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1. Transductive#i# : (EHRAVEHRFS , Wil ERISCIRERFETIIgR &+
2. InductiveffEi# : IFNFY , RFENLNELIFREAR , BRI S
3. First-Order LogicEif) : FEANRENS LRIT—IMEEENR , BIEXARREITIZIEERE
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Canada
Q =V?.3v:
Win(Truing Award, V)
A Citizen(Canada, v) AGraduate(V,V?)

(a) training graph and transductive (b) inductive reasoning. (c) complex logic query
reasoning.



Inductive¥EHE- SNRI-IJCAI22

S
1.

HIAFEISEZEELMANLEBMELR , SHUNEERRRL Train graph
2. HFAFEFERRME , LEKEEREER

2 HGralL1=EY
EE(u,,v) , HAFERELSE
1. FREELEEARURIK-hopeBERES N, (1)
2. HHENELAARVAIK-hopeBREES N, (v)
3. BRNESHFHEN, () N N, (WIER
HAFERTR
4. KGRI R(ENEIFIFERRER

enclosing subgraph

neighboring relational path

Subgraph Neighboring Relations Infomax for Inductive Link Prediction on Knowledge Graphs-1JCAI22
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BlFr

(AR, HAFEIREEEEMNEERTERR , SBUMERER
FRK
F3iEL  REBSLRRZRLBERA

[aER2. HAFEFERRIE  LERSERER
15152 MRZEBERRRER | KIFMEHRaE

p, mother_of lives_in  city_of

P2 son_of lives_in city_of
P3 mother =9f lives in located in

ﬁ—

ps son_of lives_in located_in

enclosing subgraph

neighboring relational path
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SNRI =2

M=

NRFM : Neighboring Relational Feature Module , BB R E4FIEHEY , SCINFEHREN , FeliaH T 4 it
SNN : Subgraph Neural Network , FEIFELMEE , EHAFE EFIHAGNN , FHIIAKXRBSRER
MIM : Mutual Information Maximization , BB & X , AT FEBEIFEZEIEERE

KG

Subgraph
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NRFM
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RR—: SBERZESFEEIR ( NRFM ) |
VEFR : SCIRFEMHEY , FHIMAMS ST [NRFM;FN;:?J,rt;m Sz.aﬁonﬂ
4 )

1. MR FE \
BT, v) , HAFERMEESTAIGrallSSUER |, REZAL
f£F , ANERRE TSN ANEENBEXREN ().

2. IR« REAHIE+ M EFRHE

'r |

l o !

hY = Wo[h!* @ h?*]. B Bug
7’ s R

rel _ | ' |

I I

I\ |

il IReIation Embedding

/-—————————————&

N e e ——— —— — —— — — —

h?”® = [one-hot(d(i,u)) & one-hot(d(i,v)])) | Node Feature Initialization
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R T FEMZMEEER (SNN)
VEF : TEENFELFIBEGNNSHTEEEE | M ERERE SRR FERERE

1 FEIFRTFEHER | MIAGNNEHT RERTMIXERTe,, REMEINTRERMSEIFERThy
2. REBERMEERER | AAGRUEIZEZXRARBZNEBZRRTp, REFBBRERTEFEREZER T,
)

(i ( @ !___GNN___ g ) Entit
| B (S L - ] | ntity
Input Subgraph g : O\EILO’ O\!C;’ : Embeddings l@g
| | @ K |
- Q o .
ol S
layer—= = > S
SNN: 12— " | , | G
| i —_— o— j }I Relation G
BBEERY, o~ 0 N A __ & _____ Embeddings X
DB  Neighboring Relational Paths Module ! :
R f @ O 9909090900l seme e oS eeoo :_
p; mother_of lives_in city of <= — — — — o |
P2__son_of lives_in _city of - : Readout
\ Neighboring Relational: p3 mother_of lives_in located_in = I -
Paths Extraction ps son_of lives in located in :Rela1 ional Paths Pg

|
\_ I\ Neighboring Relational Paths | Embeddings )
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L= G EERELYELR (MI Maximization)
{ER : BT ERIS T EEBEEN , ANBIIRAMMBEER-LE/E ( subgraph-graph ) BER , IH—
SKFEBPRRIFFNIRZREe051E

2 RRSAXEBRRFITER , BhLLEEFERZENKGEST |,

IRENKGHIZRER.

