRR 4 SD ¥ HR 4 NDCG 4 MRR 4 SDy

Random 0.0187 0. 0066 0. 0035 0. 0240 0. 0204 0.0071 0. 0036 0.0226
Popular-N 0.5705 0. 2491 0.1603 0.0919 0.5261 0. 2305 0. 1490 0. 0650
AP 0.4765 0.1891 0.1033 0.1073 0.4527 0.1836 0.1058 0.1009
FM 0. 2690 0.1428 0.1108 0.0325 0. 2670 0.1365 0.1033 0.0282
AFM 0.1535 0.0977 0. 0830 0.0282 0. 1462 0.0923 0.0784 0.0248
DeepFM 0.2923 0. 1445 0.1072 0. 0494 0.2816 0.1382 0.1021 0. 0400
NAFM 0.1569 0. 0457 0.0181 0.0313 0.1531 0. 0449 0.0178 0. 0266
DynamicRec 0. 6606* 0. 2860%* 0. 1839 0. 1160% 0. 6369 0. 2798 0.1811% 0. 0960%
PLR4HCCR-NG 0. 9170%* 0. 4240 0. 2873 0. 1107%x* 0.9319%* 0. 4379%* 0. 2989 0. 1058
PLR4HCCR 0. 8451 0.3917 0.2672 0. 0350 0. 8905 0.4162 0. 2836 0.0414
Pvs. D 27.92% 36.97% 45.35% 69.84% 39.80% 48.75% 56.58% 56.88%
Pvs. P-NG —7.85% —7.61% —6.97% 68.40% —4.45% —4.96% —5.13% 60.87%

T FOR AL 7 B R R SR R TSR I Rl AR ()7 B2 PLRAHCCR-NG BISZE645 8 . P vs. D 278 PLRAHCCR AHXS T DynamicRec (42
Ft, P vs. P-NG /8 PLRAHCCR A%} T PLRAHCCR-NG 32T+ .

=7 ETPWAHBEEMNERIRER 5.10.20.30.40.50 B} , HR.NDCG.MRR F1 SD 1
S, . 7[‘-,-( J y, )
EIH:: el HR A NDCGA MRRA  SDY AR TE L . IR 7 AR 8 W LI SR R .
I (D AN APHERECR K 33 %] 20 i+,
L5 PWA,, . 0. 3548 0.1949 0.1057 0. 0522 7[: IEJ mﬁ*&ﬁ%%? E/‘J HR.NDCG ﬂ:ﬂ MRR E/‘Jéljil:

oy DO DR DA OIPT s UBR R MR S AR 2 APTHER AL

e e e AT T A 5 AP HER o e 0
I’WA:}”T] 0.9279  0.4321  0.2928 0.0610 PLRAFCCR . T 18 Rt A~ I #h 4822 56 5t 10

o PWA:W.‘.M w  0.9358  0.4367  0.2977 0. 0674 B, HEIESR K 20 RS SO B, HR.
S NDCG HI MRR & T (4 W 2 12 9 2 2k o 113 B3k o B

%8 ETHGAMIEEMERTRER ot TRiE KOO, RER B Ab s APIE &

AN IIAEHEE S R AE A = APTHERESCE KA 3
g TR HRENDCOT MRRE SOV s 50, F 1 B SD 5B R AL 5 G
9 HGA, 4 0.4645  0.1431  0.0560 0.0601 KA A A 3 02 R B e s R LA, BlE K Y
HGA, s 0.9436  0.4469  0.3037  0.0309 BN, ik 22 B B OC R APL S BRAEHE 429 36

- HGA, e 0.8479  0.3827  0.2528 0.0252 P M R T R A, 2 KN 3] — 5 FE R
HGA, i oae 0.8773  0.4076  0.2778 0. 0318 PLRAHCCR JH 524 e 2 M s 1 B 153 T 7847

o HGA, s 0.8157  0.3813  0.2629 0.0279 A% WS K — 1, PWA 303242 F SD JF

HGA, s 0-8136  0.3802  0.2618  0.0299 WA TR T [ HGA B F SD WO J 22 . 1A, 5%




1938 02 - A | R 2024 4F
1.0 0.46
08+ 0.39}
[
= 0.6 ‘; 0.32
o —e— 1fr EAMER I 5
04} L 0.25 ol L A P e
20 FAMEE T LA A IR
WY TAMIER 395 S TR
A T A2 B —v— IR AW BAMER 5
02 L1 1 1 1 1 1 018 L1 1 1 1 1 1
35 10 20 30 40 50 35 10 20 30 10 50
W APTEUR K HEHF =APTEE K
(a) HREK (b) NDCGEK
0.32 0.078
0.28 0.063 -
E ool & = & a | 7 0.048
—e— 1 EAMERE —e— 1N TAMIERE) =
0.21- W HAMEE S R 0.033 20 FAMEEE ) 5%
M EAMERE 3 HAMERE Y =
—— IR A B AMETE S —v— IREM EAMER S 5
0'17 L L L L L Il Il L L L L L L L
35 10 20 30 10 50 0018 =775 20 30 40 50
Hetr mAPTHEUE K W SAPTAR K
(c) MRREK (d) Sbek

K7 PWAZRE T AR APTEE K 195200

FBE (ARG 2 ST 43 45 TF R 3805 R R E #5117
WIAE . B, e A SO S b AR & B A=
AP SR K o0 20, W] 3RA5 BRAR AR50

(OFEE 7, PWA SR R 500

fFr HR.NDCG Fl MRR H 88 &5 B B M 5011
WA ROR K TR BAMETES) SRRSO, X2
H T PWA BT w5 B gl v = APT 5 LU BT
SEMN. XS4 2T @OPRME—5 . 7F
18 i  HGA i 5 76 A Rl 4 7 1 5 i 46 4 HR
NDCG F1 MRR H B 5 B B AN S 5 0 ROR
INTARBY B AMEES) S HEAZROR X & T RS
BRI ] A5 38 i o S T B SR 5 H
FAWAEEIN X 57 4. 2L (6) R g Bl —3L .
4.5 BWNEEZINSH(RQ4)

HAYEEL d AR Y E R 2 /D RAHIERRIE =
API, Bl Beta % A Zit5 o Beta 0 A AU » d )
(BB, R 0 B BRI R R AE = APLL
ZORER . B9 RIE 1043 45 T PWA FITHGA ¥

