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1. Background
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Background

Temporal Knowledge Graph (TKG)

 Knowledge Graph (Static)
v’ Entity 2F 2tH|Z Triple QEZ H2
G={(s,1,0)|s,0€&EreR}

« Temporal Knowledge Graph
v Timestamp EE= Time Interval2 37161 5801 AMA S B 2o oes vzoime iz
G={(s,r,0t)|s,o0eEEreRt €T}

T : Timestamp or Time Interval

(discuss by telephone, 14/07/22)
(consult, 14/07/29) -

(consult, 14/08/09)

KG TKG

EX : https://yashuseth.wordpress.com/2019/10/08/introduction-question-answering-knowledge-graphs-kgqa/
TLogic: Temporal Logical Rules for Explainable Link Forecasting on Temporal Knowledge Graphs, AAAI 2022
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Background

Temporal Knowledge Graph Reasoning

o ZEE 2PAHO| Temporal FactE 7|8 2 L2 [HLt O|2e| FactE ==

v" Interpolation Reasoning ( £7F)
= HUFEARPER LM F2El FactE =2

1 —

(s,7,7,t), (?,71,0,t)

v' Extrapolation Reasoning ( 2| )
= 1FHC| Temporal FactE 7 |2tC £ D|2l FactE 0|=

(S; 08y tfuture)» (? 1,0, tfuture)

Observed Time Range

® @ @ I @ >
2010 2012 2014 2016

Interpolation
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Background

Temporal Pattern in TKG

& emporal Order

NEOIESY

t; <t

o

4 Recurrence / Periodicity )

BHEE] . 37|X0 2 HhsH 20
(s,7,0,t) = (s,r,0,t+ 4)

IfHOf| ZOH it ARAO| CRA| Y

o

/Temporal Interval
ARH(EH) 2HAIRE 21

Atztz_tl

o

/

o

/Duration

FactZt &2 ARE el

[t te]

AXIRE HMPIEX| ZHRIX]

o
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Background

Existing Approaches for Temporal KG Reasoning

* Neural/Embedding-based Method
v Entity, Relation, TimeS ¢i< HIE| Z2H0{|A B
Score(s,r,0,t) = f(s,1,0,t)
v 3
= RSXN0|I=HY s
= O J2iZ0f| B8 80|
v CHH
= =X XM
= A 7%3JT% | =7ts
v EX)
= TTranskE
= TNTComplEx
= ChronoR
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Background

Existing Approaches for Temporal KG Reasoning
* Rule-Based Method

v Y Itsg0| RS0V |E WEHS EE|, ARO[ O[diE o= U= AAIS ALE
= ARRO| A i o= 0| 20|, 22| 0= Zntof| THo 28 Ptset 2H MIS
F

v" Query entity0i|A] 0f|= Target entity?tX| O|0{X|= PathZ A |2t HEQL ehH| HD
(Eq,73,E3,T3) «— (Eq, 11, Ep, Ty) A (Ep, 13, E3, T)

S xbx Rule Head Rule Body
oa
= O|E ZHE YAIHCZE NlZ (MY IHsY)
v A
- FE S| o E R HYl 20t
- A EM Z2t0| Zwxoz 50t
v EX)
= TlLogic
= TR-Rules

= TILP
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2. Temporal Logical Rule
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Temporal Logical Rule

Static Rule0jjA Temporal Rule

« Static Logical Rule( AMIE, RuleN)
v' EX) ally(4, B) Ahostile(B, C) — hostile(4, C)
= Q| ARX AZETHHH
= ArHS| EA AN = ME HE0HK] 252
« TKGOl|X= O A ER2D}?
v' Body2| ArH=0| Head 2L} 2FH0{OF 2t
— Temporal Constraint

v SEet 2= 51 Hat ofE W2 LE| =0 HEOf

— Time Decay
v' ACHPHIHH RuleO| 2231 4= U2
— Confidence Dynamics

— O[2{et 112 AfebS Ruled| £H&0H= 240] "Time-Aware”
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Temporal Logical Rule

Temporal Logical Rule 32|

« Logical Ruled|| Timestamp2} Temporal ConstraintE &7t
v' Relation Patht2 2t OfL|2} Event 2t Temporal OrderS &4 HEd

* Definition
Rule Head Rule Body
l
(X0 X141, Ty) = Ney 11 (X0 Xi40, T0)

E, T =entity, timestamp

Rule body : 2fHOY| 25El ZH AR

Rule head : query A|E0{M 0|5} = ArH

EX) Sanction(X,Y,Ts) «— Threaten(X,Y,T,) A Protest(Y,X, Ty)