1. KGEIEBEFTRs¢
1 N
Sag = N ; Sg,

2. HELBERs AT E s ETAaRM

D(Sg, S(;) = U(SgWM]SG)

Readout

MI Maximization

N\

Positive Pair (ﬁ ,I)

\

Local Subgraph Global Graph >
Embeddings Embedding

Self-Supervised
Learning

Negative Pair(l I) Discriminator
)

Embeddings of G
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,—

1RERPY: 224E55
ER : XAEZ

( subgraph-graph ) BfER. &ZHBIRRESERIEBD

L. SEEFUNRIR BREL

[/sup — Z max(O, f(’U,/, Twlb UI) o f(u7 T't, U) + 7)
(u,r¢,v)EG
2 EL{I:IIL: E*j‘ &
1
Lyt = Ex,a) [logD (sg,.sa)]
N Z
M
+ ZE(X a) llog (1 =D (8g;,5¢))])
j=1

£559) If’ﬁtEI’JTJ' %, ES—ERNRENS LAUSEETRIESS

, EB_HEXUERE-2B

L = ,Csup + ALy

Scoring Function

Readout

- -

MI Maximization

A\ 4
3 L :
Positive Pair (ﬁ ,I)
Local Subgraph Global Graph
Embeddings Embedding

Negative Pair(l I) Discriminator
)

Embeddings of G

Supervised
Learning

Self-Supervised
Learning
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-
L
SCIGZEER
WNI18RR
vl v2 v3 v4 WNISRR
Method AP H@I10 AP H@10 AP H@10 AP H@I10 Method vl v4
DRUM . 8605 7437 8403 €893 6320 4618 $2.00 €713 SNRIw/o NRE - 86.96  82.26
' : : : : : : : RI RP 91 2.01
RuleN 90.26 80.85 89.01 7823 76.46 5339 8575 71.59 gERI W;O E/II gi g 4 22 23
GralL 9432 8245 94.18 78.68 8580 5843 92.72  73.41 W70 . .
CoMPILE 9823 8360 9956 79.82 93.60 60.69 99.80 75.49 SNRI 8723 83.32
SNRI 99.10 87.23 99.92 83.10 9490 67.31 99.61 83.32
FB15k-237 WN18RR v1 WN18RR v4
100w CoMPILE o 7.8 965500 |
vl v2 v3 v4 o —]
Method AP H@I10 AP H@I10 AP H@I10 AP H@I10

o
Neural-LP 69.64 5292 7655 5894 7395 5290 75.774  55.88 ©
DRUM 69.71 5292 7644 5873 7403 5290 7620  55.88 i
RuleN 7524  49.76 88.70 77.82 9124 87.69 91.79  85.60
GralL 84.69 64.15 90.57 81.80 91.68 82.83 9446  89.29
CoMPILE 8550 67.64 91.68 8298 93.12 84.67 9490 8744 0l

[0, 3] [4, 6] [7, +] [0, 3] [4, 6] [7, +=]

SNRI 86.69 71.79 91.77 86.50 9122 89.59 93.37 89.39 Subgraph Density Ranges Subgraph Density Ranges




Inductive}EIE- CFGA-AAAI22

L]
1. LUEGNNITEM BN = e AN FEFEAMEHEE | (BRI T E =T aER NG E
E— () EREL,
2. ATHEIINGS | EAREHbETER= oA RN (5 ) ERIEY ?

KXHRIBN

MmO FEERXROTABEREEMEL , AL <X,
- o tf:;’;gf,ie’a;:&:gr':? U, author_of, Y> , X2F& , YEPEE.
<(Vlctor Hugo, Les Misérables) ) @ % o r“)‘(*ﬁiﬁ)‘(
T ey ) P —ANEMAES MR  ZLAERAASNEL.
e obmor o) | @) 5@ RS, —DREMSPLABERR. MG T IXESTARRIX
\ e Merten Ridley Seo® ) R, MASAREETT XHXREN.