LT IALEE N 32 15 ImF) 512 1), PLRAHCCR #E
AR T RSO . RATR I T/
TR A AN BE R A IR . M dh
IE/NEE S TR AR I R0 2 R R R
fE = APT. DA fff PLRAHCCR 45 BURFE 1Y fiE J7 4%
55, WU RIIA S . Y d it K5 AR 2801 25 (8]
A2 AR R H IR L5 TR A AR AR RIOR
WS 25, 25 b i TS BOE 4 1 B0 = 558
Oy AT HAEE 225 SR T 9 FTET 10 A S50 2
TEPWA U d N 645 1 HGA " ELd Jy 96. L 41,
PWA AT feAr % N FBHA 7. 2312 API;
HGA AT REFR 2 N F B4 A 16. 574> = APL,
FETBHRER Bk 25 FRATA LLUF WA (DY
RIPLESCRAERT  HGA Ul 46 H AR S et th 54
D REARRLI Z5 5 M HLF PWALHGA F Y SD
BAR T K s (2) YBIARIA RO RAFET, B T HGA
H) = APLII g bR Z 50> F PWA BiE 2 i =
APL Ty e A5 2 %, X {15 78 HGA (#8 &£ T .



S MR B4, BETHERBEHEINY & W B AN APLIfEF e 1939

1.0
0.8+
= 0.6
—a— 1M EAMER 5
041 oW EAMIERE 7 5
3B ELAMER 75
—v— RAWN EAMER 5
0.2 L L L L L L L
35 10 20 30 40 50
A APIER K
(a) HR@K
0.31 T T
0.28
~
~ 0.25
=
—e— 1P EAMER 75
0.221- 20 HAMER 5
M HAMERY &
—v— RGP AMER 755
019 Lo 1 1 1 1 1
35 10 20 30 40 50
et APT R K
(c) MRR@K

—a— 1AM =

0.25 2B BANETE A 5
W HAMESE A 5
—v— IREW EAMEIE 5
018 1 1 1 1 1 1 1
35 10 20 30 40 50
W =APTEE K
(b) NDCG@K
0.043
0.033F
2 0.0234
0013l —e— I EAMESE R
: 2B HANERE I 5
S TSR 5
—v— RENHAMETE 7 5
0003 1 1 1 1 1 1 1
35 10 20 30 40 50
Hetr mAPTEUR K
(d) Sbek

K8 HGAHIEE T AR = APTEE K152

PLRAHCCR 75 ¥ 1 322 58 HE B 43 1Y 25 WRps B ] LA
SN TS o0 Hh 2 > B MRS REAE , U FE R PR AN R
Mg PR BN A R, B AR AR T LG RO B4R
PLRAHCCR B M RE /) 7E HGA T H5i . DL B g
(R WLEE RN 20 Mt i % 1 181 9 (D AT 10(d) =[] 23
AL A
4.6 WEHESRESRQS)

AT 43 #r PLRAHCCR A4 W S B, & 11 A
K 123938 5 7 PLRAHCCR ZE# F§ PWA FIHGA
AT SR R vp R R B AMERE 5 T HRONDCG,
MRR.SD.LOSS MR LR [A] i) A AT L

(DM 11 )~ o) FTE 12 (a) ~ (c) [ 4
F L BEE W ZRR BRI 38 h0 . PLRAHCCR [ #fE 77 45
FEBR B DA R e 4t T 380 340 0 7 92 1 el A
5 A J& PLRAHCCR W IF 46 w4 & 8 21 )= 3 & A
fif o H 0 HH BT B A DI A0 K, HERESE bR 3R
KiFE#EIA . HBELINLES —-FEWLKZE,
PLRAHCCR T 3k 15 Ja 5 fe 00 i , 1 4248 b A 2%

PR T AR AE » 3 7 432 B T 2 5 75 PLRAHCCR
AT B s

OMNE 1D FE 12D SD 84 E - i T
PWA FIHGA Wi 5 b = APL Y RE bR 2 80
Kezw APV AR B 1) 22 5, [l 1] 11 (D FAL 12(d)
h SD A8 fb S 3 BT AT L X 2 B TAER A5
SR ANER PWA B4 F 19 SD /N HGA %4 4
TR SD. 1 YA A T PWA BE 19 SD KT
HGA B/ SD.

(MHME 11 e)(DAE 12(e) (DR E ,
PLRAHCCR 9 LOSS [l & I 25280 K S B — > PR
ST N BT T S el ) B R AR AR U I e e
PLRAHCCR AJ D3 ik — & YA I 25 i PR e §
AT SRy iR B AR A . i FL PLRAHCCR VI 25 i 75 4 B
) A R0 K B — R K 2 R L X — 4
W S FRATE XL 1S B Bk = APTHERE S 1 25
JIT T B B[R] AR BRAE 43 B 7 T ) 25 5 — 2.



1940 b2 - S/ R 2024 4F
0.98 0.48
0.84 0.40 8
&)
= 0.70- S 0.321
=
0.56- —e— INTE MR 5 024f [ O IBTEAMERST
oW AN 5 2B HAMETE 7 5
3 ELAMIERE S 3T LLAMIERE S St
—o— RAW EAMER S —v— REH EAMER S R
042 1 1 1 1 1 1 1 016 1 1 1 1 1 1 1
0 32 64 96 128 256 384 512 0 32 64 96 128 256 384 512
RN WYL d
(a) HR (b) NDCG
0.36 0.07
—e— 1B HAMERE
W AN B
0.30 | g HAMEE AR 0.06 -
—o— R AW H AN R \\\\$_____ﬂ
024 20.05 - 1
018 - 0.04 L —e— I MRS R
W L AMIE R 5
WY LM 5
—o— WEM EAMER
012 Il Il Il Il Il Il L 0.03 Il Il Il Il Il Il L
0 32 64 96 128 256 384 512 0 32 64 96 128 256 384 512
HNLEREd WNGEEd
(c) MRR (d) SD