AN
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Temporal Logical Rule

Temporal Logical Rule2| HE{2} ZO0|

e Rule2| HEH

Cyclic Rule (=%

Body2| A|%f entity2t & entity?} Head2t S —

Th(X, Y,Th) & Tl(X,Z, Tl) /\Tz(z, Y, Tz)

* Rule Length

=1
Single Body Atom

Konkuk university

S| 242

C - O

l=2~3
Multi-hop

+
HH
rof

il
>~
=
o JH
N
ol
d

1
o
oo
El
ogt

4

11

Acyclic Rule (H|=%}) ozt 21

Body?} Head?| Entity A= BX| 28 - H2l F=Z
(X, en, Tp) < 1,(X, ep, Tp)

Job(X, Teacher, Ty,) < Major(X, Education, Ty)
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Temporal Logical Rule

Temporal Rule Learning & Application
« TKGO|M HH2E|= Temporal PathS EMHSIT Rule2 LIS}
« of5E RuleZ Querydl| 8310 Candidate EntityE 0i|=

/ Rule Learning \ / Rule Application \

Temporal Path Mining Rule Selection

v

Temporal Rule Extraction Body Grounding

v

Qule Confidence Estimation/ K Candidate Ranking /

Temporal Patterng Y@A|&Ql RuleZ &3t Historical Factdf] M2t 0|
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TLogic
(AAAI' 22)

LLM-DA
(NIPS' 24)

TRKG-Miner
(PAKDD' 23)

Konkuk university

Confidence =H

TR-Rules
(EMNLP’ 23)

TILP

(ICLR" 23)

CountTRuColLa
(ICLR' 26)

14

14
Ofo
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[2022][AAAI][TLogic]
. J|E S

v' Embedding-based TKG reasoning 04| 1Fg0]| Ciiet A 7Hs/d0| £

— o
= Temporal Pattern= Latent representation@ £ k&
= Of|% Z210]| CHek BA[X QI Reasoning Chain M|l 0242

v' Symbolic Rule Learning2| 2P 2| 3! =2 Rule H2| 0242

1A

-+ N2HE

v" Temporal Random Walk 7|2 Temporal Logical Rule Mining
= PH BRISEO| Temporal Random WalkE 56l Time-consistent Path EfAH
Cyclic Temporal WalkZ Temporal Logical Rule= Y&at
Rule Support / Body Support 7 |2FRule Confidence A&t
= Count-based Rule Confidence A+t 2! Link Forecasting

TLogic2 A2t &=ME 2HESH= cyclic walkE rule2 gt

—

TLogic: Temporal Logical Rules for Explainable Link Forecasting on Temporal Knowledge Graphs, AAAI 2022
Konkuk university 15
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[2022][AAAI][TLogic]

Temporal knowledge graph Temporal logical rules

4 with confidence scores
Rule 1
- (E‘llrh' E[+1:Tl+1) ‘-Ai=1 (Ei'riiEﬁlvTi)
learning 5
I/'

i g =l sT<hy

»
by,

Temporal
random

\_ walks

Rule
application

(subject, predicate, ?, timestamp)

'

Sorted list of answer

candidates
Candidate Score
France 0.982
Germany 0.873

TLogic: Temporal Logical Rules for Explainable Link Forecasting on Temporal Knowledge Graphs, AAAI 2022
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[2022][AAAI][TLogic]

» Temporal Random Walk .
Inverse Relation 227t 2 QFHisk EMH 512
v Targetrelation 717l edge0fiA] Z4s101 A|7H2 H&2| 22710 Walk 34
v L[ edge MEH A AIZFHO 2 IR edged]| X|$&E o2 2 3HE 204

exp(ty — tm)
Zﬁeufl(m,e/m,t/m) exp(ty — tm)

P(u; m,eq, ty) =
* Rule Generation

Walk : (US, Threaten, Iran, T;) — (Iran, Protest, US, T,) — (US, Sanction, Iran, T5)
Rule : (Ey, Sanction, E,, T3) < (E;, Threaten, E,, T;) A (E,, Protest, E{, T,)

TLogic: Temporal Logical Rules for Explainable Link Forecasting on Temporal Knowledge Graphs, AAAI 2022
Konkuk university 17 Graph & Language Intelligence Lab.
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[2022][AAAI][TLogic]

» Count-based Rule Confidence
v Body Support : A|ZFX|2fE 2HEESH= rule body grounding®|
v" Rule Support : SliE grounding O| 20| rule head? | &4%|2 &486F grounding®| &~