KG - BFRRIEY

[E<E, actin?> | WERTEFXRIBRIZEIIRRact_in,

Exploring Relational Semantics for Inductive Knowledge Graph Completion-AAAI22 12
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BlFr

a1, GNNN\EE=cHNEEHRFEFREGMEESE | B2
THBEEM=THEENMKGLEE— (X ) BXRIEN.
JiEL  ATERAI XERFRIENX , FIFFEEREZIMKG ESXAR
ERENS I LIMERREER

[BRR2. BAFRF R ERA=THFENEN (Bif ) BIXR
18X 7

13i%2: AT ERIEERME NIRRT |, SIRENEIXRER
IR T — PR ERIR R ERLER.
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CFGAT=ES

CG-AGG : HHAIEERGEE (RS2 1 KR ) | FIFBEIGNNEIELANEBER | FIRESRGNNE
IESCNVBEERMER. | SEIERIERISLINER
FG-GAN : ‘BRIBLEMKES ( REETIXRER ) , FIREGANEKREIRRE DT , BRIEAIERISLANER R

|
/~  Generator ) <
q
# ‘ 0.02
. N —| +| Scoring _p(0|s,OI)
1 J { & Softmax -

function .0.03

<€y, 1, €4>
<es, 1, €4>
<€y, 1, €5>
<€, I, 2>
<€s, I, €5>

9

triples to H +,|

(] T7e

I
g

I
I
I
|
<ep, Iy, €3> |
<e,, I'3, e1> I
<es, '3, €4> I :‘ -
I\ /(=) | Negative
hyperedge ”
LY s | (
eslo/o/1]/o0]0]1 H : (q) vLDiscriminator
=€ 1/0/1/11/0 | |
:.E ©s 1/0/1/1/010 ' I ’ \ Samp|e ’:‘ (+)T Positive
®es 11 0/0/0]1 | >
es 01,01 10 | =~ H
| Pq
(a) (b) CG-AGG | (c) FG-GAN

14



Inductive}EIE- CFGA-AAAI22

fRR—: FARE

Raer (CG-AGG)

1 é}E_',ERA
HFENKG , HETRNERERR. BENXRrIFRFSE
FIOCFNE | PRIRRSrEERNL N ESTIREEIRESR,
BRAEEEIRYKERAEMEH
.. — 1, ier'ECj
71 0, otherwise.
BE | BB NEaTHEAERRISCKD |, iT&ERE8b
HIEERRZ € R?IRIX? -
7Z=WD 'H'E
RiE  WFBNTRs , BIGHESIEINES | itETasHY

Sy = O h, 720
g ZJ hs,j g

<€y, 1, €4>
<ejs, I, €4>
<€y4, I, €5>
<€, I, €2>
<€s, Iz, €5>
<€y, I, €3>
<€y, I3, 4>
<€s, I3, €4>

triples to H

=

H hyperedge

oo

0

0
1
€es 1
1
0

-~ a0 0|0O

0
1
1
0
1

OO0 A A
= OO -
O =0 0-

(a)

®
&
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fRIR—: R ERGES ( CG-AGG)

2 E‘,A_LBERA

HFEHA=cEANEHRFE , itETEsHNBESRR . B
X 5EMEInductive/EFEZBIGNNMELL, Bttt |, WFHas |
B E—B SRR IIBCKFNE R BEERTS,

1 T
= E
5l ? (ZZ ns,i He ®1> UGIobal

BIE | 52 R%ms, ABHERs I , G517 =

RIER

s=A(s)=as| +(1—a)s, (b) CG-AGG
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1R IR EAE LSS ( FG-GAN)

1. dHRIEAE Rk ERRIER

EEEIN=7t<s,q,7> , ETERRIFEIRXRq , 5BISLARRY
MAETRTR « ANXAERIERISHARTMEIIR R8N | F
FREERI TR GANER KR RIRIN 570 |, FEMISEREI4H
RIERT.