K9 PWA XS N AFIRALELCT iR bR A fl

4.7 HEFELGIHH(RQ6)

9T 53 B PLRAHCCR £ 32 b 25 AP AMfERE
RGP EI R . R 945 T PLRAHCCR 5% [
BRI T PWA SR EAE 1-3 M 5 T Y
EAFLE R G R O TR R G S
7~ 5 APL, i 5 iir 267 19 HAKR = APT AT AR SCHE
Github2 52 f $ical 4 tPoR L, 26 9 vh A2 25 S kL
()45 Fe R LA IE B0 kb = APL

M9 L H MM ), PLRAHCCR #Ef7 45
TE R HERR 5 F A9 HRONDCG . MRR F1 SD $&
PG T HAh N AP B 2R J5 v . 49l 2 Random /A%
AEARHERE SN, AL R A 10) 25 APTAE AR 25 5, fi
1% Random J7 & fE AR RIE REFE bR T AU 25 SR I & R 2
(. KA R FRATEE X APT I AME R ) B %3
AR EAMERE L IR AT 1 B PLRAHCCR
T3 B ANAAT LA FH 3 52 BR A B/ e B B A A 5
S RN (TS s 4. 22 2900 R /e <o o? SO 71 (1 DG I I A1
MR L AE R 9 P IRATTR B — 2 9] = API

(120)01E R Hbr = APLJS , 5 T PLRAHCCR f# B #b
A R SR B K R YE 761,340 % =
APL. H Ji A J& 7 ProgrammableWeb - &
Amazon Marketplace Web Service (120) , Facebook
Graph (340) 3t [7] 2 # i Ewelike i H , Amazon
Marketplace Web Service (120), Amazon SimpleDB
(76 1) [F) 4 g 3t 1% FH 50 Shops. XF T & [ B b
N AT AR ) = APTAES (130,290, 304)1EH
i) = APTEE S5 - 36 F PLRAHCCR 1Y B AMfE#
ARG EAR AN R HESF 41.62.77.79. 354,
578 4 = APL JL Al g #4 J5t 5 02 th T WordPress
(304) | SoundCloud (130) . Pocket (290) . Yelp
Fusion (41) | Vimeo (62) . Bit. ly (77) | Foursquare
(79) Twilio SMS(354) . Gravatar(578) # % [l 4 2
1 Mashup i Ff We-Wired Web.

L bAT UL AR SCHR R B B AN 25 APTHERE J5
1% PLRAHCCR AI A3 2800 HI B SEBR 2 APT HAMEES
RGurh A O R Tl B R 45 2R TRl REAS (8 T



81

Mh EAF: BT HERE I & I A APTHERE 7 ik

1941

0.98 0.46
091+ . 042 1
=084 So3st
=
0.77 | —e— I EAMIER 5 0.34 F —e— I EAMEE
—o— 2 EAMEE 5t —o— O HAMEFE
3 EAMERE S Yy HAMERE ) 5
——BE Bqu%ME?:%E —V—/EAB"E%ME?&%?
010 5561 96128 256 384 512 0-30 55 64 96 128 256 384 512
HRNYESE d NS d
(a) IR (b) NDCG
0.31 ; 0.070 : :
—e— 1 AN 5
—o— 2 EAMEE
SF EAMEE
0.28 1 0.059 —— AW EAMEE
20251 £0.048 -
0.22F —e— I B AMEFE S 5t 0.037 |-
—o— 2 EAMERE
3B HAMETE =
—— /EAB"E%HE?:%E\
019 1 1 1 1 0026 1 1 1 1 1 1 L
0 32 64 96 128 256 384 512 0 32 64 96 128 256 384 512
HRNYEFE d NG d
(¢) MRR (d) SD

K10 HGA XA T AR AGERCT et i bn e e

1.00 a
0.87r
= 0.74
| —=— 1 T AN 5t
0.61 ¥ —e— 2B BAMETE 5
3P AN 5t
—— IR L AMIERE R
018 2k 4k 6k 8k 10k12k 14k 16k 18k20k
Y% (Step)
(a) HR
0.072
0.062
20.052}
—=— 1B B AMEE A 5t
0.042F A —o— 20 HAMIEE I 5
’ 3W L AMER ) 5t
) ——IREW BEAMERES 5
0032 ™51 "4k 6k 8k 10k 12k 14k 16k 18k 20Kk

Y H (Step)
(d) SD

0.31

0.24f |
w2
B0.17}
—

0.10f

—=—1 B MR

——2Wf HAMER S 5
3P ELAMESR I 5t

—— RAB HAMER

2k 4k 6k 8k 10k 12k 14k16k18k20k
W5 (Step)
(b) NDCG

—— 1 EAMETE 5
—o— 2B HAMIERE ) 5

3 ELAMERE 5
—v— iR G B HAMEE 5

0.03

K11

2k 4k 6k 8k 10k 12k 14k 16k 18k 20k
5% (Step)
(e) Loss

PWA Bfii 4 A BN ZRACR

0.13

—e— 1 BAMER ) 5
—o— 2Wfr ELAMEETE S 5

S EAMIER I 5
—v— IR G AME 75

2k 4k 6k 8k 10k 12k 14k 16k 18k 20k
Y55 (Step)
(c¢) MRR

2k 4k 6k 8k 10k 12k 14k 16k 18k 20k
L H (Step)
) YIZRIT i)



1942 12N A/ A S 20244
1.00
0.96
£0921
o AR Ce TR MmN R
088 f 20t TR 57 0.43f 2 AN B 0.30f AR AR
WA S T MR 5 el
eI T AR A TR T REWEH SR
““““““ 039 e

10k 20k 30k 40k 50k 60k 70k 80k 90k100k 110k 120k

IR H (Step)

10k 20k 30k 40k 50k 60k 70k 80k 90k 100k 110k 120k

I H (Step)

6 10k 20k 30k 40k 50k 60k 70k 80k 90k 100k110k 120k

I H (Step)

(a) HR (b) NDCG (c) MRR
0,063 0.18 1407 —
—— I H MR —=— 1 HAMERE 5
W AN 260 HLAMIERES 5
0.054 SR 0.15 S RME I 5 1051
RO H AN —v— R G BAMETE 5 %
20045 2012t ISR
xn A I
=
0.036 et a—o _a—-ai 009 1 357 —e BHR 1
E,_a/a/ —— I FI /10 k
0.027 —H—F— - +—F7—————t——— 06—