Conf(R) = Rule Support / Body Support
* Application

F(R,c) = a - conf(R) + (1 —a)-exp (—A . (tq — t;(B(R, c))))

v A7t 25 27liEl grounding| H-& Hf t=AH| HaAF

v t;(B(R,c)) : body groundin®| 7 P&} Bk timestamp

TLogic: Temporal Logical Rules for Explainable Link Forecasting on Temporal Knowledge Graphs, AAAI 2022
Konkuk university 18 Graph & Language Intelligence Lab.
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[2023][PAKDD][TRKG-Miner]
. IE S

v" TLogic2 Cyclic Temporal RuleZFMining
= Walk?} A2t entity 2 E|ZO0tt0F 5= Eel =
sampled walk= rule= B2 | X| 2t
— Sparse BHo| G A =0t
v .= Event0| Strict Temporal Order 2|
= AIZF2FHO0| ot =AM 2
- Q8%Rule Ciz 24

0|22, Cyclic closure ZHE FHESIX| 23t

O|0[$t Event AT Walki| A BHA|

-+ N2

v" Temporal Relaxation 7|2 Rule Mining
v" Link-star Rule =7}
=  Acyclic RuleQ| E= 22lA

=T =

v Acyclic to Cyclic Ratio2 5 Rule S| A#A H|& X|0f

Konkuk university
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[2023][PAKDD][TRKG-Miner]

* Relaxed Temporal Random Walk
v QI link ZHARFEAS ¢ > 1, — 62 23}
» [}3edge?t O™ edgeECt £|CH §THE O|2 HLWHX| temporal walk £ 6{1&
v 24Xl timestamp®2t 7 P72 candidate edgedi| X|s=M 2 2 =2 sampling probability £
exp(—|t, —t|)
ZtCiETC exp(—|tu - tcil)

]P)(tc; T, tu) =

* Rule Generation

v" CyclicRule
= Head relationS OFX[2 link 2 AHES2ot F| eiRtaF walk 34
= AE-FBE entity?t S22t cyclic walk 444
= OFX|2Hink2| inverse relationZ rule head= &8
v" Link-star Rule
= 20| 32| acyclic walkOi|M 7+2| linkE head 2 HX MZ2
= IO link YR 2| & linkZ rule bodyZ 7
= Cycle closure 20| 1 Ho| 2= sampled acyclic walkE rule2 &2

Konkuk university 20 Graph & Language Intelligence Lab.



* Cyclic Rule Generation

_ visit ~ talk visit™! '
Robin — Spain - France - Robin
Ty T, Ts

v’ O}X|2h edgeZ Rule Head = #2510 Rule Head = AFE
= (France, visit~1, Robin, T5) = (Rovin, visit, France, T3)

v LIHX| edgeZ Rule body= AR
»  (E,visit,E5, Ts) « (Ey,visit, E,, Ty) A (E,, talk, E5, T,)

* Link-star Rule Generation
v’ 2/0] 39/ Acyclic Walk EFAY

. visit—1 talk . visit .
Belgium — Fred — Robin — Spain
To T T,

v Jt2H| edgeZ Rule head 2 MEH
= J}20| edge®! (Fred, talk, Robin, T;) 2 Ol|& CHAIO 2 ARSI T, U edgeE IHE AL
v Rulez &g}
(Ey talk, By, Ty) « (Eovisit™, Ey,To) A (Ey, visit, Es, T5)

Konkuk university 21 Graph & Language Intelligence Lab.
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[2023][|C|—R] [T”—P] Time Interval 2|2t
. J|E S

v EJ|™ Rule-based #HH-E count-based rule confidence A4t
= 2'RuleS S MO Z IHIt - Rule 2t InteractionS EIQI51Y| 0{242
» AXFOZ QASHRUleO|ZHE S |ASHH 52 confidenceE 2FE

= C O

+ ot

v" Temporal Logical RuleZ End-to-End= €}&5}= Differentiable Framework
» Constrained random walk2} Temporal OperatorZ O|&

= RNN 7[gtAttention@ 2 Predicate/temporal M|22| 52 & ol&
» Temporal featureE 26t = H 4= ALt

TILP= AlZE X[ef S Zetet =2| A2 S O|22tsotH s

TILP: Differentiable Learning of Temporal Logical Rules on Knowledge Graphs, ICLR 2023
Konkuk university 22
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[2023][ICLR][TILP]

 Temporal Rule Extraction

v" Constrained Random walk ? |2t Temporal Path &4
= Markovian Constraint 10| Random walk ==3Hl &, Non-Markovian Constraint=2 ZE{2!
» PathZ Predicate Sequence + Temporal Relation YEH2| RuleZ Hi%t

- i i ! Y ) !
non Mark.owan H (wm)r-L.- (“'m )J—I.H-l (H"T.’f ).'.H]
constraints .