/  Generator I <
q

]
—I +| Scoring _p(0|s,q)

& Softmax

‘—ﬁ ‘ } ﬂj function
/

(=) | Negative

2. M RERRERIE

AXFBNRREEER— 911 , HRNXRESERNS
fi. A—XETHLBEEERLRLE , BIREHEEXR
RYSCIAFRRMIZ X MR R EAERINS . Ft , GANSAE
AR GERLR DT |, FIRIBSDX DizFaaEkB ks (1)
ERRBEEmM=E () .
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TR AR

i=ga
>Z

4pkes ( FG-GAN )

3. ERXITIRELGAN

Bfith , EETEEA=70H , A FEHERSEGHIFACNNE

IRSUABIIRRQAFHRSEIRREZRR |,

s, = G (A(s),q) =0 (
HIBIBEDR S UETERESRH T () FRREEMSE

(%),

D(x,q) = Sigmoid (W1 (Wy(x]||q) + bg) + b1)

&2 | g BirEEEERXR RSN ST 1 BEAIZKERR

LRI fRtERE,

min max V(G, A, D) = Ez~,, log D(z,q)]+

G, A D

Eompar, [108(1 — D(G(A(5), ), 9)].

K

=1

Z ([s; RTq]) * O

-—
/~  Generator I <
q
]
—I +| Scoring _p(0|s,q)
J " &Softmax -
_ﬁ ‘ } : function
\_ ﬂ ) (=) | Negative
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-—
= ALt
%EF\.‘L@E%
FB15k-237-Sub FB15k-237-Obj NELL-995-Sub NELL-995-Obj
Model Hits@N Hits@N Hits@N Hits@N

MRR | 3 10 MRR 1 3 10 MRR 1 3 10 MRR | 3 10

MEAN 0.376 279 422 56.6 0.128 6.6 13.6 255 029 173 339 574 0.253 173 283 40.6
LAN 0.359 256 409 56.1 0.138 75 15.1 263 0313 17.5 37.8 60.7 0.250 16.0 29.7 42.6
ELPE 0371 266 41.8 533 0.126 64 13.0 24.1 0.287 16.7 327 57.1 0.248 16.2 27.5 40.2
00S 0.325 238 37.1 489 0.132 81 143 237 0263 16.6 28.6 514 0.290 22.0 323 421

CFAG 0393 295 440 575 0156 94 17.0 27.6 0360 239 419 62.0 0312 238 34.2 459

Model MRR Hits@l Hits@3 Hits@10 Model MRR Hits@l His@3 His@l0
CFAG r/w TransE 0.350 23.6 404 58.7

CFAG w/o A 0.348 23.6 39.7 56.4

CFAG ‘\Z/g G 0.342 235 38.3 56.8 CFAG I'/W DiStMlﬂt 0319 210 361 559

CFAGw/0 A, G 0.334 22.3 37.8 54.4 CFAG 0.360 23.9 41.9 62.0

CFAG 0.360 23.9 41.9 62.0

Table 6: Experimental results on NELL-995-Sub with dif-

Table 3: Ablation results on NELL-995-Sub. ferent generators

19
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L))
LGS HRBI— 1 TBIATRERIENEE | XAEs—SRM 7 RIFAIMERE | (BERESLHR
FKGEATTEHY.
2. HEME T RBEEN R/ VTR REISER—MEETIINRERT , (EfHRTERZ AT,

Natural query: What musical instruments did Minnesota-born Nobel Prize winners play?
EPFO query: Q[A] £7A : 3V s.t.Born(Minnesota, V) A Win(Nobel Prize, V') A Play(V, A)
_ Forms of Knowledge Reasoning
—ZIEERREE. TE. XRI=EMNZEz8HM. Dulutb g&i)tarist Minn. Q-..._.____ B P,
1Z1I%E’\J¢thl\l‘a_|@@j:ﬁ . IsIn Born IsA \fiorn '_Q'Pfl'r'lé;? ?)iago
O . . d Dylan O Calvin Play .-
1%E*DQEIEKG§&MK / QI:HE.EE/_F%MK ? Minn. Win Play Nobel OLewis
\— —— — — d b Prize © 1 Dylan o] .+~
2 %%E%R (a: b)%—ﬂ:@é& ' ﬂﬂ@%m?&%@% ? Nobel Prize piano Einstein o
3. BEEEEEA , v, o, MEARFREEER ? Symbolic Method Geometric Operation

Neural-Symbolic Models for Logical Queries on Knowledge Graphs-ICML22 20
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BlFr

AR, MR AR BT EAER |, HEERTRER
= Al ARREE

FEL BB TR MEMERTR . £5FHT
EZE2KGEFESR , HEMNBERER LA E
EE

[B)RR2: Y{IAMEEZHZIEERINREERE , 815X
AIANZEERIE (AV )