10k 20k 30k 40k 50k 60k 70k 80k 90k 100k110k 120k
NZRE 4 (Step)
(d) SD

6
10k 20k 30k 40k 50k 60k 70k 80k 90k100k110k120k

W% (Step)
(e) Loss

20k 40k 60k 80k 100k 120k
ZRL AL (Step)
CE) YIRS TA]

K12 HGA Bl TR g0

Z APLR 55 $ L35 il 2 4 A SR ws , $2 7 %5 == AP
i
4.8 ZAPIEAMEZE RS R PAESHRQT)

Rk — AR I AT 7 APT L AMER 730
FHE S bR AE R G nl AT PRI P AR5 FR AT 3L T
F BIFAY B oAb 5 APTHERY 22 58 ReAPL T [8] JF & A 51
B I R T “ T = APLH AMER £ 40 19 1] 46: 4
A IR 76 N B R B . R 10GIH T &
APLHAMEEFE R G0 0 PR A U 25 5

AFE 10 FhE AF I 1R 2 A G4 ok B L Mt
80% 5 [ 45 A 1Y I & N B3 REAS 38 1 %4 1], PRt
AN AR XA — AR LR UE T IR )
= APLE AMEETFE R G0 0] 45 )8 A 101 3-6 S st 45 SR i vl
SEPE . PRI 3 AT A R R ZHOT R AT
TEFEAT AR IT i 2 25 8 H =~ APTH T4 B T
R ARTHIT R B IS R A I 4 (Y 58 145 R ok
B IP RN R = APLRY U TE 44T AT L 0 i sz e
W HBTEEM b= = APTHAMERE RS . E—
o BT AT S X AL S~ APLIfEIE R Gl &
APLH AMEEFE R GE 0 H P RS, 93. 4% I JF & AN 5
INHGE G HAMEE I = AP EAMERE R 5047 B)
FRATF K . HAEI 6 R AT 00 5 X, it
i I & N AE T 2= APT EAMEERR RGE R . A
SAtgs R R RN G = APLEAMER R4

MR R 8. 1, B AR A FH 3 pm) , E— 2B 0 T
ATt~ APTH AMEEE T 7 PLRAHCCR 7 3L BrR
7 APTH AMEERE R G852 PR 0 FH A il al 474k

5 BB

AR R WA S FE B I AT P Uy

(1) AR BN . PN R a5 S 50 4
it B N S GO0 U I BT VAR OC . TR SR B 4R Ty
11 B TR A1) 32 R B9 ProgrammableWeb
B APTEUE 5 PWA B6IFAS SCHF B 1 )7 vk
Z A, AT K T4 N % HUAWEL
AppGallery FKHL T 11,339 % 5 APP 5 1,946 4~
= APLZ [R5 R B A0 A B8 52 HG A, JF X
JITHE 1 v B F kb 2 APTHERE 7 A s AT T 56
IE. HF M Programmable Web - & FI4E K b H 11 %
AR B BE N 5 = APTZ ] 1 52 B H]
K F P I3 T3k 2 LS 2 APTAUE B0 R AR SCHE Y
1z APL i B B AMEERE Ty 2l AT A AT SE Yy . It
Hh s = APUE R 410G IRk S5 AL AT & 5ia 47 1 77
B %, B0 = APLY ] F & & Rapid AP,
APIlist F1 Show AP 451 328 4 i 28 » P78 AR 9 T
PEH BRI 2100 2~ APTES S04 75256, AE—
AR AR SCHT AR VR Z ARRE T . AR X S I 3



84 Mg FAE. BTSRRI 5 0 AN APTHER ik 1943
R9 = APIEHEELFLR
il APL Wty ik HEAEEE R (K=20) HR NDCG MRR SD
Rond [453, 835, 722, 134, 415, 341, 850, 566, 400, 719, 157, 276, 325, 700, = . 005
. Uo
andom 221, 149, 222, 475, 854, 275
N [18, 6, 60, 58, 4, 22, 8, 354, 110, 395, 79, 468, 51, 257, 199, 107, = . 005
ar- . Uo
popuiar 480, 115, 243, 41]
[199, 765, 480, 395, 91, 90, 11, 149, 92, 97, 303, 5, 932, 107, 18,
0 0.05
AP 597, 658, 256, 481, 734] 00
[928, 46, 459, 90, 409, 623, 73, 667, 820, 816, 431, 105, 9, 354, 838,
0 0.1
M 334, 161, 866, 794, 23] 00
(683, 637, 779, 673, 122, 41, 780, 543, 816, 34, 378, 411, 273, 230,
120 AFM 1 0.2398 0.0588 0.05
(120 119, 710, 340, 137, 294, 864]
[194, 515, 117, 568, 117, 752, 225, 53, 14, 387, 178, 158, 83, 300,
DeepFM 0 0 0 0.05
eep 841, 66, 537, 940, 359, 563] ?
[418, 380, 6, 408, 445, 33, 348, 44, 210, 699, 23, 596, 620, 753, 482,
. 0.1429 0.1
NAFM 748, 91, 522, 641, 312] 10,3333
. [6, 58, 18, 4, 110, 60, 51, 90, 468, 199, 8, 340, 91, 79, 395, 257,
amicRec . L0833 0.05
DynamicRec 211, 107, 115, 159] 1 0.2702 0.08
[888, 761, 676, 18, 27, 90, 348, 250, 340, 4, 775, 211, 26, 51, 60,
PLR4HCCR 1 0594 0.5  0.15
116, 692, 6, 315, 135] ?
[569, 821, 900, 656, 736, 438, 771, 503, 571, 762, 120, 884, 424, 177,
Rand 0 0 0 0.075
ancomt 15, 188, 567, 343, 241, 53] 7
[18, 6, 60, 58, 4, 22, 8, 354, 110, 395, 79, 468, 51, 257, 199, 107,
. ¥ . 0.025
popular-N 480, 115, 243, 41] 1 0.3482 0.0909
[189, 626, 715, 701, 457, 714, 634, 385, 12, 713, 94, 346, 8, 18, 4,
AP 1 0.3566 0.1111 0.025
58, 60, 110, 41, 79] o
. [207, 402, 154, 502, 464, 678, 548, 461, 891, 492, 744, 410, 806, 431, 0 007
342, 642, 170, 911, 251, 483]
[533, 207, 451, 6, 560, 476, 349, 9, 415, 915, 668, 434, 89, 273, 71,
116, 413)  AF 0 0 0.05
(116, 413) M 620, 35, 22, 3, 568] 0
(363, 23, 746, 96, 899, 191, 536, 447, 520, 283, 257, 519, 801, 890,
DeepFM 1 0.2398 0.0588 0.075
eep 704, 796, 79, 426, 701, 907]
NARM (777, 622, 901, 527, 587, 147, 123, 734, 872, 508, 79, 830, 564, 834, | o0 (00
904, 638, 157, 858, 824, 725]
4, 110, 6, 60, 468, 58, 18, 8, 79, 102, 51, 115, 480, 90, 113, 340,
DynamicRec [4, 110, 6, 60, 468, 58, 18, 8, 79 o, 15, 480, 90, 113, 340, 5500 0 1111 0.05
353, 182, 578, 91]
PLRAHCCR 499, 79, 114, 12, 348, 110, 715, 716, 386, 4, 18, 717, 703, 41, 62, | (e 0o 0o
60, 58, 130, 115, 638]
[518, 139, 782, 714, 736, 875, 153, 397, 647, 174, 141, 241, 721, 266,
Rand 0 0 0 0.1667
andom 351, 24, 565, 457, 517, 512]
[18, 6, 60, 58, 4, 22, 8, 354, 110, 395, 79, 468, 51, 257, 199, 107,
Jar- 1 0.3857 0.125 0.0333
popular-N 480, 115, 243, 41] 7
Ap (217, 215, 459, 480, 574, 158, 77, 245, 577, 572, 576, 575, 569, 570, | oo oo g4
287, 291, 22, 44, 573, 94]
. [933, 473, 876, 606, 62, 324, 639, 500, 667, 218, 116, 29, 937, 906, | oo0o oo
574, 383, 303, 376, 311, 774]
130, 290,
( Y [30, 853, 753, 274, 451, 252, 694, 797, 340, 574, 760, 35, 518, 369, | oo 1 (ann
304) 839, 324, 97, 494, 437, 755]
[606, 95, 720, 27, 276, 20, 305, 689, 861, 410, 225, 241, 733, 365,
0 0 0.05
DeepFM 885, 123, 679, 401, 918, 466] 0
[461, 849, 573, 735, 460, 837, 261, 612, 203, 292, 578, 351, 743, 614,
13556 0.1111 0.05
NAFM 788, 438, 173, 676, 213, 932] 103556
. [6, 4, 115, 5, 18, 79, 77, 58, 60, 110, 303, 302, 340, 353, 468, 22,
4227 0.1667 0.0667
DynamicRec 149, 289, 291, 293] 1 0 7
PLRALCCR 98 380, 77,354, 44, 22, 110, 579, 62, 6, 150, 114, 203, 41, 60, 79, | ooy o 0o