\.
AN P d NN e N s \y T
Ct (Wf)r—l (w,"ff i1 (.WP ), (wm =1 (wk)ﬂ (WM' Virgar v :
I S S S, LSS (L WO A |

-
\

Markovian
constraints

i=1 i i+l

Markovian : CFS AER7 | @& SIX| AlEHO|2F o)1=
Non-Markovian : CES AEHD O | M AlERSC| M| o=

TILP: Differentiable Learning of Temporal Logical Rules on Knowledge Graphs, ICLR 2023
Konkuk university 23 Graph & Language Intelligence Lab.
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[2023][ICLR][TILP]

» Differentiable Rule Learning
v' Rule 14 @ A9| =Q - (Attention)E SF50 10 2F FAIO| A2 | H|AL
» Predicate 5! Temporal relationd]| Ci{el attention vectorE RNN 7 |EFO = A4
- O|F S5 02 7tSSA At

= Rule frequencyZ& Tt countingStX| 1 differentiableStA| rule confidence &t

» Temporal Feature Modeling
v TKGE| A|ZHE 54 BAHC 2 HEZSHH rule evidenceE H2t
»  Recurrence HEER S REE DA OFS Score@t 7t
=  Temporal Order
= Relation Interval
= Duration

TILP: Differentiable Learning of Temporal Logical Rules on Knowledge Graphs, ICLR 2023
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[2023][EMNLP-F][TR-Rules]
- J|lECHIE
v" TLogic2 Cyclic Temporal Rule S212| Rule Mining
= L[S Temporal Dependency H240i| 21|
» Count-based Confidence= Temporal Redundancy2| @g=2 2= &~ U
— S&¢t TripleO| CHE timestamp2} 274 HH=H O =2 LIEH

.+ Fot ey

v" Temporal RedundancyZ 1124¢} Rule-based Link Forecasting
= Acyclic Temporal RuleZ 37151 Rule Structure 2%
= Timeline= M2{ Temporal Window= =&
= 2FWindow Lf Valid Body Instance®f Head Event2| &4 ({EE J|Hto =2
Window Confidence A4t

TR-Rules= Cyclic/Acyclic RuleE F=6t11
Temporal RedundancyZ& Window Confidence= S{Z&

TR-Rules: Rule-based Model for Link Forecasting on Temporal KnowledgeGraph Considering Temporal Redundancy, EMNLP-F 2023
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[2023][EMNLP-F][TR-Rules]

 Temporal Rule Extraction
v" Cyclic Rule Mining
» Constrained Random Walk 7 |2t Temporal Path EfAH
— Rule headE &3 3t 7|, Head2| 2HX|0f| A =&l Al2F Q= = Random walk =
= K| IFSX| 2EE ARSI 7PIR2 timestampE 71 edge MEHSH 0

n
By B Tsd) < [\ (Bt Bera )
i=1

v" Acycilc Rule Mining (Z0] 1)
= Rule head(Quadruple)E 222 MEZTH T, head entity0]| Q1 %ot edge S A2 O 2 HHtE
edge MEH
(Ea, Th, €, Th) < (Ea» Tp) €p, Tb) (Th > Tb)

TR-Rules: Rule-based Model for Link Forecasting on Temporal KnowledgeGraph Considering Temporal Redundancy, EMNLP-F 2023
Konkuk university 26 Graph & Language Intelligence Lab.
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[2023][EMNLP-F][TR-Rules]

 Confidence Estimation-Window Confidence ool Redononcs
v &Y fact? 42 A|=0|A BFEE|0] Counting@ 2 rule support? | 2CHE 2 HE
v RuleQ| 2= Head TimestampE HZESH Timeline= window= Ltz
= 2twindow0]| body instance?f SH-F2HE Q2™ 1 windowdi|A] rule supportE 12 £A|

Rule: (X, Make a visit, Y) « (X, Intend to negotiate, Y)

Rule_sup + 1 Rule_sup + 1 No \‘ﬂ.lld b.ody instance
Rule_sup + 1 Rule_sup + 1 Rule sup + 1 - in window3
id body instance \ | ¢ .7n)

nn
nn
nn
nn
I
nn
I
rrn

Intend
to
release
persons

> Intend
Intend Make e Make
to to
negotiate change
policy

Intend Make Intend
to

negotiate

to

negotiate visit visit visit

]
¢=_|
_i
o *~—|
¢ -
VR

ol of
@ & @ @ @ @ -
Timeline
T T2 T3 T4 T5 T6 T7 T8 T9
Window 1 Window 2 Window 3