Bik2: BEZ—MZLE ( FOL ) Eignif ItErisE
FRIFRIRT | HEIXFRSEREENX T #aEs

Turing Award: 1
Nobel Prize: 0
The Oscars: 0

Relation
Projection

. 1 D.E. Knuth: 0.9

Win™ | GE. Hinton: 0.9
| Y. LeCun: 0.8
Y. Bengio: 0.8

R Logic
Operation

21
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GNN-QERE
HEEANR | B—MBEEERRERNEENRET (KEARAREETS )
GNNEHIUT : I~ NEHREEEE | BEHTRAT I RER

q = v.3u: Win(u, Turing Award) A Field(u, Deep Learning) A University(u,v)
Win!

Turing Award O—’ .. Expression: Py, ipersity (C (?Wl-n—1 ({Turing Award}), Prip1qa-r({Deep Learning})))
(A) Symbolic Q.u.ery Conjunction 1
Decomposition ¥ University ) _ _
Deep Learning O ~ o Postfix notation: {Turing Award}Py,;,,-1{Deep Learning}Pr;o1q-1CPyniversity
Field

D.E. Knuth: 0.9
G.E. Hinton: 0.9

Y. LeCun: 0.8
Y. Bengio: 0.8 \
G.E. Hinton: 0.81

Turing Award: 1
Nobel Prize: 0
The Oscars: 0

Toronto: 0.8
(B) GNN Query Fuzzy Logic Operation | Y. Bengio: 0.64 GNN New York: 0.75
Executor C Y. LeCun: 0.56 Puniversity Montreal: 0.7

Deep Leaming: 1
Database: 0
Graphics: 0

G.E. Hinton: 0.9
Y. Bengio: 0.8 /
Y. LeCun: 0.7

M. Welling: 0.7

22
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RR— FFSERDHE

1. —MBEEERRARIAL

(1) —MZEENEEEE.
(2) fIXIFOLRYEENEZE |

TE. RREEMZEIZSE.
KAEHERTA = (U,2), BEHRT.

(3) FIYFOLINXRRIZEEMEIEEE |, X TEME LATIMRIERT.
(4) BILXEEERT , BEEMETERRARIAT , N FERR.

Relation Projection: P,(x)
Conjunction: C(x, y)
Disjunction: D(x,y)
Negation: N ()

@ BAIES : Which universities do the Turing Award winners of deep
learning work in?

@ FOLEIEEA : Q = V?2.3V:Win(Truing Award,V) A Field(Deep Learning, v)
A University(V,V?)

@ FAL : P University (C’ (SP win-1({Turing Award }), Pf’ileld({ Deep Learning })))

@ RBREFIXT : {Turing Award } Pwin-1 { Deep Learning | ?ﬁ’;eld C ?University

23
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fEH— GNNEFHIT
1. XRIzEE/F(NBFnetizEY)
NTRARNTHIRE LNEREE , ANFI T — P ERSERERPITRAEKRS P, (x).
h,(,o) « Indicator(u,v,q)
Y « Aggregate ({Message (hgt_l), (z,7, v)) | (z,7,v) € E(V) })

Message @

NBFneti&E4iz/ ) E48 -
1. saELEXN , FARERBRHEE

BRI RBE Aggregate
2. AEFBERE ERNITMessage®(F S> <
BB FBREBITRANIT

Aggregatei{E

1)

24
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B GNNEIFHAIT
2. BIEEEIERE

BEEAEETC(Y). FRD( NHBEN OVESIRRRIEREATE—R , FH T
RERPERNGHIE, E8 , FRTUERREI % | XEEHRIEEE EHT.