246, 115, 353, 578]




1944 L2 R = S/ R I 14 2024 4F
£10 ZAPIEWMEFRZAPAERBRERS
75 ] T[] R TERET ZhEIR
T HL T 0, 7 EAMIERE B R 1) P MR T e — R S R R L an, P A 2 B R bR R s 7% 89.5%
1 &7 et BAMERE R GEHEWNZ P AT e IEAE AR — 3 U, SR TSR S O R i T B Y B L AR R
i ARTPE T RS o 2l LR 28 45) ) F B U L AMIERE R B 8T T AR T R 0 10.5%
TR ) (] 55 SR R 0, 25 APTHAMERE B 76 10 & F S L rT ie < — &I Y = APL 0, ¢ & 5 i i B 80.3%
) RN A EL R B KA APL HR I BAMERE REMEE S C LM = APUT B AMY = APL 5 4 it
E” = APL, SR ] bl IRAR s RN RE AR B2 THR A TF R BCR RN PR SS: . Z85ed a2 461, X 1 1] IR % 19.7%
FEMFF R = APLEAMERE  BURRC A T RAN T fif?
3 AENTFRAN G, WU & — R e N e 2 B A = 7 = AP BT & 2 ; 9? :2
FR&%  50.7%
WEIE 77.3%
4 R AT A YSER R IR S APTN(Z ) bR 32.0%
ChatGPT  44.0%
HAlb 2.7%
_ FEPKREE 14 M 140 B R TG IET NA NS APUERE RGLS R BIRGE & = APTIAMERS. A 93.4%
T BRHLE S S R T b BRI R 25 APLX G BT e e R T AT BB WHBE  6.6%
HAT, Tl Tt I & T — ik 2 APT I AMERE 2R 48 ReAPL R SRS 50 . B MR 240 dhxie. en/40 TnTV, S
6 IEEWE . NRA D XHENTEL = APITHERE RS, A S BRI AT R I 5 B — 28 = APL, B % 18 (0-10Y4 8.1

i 2

gy kg m, WATRM T R kAT Ik
(Random s Popular-N Fl AP) FITR %= ) J7#: (FM,
AFM, DeepFM, NAFM #l DynamicRec) % i1 52 55
e Sk IR i i B A = APTHESE )R PERE . Xt
TIX BESLLL Tk T AT RO T AN 2 2 25 AU
AT S I AY . PR X b B T i S I Y
BRI B/ N

()M ERA RONE JaUBy . AR AT R B 5 H AR
= APHERF N5 5 A T = APTHERE R G8nh
RA K. m AN APTHERR [F]E4E H A BEEIR A
BT = APTIR 55 IR 45 09 B AR TT b, OF k5 )
HAb APHFEEAE NP E WA 2. BT 1345 1 5 AR
= APHHEYE R GE KB Y I 55 AL R AT i e

W 13 Fr 7w I o T8 e N T &R 4 R

FET ZAPTIRSG RIS N A Rk FE oy =APT

©~©ﬁ _‘_

BN B LUGEARE L H iR G 1R
@ ®
S DifeEAN | LA fERRY HAN I EA T AR
hHESIR | | ZAPIHERE | H AR ZAPT | | ~APTsHER I 45 ZAPT ZAPIsHER