Window Confidence in black

Standard Confidence in green

TR-Rules: Rule-based Model for Link Forecasting on Temporal KnowledgeGraph Considering Temporal Redundancy, EMNLP-F 2023
Konkuk university 27 Graph & Language Intelligence Lab.
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[2024][NIPS][LLM-DA]
- J|IE eIl
v’ 8{iA D=1t Dynamic Adaptation SHA|
= Deep learning 7| 4SS Ol IPHO| CHSE 8A10| 0f24S
= Rule-based W2 Temporal Pattern2 25O £ Rule2 5 / LS| 01213
= TKGZ}A[ZH0| 2 #42FSHH Temporal Distribution Shift 2i4H

.+ Fot ey

v LLM 2|8F Temporal Rule Generation %! Dynamic Adaptation Framework
» Historical Data0i|A] Temporal Logical Rule Sampling
» || MZ 2351 General Temporal Rule 44/
= Current Data 7|29 2 Low-quality RuleS =X 74l

= O ™1

» Rule-based + Graph-based Reasoning@ = Candidate 0=
LLM-DAE= LLMZ S5} Rule 48/d 3 EH[0|E
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[2024][NIPS][LLM-DA]

LLM XtX|E fine-tuning St= 240]| OF:l Rule ¥H|0|E

O S O S S N S S I NN SN EE NN D S S S S S S S S S M S S N N I S S S A S S M A S I M S S S S S S S S S I M G S N M S S S A S S S e S S S S e o e e e .

—> Dynamic Adaptation
J » Large Language Models
TSN Rules Generation
! \Top k Relevant /p-------==fmmmomemee
|\ Relations | { Generated Rules |
I - o — - - - -
v Qf" _____________________________
! A : Current Data
! = | ¢ o """"""_;g _______
I =
I g 0 X __ S S
: g \_ Score_ i @ i Generated Rules 3
1 _— 0N Eemmsmsmmsmmsmpsmsmsmssm=m=—
B i i
J =l R vtk 1 |
|(_011»lmlm,d Markovian Random Walks | a :_ Rank @ &) LLMs !
S £ Query: Germany support whom at ||
frmm————————————— . pmm—————— T _________ 2014-12-057 1
f | _Selected Rules — | Sampled Rules rl- Answer: Ukraine. :
_______________________________________ !
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[2024][NIPS][LLM-DA]

 Temporal Rule Sampling
v" Historical data0i|A| Temporal Path@} 27| F&l2 F=

e [LM-based Rule Generation
v Relation 2|0|2f 8 contextE 0| 250 UL t=tEl Temporal Rule 44-d

 Dynamic Adaptation
v' CurrentdataZ 0|80510 Z20| H2 Rule2 ¥IEXHo = AH|0|E

 (Candidate Generation
v" Rule-based reasoning
v" Graph-based reasoning

v & ZLIE ZEol 2 entity 0=

Konkuk university 30 Graph & Language Intelligence Lab.
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[2026][ICLR_Withdrawn ]J[CountTRuColLa]
- J|lECHIE
v Temporal Rule 7 |22t 2 EZF6FMulti-hop Rule Structured]| &%
= 2IRule H3$12S =0|X|2t Noise Z7} 4 8liA1 2+ X5}
= J|&E Temporal confidence= £|Z Ll G54 OfL |2t B BIE S S-20| 27| 2HForX| =&t

O O

.+ Fot ey

v" Recency®} FrequencyZ 11242t Temporal Rule Confidence Learning
= Single Body Atom 2|2 47}X| single rule type i&
= D& A2 Rule Body /8 A2 Query 2t Temporal Distance 1124
= QI A|2H=HQ| L Body2| Occurrence Frequency 1124
= Rule & Parameterized Confidence Function &5

CountTRuColax= IfH Ardel 2241} EhE RIS 280l 0|2 2AZ o=
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[2026][ICLR_Withdrawn ]J[CountTRuColLa]

« 4I}1X|Rule Type A2t
1. xy-rule
h(x,y,t*) < b(x,y,t), t* >t
= Sotentity pair AfO|2| £tH| 3t ot
= FHrelatioO| O|2H relaton@ = O|0{X|= IHE! ILAt
= OlA])
Consult(x,y,t*) « ExpressintentToMeet(x,y,t)