Clz,y) =0y
N(x)=1—-=x

D.E. Knuth: 0.9
G.E. Hinton: 0.9

Y. LeCun: 0.8
Y. Bengio: 0.8 \
G.E. Hinton: 0.81

Fuzzy Logic Operation | Y. Bengio: 0.64
C Y. LeCun: 0.56

G.E. Hinton: 0.9
Y. Bengio: 0.8 /
Y. LeCun: 0.7

M. Welling: 0.7

25
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¥

In4ER
Model avg, avg, 1p 2p 3p 2i 3i pi ip 2u up 2in  3in inp pin pni
FB15k
GQE 28.0 - 546 153 108 397 514 276 19.1 22.1 11.6 - - - - -
Q2B 38.0 - 68.0 21.0 142 551 665 394 26.1 351 16.7 - - - - -
BetaE 416 11.8 65.1 257 247 558 665 439 281 40.1 252 143 147 115 65 124
CQD-CO 46.9 - 89.2 253 134 744 783 441 332 418 219 - - - - -
CQD-Beam 58.2 - 89.2 543 286 744 783 582 677 424 309 - - - - -
ConE 498 148 733 338 292 644 737 509 357 557 314 179 187 125 9.8 151
GNN-QE 728 386 885 693 587 79.7 835 699 704 741 61.0 447 417 420 30.1 343
FB15k-237
GQE 16.3 - 35.0 72 53 233 346 165 107 82 5.7 - - - - -
Q2B 20.1 - 406 94 6.8 295 423 212 126 113 7.6 - - - - -
BetaE 209 55 390 109 100 28.8 425 224 126 124 97 51 79 74 35 34
CQD-CO 21.8 - 46.7 95 63 312 40.6 23.6 160 145 82 - - - - -
CQD-Beam 22.3 - 46.7 11.6 80 312 40.6 212 187 146 84 - - - - -
FuzzQE 240 7.8 428 129 103 333 469 269 178 146 103 85 116 78 52 58
ConE 234 59 418 128 110 326 473 255 140 145 108 54 86 78 40 3.6
GNN-QE 268 10.2 428 147 11.8 383 541 311 189 162 134 100 168 93 72 78

26
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AIRE T RIZIRELE B

L. LLMAOFRTRERSHIKER
o NELZHIABE
FIREREKG ( Knowledge Graph ) 2WESLHFARNMESREXRNERTR , BEIUESIEREIRITY
NRT. BEERE—FMEIIEERRGIERMIEIEXHRNER.
RNESHEELLM (Large Language Model) B—HMESEMIEE , EEETEFR
REMIREREMEANS., EXNFEMERTHENMESHXR ARG RNERE.

n &[5)ChatGP T FIZI4NiRELI5?

ZRHIEIETRY

=8, FA—TBERESGERE, HOMERMIREIERFERNLENRHEERLE
B AREEE—TEMANENIRE, ERZTE. BRNXRARE—E, ER—TEFRA
MIRR. ELRZFRBSRMERN, BAUFBINREIERERERTENMRE, HRRMHX
TEMNNIFRES . BB TRSHNERIENMNRE.

28



AIRE T RIZIRELE B

L. LLMFORMREREHIRER

o NAIRRIRE

FRERE | SRAIRE |, AREEEE =cEEFANR | AhREEEtEE R, B3 T8
IR RANRAYS UM, ErUEEFEAREEETREWRR | IRSEEUT AR,

KRR, SRR E |, KIEEEY WESEEEA , KRERREEIIR, 1B5EERTFES
FESFANRS , BFR T REHFERNR ( BFRELANR ) . NEEURRIIEMITR. B, R,

Mathematician

7 : G )occupation',’ .
/ﬁ/ ubetass of “Dante was born in [MASK].”
¥ > % A VY 2 o
ce " y Y

inst e o :
rey Y()ung Tesla A Scientis Neural LM
Man Q ‘\\ LM
i \C:K \“ subclass of
k

 — —p- ['lorence

eae] : Memory Access
psenee e Nikola Tesla “‘
\ﬂ occupation,
BN~ L Physicist
(Albert Einstein)

(Young Einstein)
29




IR RYELR ELE H

2. LLMXSEMREERI S

LIChatGPTAREAESER , EEAEESENASFERNENNE. TLRERE/EILE]
RS TEENBIRA | WASETEARINME | LLanEmRmE , S1RES |, AHRERSE |, R
FEMEE. BR. HEESTEHATEIN,

Third-Party
KB

HIAXA: "The company Apple is located in Cupertino. Its CEO Tim Cook is known for his
leadership skills.", JEIRAIH XA HIMAISER, HHAITZAHIE.

LLMESSBYVATRELE ?

Sem traTimee
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