HANZAPTHEFE R S

K13 HAbz= APTHER R GE KN I 55 AL I R

P LTz APTL{ELHAT 1 T B89 D BE 28 01 S il b 1
B U ANz APTHERE R GE 0] T T SR i
NIFRFE A DI RE A 5 APT?
WATE B, I T = APLIRSS TR 04 R 4
TFRA B & — A% 5 APTRRSE AR AL A a3 72 L 3
HLESRIETE R G T R F Rt W — R =
AP LA T 4238 BB 258 . a0, 75 & 14 B s
HAMERENL I HEE R AL GE N AR 1 5 APTHER T
R BETIRE PR — 1 = APTHERE S5 SR (LA 14(2))
T A E AW 5 = APTHY R 25 APTH AMERE
L JE AR 5 AT LR U A o O & P it 2
JCHAMY = APTHI R (ILIE 14b). X — e 5 76l
T RS R AL R G AR TIZ N A S e
LT AR SE R FIRA G L T B C AT D 554
dn BB B — B AT, BN S APTHERE S
A FEWHERE R GEA WIS IR B 2T A S 5h
Ji2 55 JS i ORI FI P i 4 68 2 APTHERE RGLAA 4
KIS LA AR T PR 5 5 A

6 MEXIE

6.1 =API##

WA =~ APTHER ik KRB BT LAy =28
HIR ) = APTHERE R 55 B it BN = APTHESE
FIE TR 1 = APTHERE .



S MR B4, BETHERBEHEINY & W B AN APLIfEF e 1945

(a) 180N FRENI) = APTHERE G AMERE BRI )

Cloud APt Profile  FIFITERAPIGTE [T Recommend for you

(b) ZEAPTHI W3 12 et () T BMHEIE (A T RMEERE S0 )
F14 2= APTIIYE A5 P 09 B MR oA

(DWZEIRBNAY 2 APTHERE . Thung % @S T
N5 = APTSCHRAE AL, 3l ok i B H & 5 =
APL T R #3045 8 2 8] B9 38 SORARUE 217 4 75
Bianchini 2548 H 1 [6] - & 10 = APTSE— i i 5t
R ST ST PR B AL P S A A
Rz APTHEFE 547 . Liu 25 67 i 1) = AP
TR, SCEL T ST A AR AR Y & APL
) S5 HERE . Wang 53R T [T & F AR
AR B IREN Y = APTHESR . By i EEAH
N FHBCE D RE S SCA R IR SR 5 B 5 = AP
FOCHER AR SCPEHEATHERE . XS0 ik AR W] AR
ORI FH P A S 2URT SR 45 s AR DG = APLLH
SE LA 2 Sl RN FH P 7 TR 1 48R D 415 AN RE SRR
tb 2 APTHETE .

(R 55 T S8 = APTHERE . Wu 25 R fEE
TREMIT 3K - P RIAR L2 U = APTAR S5 i, hy
FH P e e o 25 APLL & i i v Tl B, Yin 250
K A BRI 28 W 45 27 2] AR Js BRURp AR 30, JF R FH AR
B4 43 ik 2 AR R AT B R FU . Zhang 25745 HY 3 B4
B PR 7 1% . Chen™ 3T R SCURATF
FEAE B 3022 B2 B0 T 0 3 0 1) = APT R 55 J5 i 10
MRS IR S5 i N = APTHEREOT 58 ZE IR T REMN
N7 TS TR &R R B S
= AP IR 55 03t 2038 8 A 58 2 HE DLARAS , i

{019 IR 55 o SO0 5 APTHE 47 7 12 0F A AT &g, 3
BEVFLE T AE . b, t TR 55 58
Mz APLHER A1 % 8 = APTS HRb 1Y 3)
A AH DG o X IR 55 5 o 119 O T 8 A Sy SL A T
o

(D E TR ) = APTH#E 7 . Rahman ™ 1%
T 1E 0350 20 i 2= AP Dy st 8 FH OG 3& . F H 46 BE
O3 i ABE R S5 FH P X 25 APT B9 4 . Yao 2570
FHAHABL ) 1E V0] £k 55 W 32 45 O 2 350000 544 i 750300 14
M 7 HE 7 A2 2 A4S 5 APL Yin 26073548 JH 2 A
= APT VAR AL G R AE S 2930, I @ 37 16 6 6 B
Ay R L 22 5] PRl 5 APL VS TE R F 327 .
—, Ma VR T I W £ A2 B s APHfERE
07 B I T = AP 8] 4 P %5 28 BRI 48 Ji 28 B
X FaH A I IR B A 25 W 2 T FH P R A . R
FEFEF PR = AP 22 HAS B, i i
A S 408 T JE D 0T 2 B B8 R A 2 I 246 5 i R
TIE A8 H 3 AR e SE B - 000 . (R P R s APT Y
FROE RN TI8R LA o — , R B U2 8 P £ 08
DL I APT 22 J0 R E 267

EH = APUER ik o R REMI B 4b =
APIHERE VAR D REMI 55 BT i = APTHERE R 2 P
TR AL = APTHESE - KRB A %500 J2 52 B [1]
R 55 B AT e s R I B 2 e HAMEERE = APL
LAY L TT 2 . Chen S48 SCHR[ 27 148 Hi 2T 1
THREA A E B IR S TAb = APTHERE )5 % il A 2
FHER SRR Z RN . AR F O A TAE A SCE
B H A s APTX — [ 5, 2 57 B4R e R A 502 4
2D 28, S IT AR X BRI R B TR AR
B H A2 APTHER .
6.2 EiETE

FEL PR, HANRT fh e U w5 5 —Fh g
il — BB 2 A R AR SR AN R A 2 TR A R R
A& S R BOR T U — I A A BT Rk
T TN R R T R DR I R B S ) g S A Rk
TR A 1 it 2 75 Ry BN i BCR T B AMAERIFSE 1)
S — 250N

AR S WIFFE 35T A FL R R N B AR Y
JEAR 5 AN H 2 eSS 3 AR T R A
FURGS . AE IR B AMERE T T, Liu % 3 i —fh £
] 2 24 B 2 A 28 I 5%, b IR 2 =22 ) B v 0 1 7 A
F14) i) B P 2 i ] 2 A 2 2 S 30 e g 2k DR B
P —2F , Liu 5 Y — 35 T 3 32 o 4o 28 ) 245 Al
B0 R b SCAR TR B AT IR e B4 1 75



1946 it A

Pl

L
&

Eitd 2024 4F:

Li S5V M — ol 8 SR IS v T 2 Ao 1 IR o
TEAT 55, B U U 0 A0 o REAE I ) P 3k S8R AR DE A
PRt ] B . AR B AN T T, W S g A
AN [ BB A 4 R A 2 R AR DG R L R
TR I X 53 BAMAETE H AR b b i B 2 AR
Y an S5 1 o8 P T I 46 RTIL P A 5 S A 2
77 G F AU P o B A P AT AR SIE S
S PR B AR S HERE . Rad 555l IS A0 0
TCTZ 2% R B AE A 28 X 48 TR — AN JE T N A 7
R0, T2 BAMRT A

MHT S B R HL R AU Y BRI O A — e
I AHSEALE 5 APTHEREST, X T B 4h 56 R 5%
Ko AR HAb = APLIE &I & # 1F Mashup JF
KRB EERR . RMRATEZR], S K
SR FEAE T AR S 0 A R R AT B AR O
FRERL M = APLAEE MBS RRE , T B E A
AR TE Ttk = APTH AMEFE RS . ok, B
A B 5 N I T A AR B — S I o A
[ R BRASCR — A2 i) H AR EA T BRI . iR
S K L2 oufb o AP B M T Bk E T
= APLIY B AMERE B A S B A SO = API
T 2 U — 1 B B DA 5 ) 8, HE o L —
P RO T A L X LS T R) K A Y
ERE

7 BREEREZE

AT LS APTA S s R T &
AR N B2 8 2 A AN R D) e ALE A T
HANCR M = APL DL AE N A ST 5T sh L, $2
W E X T BB A= AP M R . A Scikit
T — T A %R A2 4 B ) £ of B X 5 B B AR 5 API
7 ] UK A v 9 Pk R L SR F Beta B 2% 4 AXT =
AP R HOC R AT b . B it th $5%  BU Fsg 3
S BEARE EETR B TEAD DG R I A SN 4%
2982 1) = APT7E L [R] U8 FH 56 2 S8 A #b 56 &
M 7 VH i 2 R I B AN 5 AP R . 7E L3R A I
K VE B ) M 453545 5 2 APT AT i) 42 B 1A B kM 1)
= APLEE M i . &5 . it ARk = AP S B4 =
APT 5 ] 155 2 [8] (%) KL HICRE B S , 98 e HF 7y A6 B AL
*ha APTHEFE S 3R . 5250 3R W AR SC T £ J7 ¥ g
AR APT i B TR )8, 9 H AR
U B B AMEERR S ST R ASCR T LA 2 5 AN [l B 4L
) L AMEFERT 22

A SC T 7 2 PLRAHCCR B4R AT DL S 98 25 By
H oAbz APLHERE . fH )= PLRAHCCR HET R ZIE T
5 APTHUN ) RN 3K 1 A 25 FEN, A 1) B AN
SR AR S BR L R 45 RN R R 2 ST S
27 APIIR %5 . B 5 APTHEZE VR 75 7% 18 w7 T
TAME . P 7E A R Y AR AT 5 N A
(R A0 5 28 20 1 07 L B 3R = AT 5 i 2 4
R U D 56 2R 0 25 APTHERE 7k 5 AT ]
AEAE A NI B A EE 0 . eAh , BB B B B
I A O 2% 0 — A I R R DG R MR PR X B AR
5% Z Mk B0 5 W 5 3K BUOH b IR i = AP &
Rapid APTCHE » i — 2 56 30F A SCHT 4 7 1k 1 92 4k
ety

i
Bl

s BT R R e 2 4 60 LU

O

Z x B

[1] Ma XX, Liu XZ. Xie B, et al. Software development methods:
review and outlook. Journal of Software, 2019, 30(1): 3-21 (in
Chinese)

CEhIGERE . XURRAE . oK, A5 ARPFIT R 07 2 ke Il ot 5 e B2 .
{242, 2019, 30(1D): 3-21)

[2] Bouguettaya A, Singh M, Huhns M, et al. A service computing
manifesto: the next 10 years. Communications of the ACM,
2017, 60(4): 64-72

[3] Chen Z, Qi WC, He PF, et al. A survey for cloud application
programming interface security: threats and protection. Journal
of Electronics & Information Technology, 2023, 45 (1) .
371-382

(BREL, Z3CH . B €, 48 20 R g e 4l 1 2 2T 58 25
WS B BT SRR 2023, 45(1): 371-382)
[4] Airui Consulting Co., Ltd. China artificial intelligence API
economic white paper. IResearch Consulting Series Research
Report, 2020, 180-236

CUHE A PR . E TR A8 APTATE KT . U i
FRIMWFES . 2020, 180-236)

Qi L,

approach for personalized and compatible

[5] Lin W, Zhang X, et al. A correlation graph based
Web  APIs
recommendation in  mobile APP  development. IEEE
Transactions on Knowledge and Data Engineering. 2023,
35(6): 5444-5457

Chen Z, Li Y, Wang Y. et al. Knowledge graph enhanced Web

API recommendation via neighbor information propagation for

[6]

multi-service application development//Proceedings of 2022
IEEE International Conference on Collaborative Computing:
Networking, Applications and Worksharing. Hangzhou, China.,
2022:20-40

[7] Thung F. Oentaryo R, Lo D, et al. WebAPIRec:



81

Mh EAF: BT HERE I & I A APTHERE 7 ik

1947

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

recommending web APIs to software projects via personalized

ranking. IEEE Transactions on Emerging Topics in
Computational Intelligence, 2017, 1(3): 145-156

Bianchini D. Antonellis V., Melchiori M. WISeR: a multi-
dimensional framework for searching and ranking web APIs.
ACM Transactions on the Web, 2017, 11(3): 1-32

Liu L, Bahrami M, Park J. Web API search: discover web API
and its endpoint with natural language queries//IEEE
International Conference on Web Services. Beijing, China.
2020: 96-113

Wang Y. Chen J, Huang Q. et al. Deep learning-based open
API recommendation for Mashup development. Science China
Information Sciences, 2023, 66(7): 172102

Wu J, Chen L., Feng Y, et al. Predicting quality of service for
selection by neighborhood-based collaborative filtering. TEEE
Transactions on Systems Man Cybernetics-Systems, 2013,
43(2): 428-439

Yin Y, Chen L, Xu Y, et al. QoS prediction for service
recommendation with deep feature learning in edge computing
environment. Mobile Networks and Applications. 2020, 25(2):
391-401