2. Recurrent xy-rule
= POl SRSt fact?} O[2HOl ChA| BHEE|= THEd Sk
= J|Z= Recurrency BaselineE X gtsh= 215k Cha=sttemporal rule

| Iy Sy T

h(x,y,t*) < h(x,y,t), t* >t
= OlA])

HostVisit(x,y,t*) < HostVisit(x,y,t)

Konkuk university 32 Graph & Language Intelligence Lab.
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[2026][ICLR_Withdrawn ]J[CountTRuColLa]

* 47}X|Rule Type X[QF
3. c-rule
= EX constanct entity? | &zl temporal rule et&
= EF XY, =%, 29} frequent entity@t (12 E! THE LA
h(x,d,t*) « b(x,d,t) At" >t
= OflA])
studied(x, UvA, t*) « born(x, Amsterdam,t)

4. z-rule/f-rule
»  Temporal transitioO| Ol relation-level frequency priori& aia
= z-rule : TH| entity 7|=2| YHFMQI objecE X
= f-rule : £7 subject 7 |&2| object £
p(x,d,t) « Jzp(x,zt)
p(c,d,t) « 3zp(c,zt)
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[2026][ICLR_Withdrawn ]J[CountTRuColLa]

« Temporal Confidence Learning

v Recency & Frequency 7|2t Rule confidence
= Zhxy-rule2f c-ruled| CHH rule-specific confidence function ef&
= confidences & 240|302 ALt
conf(8) = £-(4) + g,(4)
= A:body fact?t 2FHO|| /et AFESIH OIS Al AfO|2] AlZE AR &gt
A= {t* —t' | b(c,d,t") € G}

* Recency Function
v Z[Z window 2H|X body fact?t BOFL| X3 BFEE|R=X] 21

|A |
A = l ) )
gr(8) = clip (p T mm(\Delat) ~Ve Vr
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G| O] E{ 2l

ICEWS (Integrated Crisis Early Warning System) - TimeStamp/Event

MO
¢ ESI

vV RA DN RFS O R 283 K| ALSIE AfZi(event) 0[S TE3}

Quadruple HZ

(Bangladesh, Consult, Vietnam, 2018-06-01)
(Angela Merkel, Consult, Francois Hollande, 2014-11-10)

 Statistic
Dataset 2|2k Entity Relation | Timestamp Train / Valid / Test
63,685/ 13,823/
ICEWS14 2014 7,128 230 365 13.222
CEWS05-15 |  2005-2015 | 10,488 | 251 4,017 322958/ 69,224/
069,147
373,018/ 45,995/
ICEWS18 2018 23,033 256 304 49 545
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W|K|DATA/ YAGOQO -Time Interval

MO
¢ ESI

v Wikipedia A|Z X|A| J2{ZO|A A|Z2HHEIF SR FactE == H|O|EAl
v OILIC| FactE EH A|HO| 0P a0t A|ZH 20 = HHd

- A/ EMDE 22 UH I Q|| AEol BHE F2 B

(Alice Bradley Sheldon, receiveAward, Nebula Award for Best Novelette, [1977, 1977])

 Statistic
Dataset Entity Relation ;g::}et Interval Train / Valid / Test
WIKIDATA12k 12,544 24 237 2,564 32,497/ 4,062 / 4,062
YAGO11k 10,622 10 251 6,651 16,408 /2,051 /2,050
Konkuk university 37 Graph & Language Intelligence Lab.
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Evaluation Metric - Hit@K / MRR

« Ranking 2X|= H2}
v' Query(s,1,?,t) » 2 Entity0f| M5 07 HESI =2
v Time-aware Filtered: S timestampO0i| Q1 CIE HE2 2 H0j|A X[2|
w22 A0l EO| o2 7 E=X Ots — SH= 0| E0] UEEl= A2 WX

« Hit@K
v SHO[KIH 2ol =R

s 29lol AR glo| 5

* MRR (Mean Reciprocal Rank)

v NEO|LIR £2/0| 94 E T LH

— =T =2 OL— L— Sk=, S
1
= HEO| 1%OI'.3_41 =1,"8E0[280[H - =05 = miz+sys0lze
U]
MRR = — )
Ul &~ ky
u=1
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o2

e
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1. Retrieval Knowledge Graphs
Question: Which country o) = (Riey 'll.:;. (e
is SpaceX located in? |
amrany Starlink Bpacel Tesla
Kiennedy -
Center UsaA China
Congre & (NASA)  frump o
2. Reformulating Reasoning Path
married to ) . . ;
Pathl: Elon Musk Talulah Riley "¢ Japan
Path2: Elon Musk found SpaceX located in ' USA
Path3: Elon Musk CEO of Tesla made in . China
.  South |
b [ \
Path4: Elon Musk L ' Africa !
Tail Entity
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3. Reasoning