Zhang Y, Wu Q,

collaborative filtering for

Yin C, et al. Location-aware deep

service recommendation. IEEE
Transactions on Systems,
2021, 51(6): 3796-3807

Chen Z, Pan Z, He P, et al. Context and auto-interaction are all

Man, and Cybernetics-Systems,

you need: towards context embedding based QoS prediction via
automatic feature interaction for high quality cloud API delivery.
Future Generation Computer Systems, 2022, 128: 265-281

Rahman M. Liu X. Integrated topic modeling and user

interaction enhanced web API  recommendation using
regularized matrix factorization for mashup application
development//Proceedings  of 2020 IEEE International

Conference on Services Computing. Beijing. China. 2020:
124-131

Yao L., Wang X, Sheng Q. et al. Mashup recommendation by
regularizing matrix factorization with API co-invocations. IEEE
Transactions on Services Computing. 2021, 14(2): 502-515
Yin Y, Huang Q. Gao H., et al. Personalized APIs
recommendation with cognitive knowledge mining for industrial
systems. IEEE Transactions on Industrial Informatics, 2021,
17(9): 6153-6161

Ma Y, Geng X, Wang J. A deep neural network with multiplex
interactions for cold-start service recommendation. IEEE
Transactions on Engineering Management, 2020, 68(1):105-119
He P, Qi W, Liu X, et al. Seizing the long tail: neural
complementary recommendation for cloud API delivery//
Proceedings of 2022 IEEE Ubiquitous
Computing. Haikou, China, 2022: 1954-1961

Ren H, Leskovec J. Beta embeddings for multi-hop logical

Intelligence &

reasoning in knowledge graphs. Advances in Neural Information
Processing Systems, 2020, 33: 19716-19726
He P, Qi W, Liu X, et al. Association rule guided Web API

complementary function recommendation for mashup creation:

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

an explainable perspective//Proceedings of 2022 Chinese
Conference on Computer Supported Cooperative Work and
Social Computing. Taiyuan, China, 2022: 73-83

Rendle S, Factorization machines with LibFM. ACM
Transactions on Intelligent Systems and Technology, 2012, 3:
1-22

Cao Y, LiuJ, Shi M, et al. Service recommendation based on
machine//2019 TEEE
Conference on Services Computing. Milan, Italy, 2019: 189-196

Guo B,

attentional  factorization International

Deng L, Zheng W. A service recommendation
algorithm based on self-attention mechanism and DeepFM.
International Journal of Web Services Research, 2023, 20(1) :
1-18
Kang G, Liu J, Xiao Y., et al. Neural and attentional
factorization machine-based Web API recommendation for
Mashup development. IEEE Transactions on Network and
Service Management, 2021, 18(4). 4183-4196

Tanjim M, Ayuubi H, Cottrell G. DynamicRec: a dynamic
convolutional network for next item recommendation//
Proceedings of the 29th ACM International Conference on
Information & Knowledge Virtual Event,
Ireland, 2020: 2237-2240

Chen Z, Chen W, Liu X, et al. Functional complementarity

Management.

relationship enhanced cloud API recommendation method.
Journal on Communications, 2023, 44(6): 125-137

CHREL RSO XSS . TR AN G R ISR =5 APTAER 7 vk .
AR, 2023, 44(6): 125-137)

Zhang M,

product recommendations: the differential effects on consumers’

BockstedT J. Complements and substitutes in

willingness to pay//2016 Joint Workshop on Interfaces and
Human Decision Making for Recommender Systems. Boston,
USA, 2016: 36-43

Liu J, Song X, Chen Z, et al. Neural fashion experts: 1 know
how to make the complementary clothing matching.
Neurocomputing, 2019, 359: 249-263

Liu J. Song X, Nie L. et al. An end-to-end attention-based
neural model for complementary clothing matching. ACM
Transactions on Multimedia Computing, Communications, and
Applications, 2019, 15(4): 1-16

Li Y, Chen T, Huang Z. Attribute-aware explainable
complementary clothing recommendation. World Wide Web,
2021, 24: 1885-1901

Wu B, Zhong L. Li H, et al. Efficient complementary graph
convolutional network without negative sampling for item
recommendation. Knowledge-Based Systems. 2022, 256:
1-15

Yan A, Dong C, Gao Y. et al. Personalized complementary
product recommendation//WWW’ 22. Companion Proceedings
of the Web Conference. Lyon, France, 2022: 146-151

Rai R. Patel M, Varma P, et al. Complementary product
recommendation using siamese neural network//Proceedings of
2023 International Conference on Communication System.
Computing and IT Applications. Sydney, Australia, 2023:

121-125



1948 it A

¥R 2024 4F

CHEN Zhen, Ph. D., associate
professor. His main research interests
include service computing, recommendation

systems, and software engineering.

XIE Deng-Hui, M. S. candidate. His main research
interests include cloud API recommendation and complementary

recommender systems.

Background

The history of software engineering over the past 50 years
has demonstrated that reusing technology is a viable way to solve
the software crisis, increase the efficiency of software production,
and promote the engineering and industrialization of the software
industry. To accommodate software reuse in a networked
environment, service-oriented software development methods
have been proposed, advocating software development through
networked service mashups. As a new technology to enable
service-oriented software development, cloud API has attracted
many developers to access various cloud services and respond to
the changing needs of users through cloud API, effectively
reducing the complexity and development cost of software.
However, the massive and continuous growth of cloud APIs
makes it extremely difficult to quickly identify cloud APIs that
meet user needs, which limits the healthy development of the API
economy and the popularity of cloud API application.

Cloud API recommendation is an effective way to solve the
above problems. In recent years, top international journals and
conferences such as TSE and ICWS have published research
reports on the latest achievements, including content based. QoS

aware and personalized cloud API recommendation methods, but
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little work has been done to understand and characterize the
complementary needs between service oriented software
development and cloud API recommendation. For example, in
service oriented software development, considering the high-
order complementarity between the recommended cloud APT and
the multiple cloud APIs that have been invoked will be more
likely to yield satisfactory results.

To address the complementary recommendation problem of
cloud API in service oriented software development, it remains to
establish a probabilistic logic reasoning approach based high-order
complementary cloud API recommendation method on the basis
of our existing research works, which is of great importance for
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