Prompt: whether the conclusion: | Tail Entity} can be
deduced from the guestion, if yes, return “yes”, it no, return
*no*; given {Reasoning Path} in a deductive manner,

-
GJT LLMs W
[ L
Prediction
Logical Form Answer

Pathl:  JOIN (ARGMAX (JOINR )) No
Path2:  JOIN (AND (JOIN m.0d_ghv)) Yes

Path3: JOIN (ARGMAX (JOIN R)) No

Path4: AND (ARGMAX (JOIN R)) No
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v ME 2R relation2 0% 25 (HEY 2=l relation=1, other = 0)
v ToetER JE RES ol s
« Temporal CoDE 2% A| 24|
v TKGS| QuadrUple()ﬂ CHSHA Relation T3] O X 2771 SEX cIl)ol-%Temporal Information= &7 1 24s0F &
= Ex. President_of 2= relation2 AF2f 20| UX|TH EX AIT=E2| Quadruplef HE a2t
v' Before/ Afterz} Z-2 A[2HH|2FS Z20f| A sHASH0] HAH0]| HHJsHof 2t

= Temporal Intent £=6t= 2= + Time-Aware Retriever 2
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2= 2 Xj71’d (Reformulation)

« CoD
v BMETriple set2 reasoning path QEHZ B2t
= Parameter-free, hand-craft rule2 Sl 2t&50| 2R 9iS
v OEI- El_lz
= i 1T hopQ| tail entity2t i + 151 hop2| Head entityQ! 9124 &1%|O 2 Triple ¢1&
= QIZEl Chain2 Pathz i
v' Retriever?| & 2t&061H £[F Path 2= E& 1071 O|RICE LiZ

= 10
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v’ Z2 entity 0] A|-THCEE QuadrupleO| 042 I EXHSH | E0]| &2 Path ZEA

o 2
—
J
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v FE Al Beam search2 2ES Aot 0 2l st S HE[E &2 s o
= |[FAYMEIS A Yes & Tail entityE HEHOZ 22

245

-

=

[oF

« Temporal CoDE 2 A| 24|
v HEO0| timestamp?! AL Tail entity?} E=E=772H T 24X 42
v' First/laste} 22 A F2 PathE S2& O Z Yes/No THJ0| OFl 02 Path 2t H|w 5! &
AER
v" LF supervised signal &=X]|
= Webgsp2t CWQ= SPARQLO| M|SE[0] LF 21EE THS 4= XL
TKG #IX|Ot 3= A2 QIAIXHE oS h= B & annotation MIHIE AFESHE Z<7t BLOFA|ZE O
AXHE Lot LF ZHI ol AITIS AAsHorFet
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—

Konkuk university 44 Graph & Language Intelligence Lab.



O3 [E|]

/Retrieval

Question

A

r

TKG Temporal intent extraction

"

T = (Topic entity, Operator, granularity)

Temporal Logical Rule

St AHDH
=0 ‘O™

+ Question-conditioned Rule 1&4
« Neural Model #+X #4A (ex. TGPM)

2

\ 4

J

Retriever

k Candidate Quadruple (soft scoring) /

Konkuk university

Question-conditioned
temporal Rule Composer

\ 4

Rule Bank(mined from TKG) & Sl X7|3t 7t

=
o

Evidences (Paths)
\ 4
. J Path2|
LLM Verifier | YesNo
i
Executable
LF TKG
Prog-TQA &
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  𝒢 =   {  (  s , r , o )   |   s , o ∈ ℰ , r ∈ ℛ }


  ( s , r , o )


  𝒢 =   {  (  s , r , o , t )   |   s , o ∈ ℰ , r ∈ ℛ ,   t   ∈ 𝒯 }


  ( s , r , ? , t ) ,         ( ? , r , o , t )


   (  s , r , ? ,  t  f u t u r e ) ,      (  ? , r , o ,  t  f u t u r e )


   t 1 <  t 2


  ( s , r , o , t )   →   ( s , r , o , t + 𝛥 )


  Δ t   =  t 2 −  t 1


   [   t s ,  t e ]


  S c o r e ( s , r , o , t )   =   f ( s , r , o , t )


   (   E 1 ,  r 3 ,  E 3 ,  T 3 ) ⟵  (   E 1 ,  r 1 ,  E 2 ,  T 1 ) ∧  (   E 2 ,  r 2 ,  E 3 ,  T 2 )


  ally  (  A ,   B ) ∧ hostile  (  B ,   C ) → hostile  (  A ,   C )


  E ,   T   =


  S a n c t i o n  (  X , Y ,  T 3 ) ⟵ T h r e a t e n  (  X , Y ,  T 1 ) ∧ P r o t e s t  (  Y , X ,  T 2 )


   r h  (   X 1 ,  X  l + 1 ,  T q ) ⟵     ∧  i = 1 l  r i  (   X i ,  X  i + 1 ,  T i )


  w i t h                T 1 ≤  T 2 ≤ . . . ≤  T l <  T q


   r h  (  X , Y ,  T h ) ←  r 1  (  X , Z ,  T 1 ) ∧  r 2  (  Z , Y ,  T 2 )


   r h  (  X ,  e h ,  T h ) ←


   r b  (  X ,  e b ,  T b )


  𝒍


  𝒍 = 2~3


  𝒍


  ≥ 𝟒


  ↔


  Job  (  X , Teacher ,  T h ) ←


   (  X , Education ,  T b )


  ℙ ( u ;   m ,    e   m ^ ,  t   m ^ )   =     e x p (  t u −  t   m ^ )   ∑   u ^ ∈ 𝒜 ( m ,  e   m ^   ,  t   m ^ )  e x p (  t   u ^ −  t   m ^ )


  :  (  US , Threaten , Iran ,  T 1 ) →  (  Iran , Protest , US ,  T 2 ) →  (  US , Sanction , Iran ,  T 3 )


  :  (   E 1 ,   Sanction ,  E 2 ,      T 3 ) ←  (   E 1 ,   Threaten ,  E 2 ,  T 1 ) ∧  (   E 2 , Protest ,  E 1 ,  T 2 )


  𝜆  


   t 1  (  B  (  R , c ) )


  Conf ( R ) = Rule   Support   /   Body   Support


  F ( R , c )   =   𝛼   ∙   c o n f ( R )   +   ( 1 − 𝛼 ) ∙ e x p  (  − 𝜆 ∙  (   t q −  t l ( B ( R , c ) ) ) )


   t i ≥  t  i − 1 − 𝛿


  𝛿


  ℙ  (   t c ;    T c ,    t u ) =     exp ⁡   (  −  |   t u −  t c | )   ∑   t   c i ∈  T c    exp ⁡   (  −  |   t u −  t   c i | )


  ( France ,     visit  − 1 ,   Robin ,    T 3 )


  = ( Rovin ,   visit ,   France ,    T 3 )


   (   E 1 , v i s i t ,  E 3 ,  T 3 ) ←  (   E 1 , v i s i t ,  E 2 ,  T 1 ) ∧  (   E 2 , t a l k ,  E 3 ,  T 2 )


  가 운 데   e d g e 를   R u l e   h e a d 로   선 택


  ( F r e d ,   t a l k ,   R o b i n ,   T ₁ )  


  ( E ₁ ,   t a l k ,   E ₂ ,   T ₁ )   ←   ( E ₀ ,   v i s i t ⁻ ¹ ,   E ₁ ,   T ₀ )   ∧   ( E ₂ ,   v i s i t ,   E ₃ ,   T ₂ )


   T 1


   T 2


   T 3


  visit


  talk


    visit  − 1


  R o b i n   →   S p a i n →   F r a n c e →   R o b i n


   T 0


   T 1


   T 2


    visit  − 1


  talk


  visit


  Belgium   →   Fred →   Robin →   Spain


   (   E 1 ,  r h ,  E  n + 1 ,  T  n + 1 ) ←  ⋀  i = 1 n   (   E i ,  r   b i ,  E  i + 1 ,  T i )


   (   E a ,  r h ,  e h ,  T h ) ←  (   E a ,  r b ,  e b ,  T b )    (   T h >  T b )


  h  (  x , y ,  t ∗ ) ← b  (  x , y , t ) ,      t ∗ > t


  C o n s u l t  (  x , y ,  t ∗ ) ← E x p r e s s I n t e n t T o M e e t  (  x , y , t )


  h  (  x , y ,  t ∗ ) ← h  (  x , y , t ) ,      t ∗ > t


  H o s t V i s i t  (  x , y ,  t ∗ ) ← H o s t V i s i t  (  x , y , t )


  h  (  x , d ,  t ∗ ) ← b  (  x , d ′ , t ) ∧  t ∗ > t


  s t u d i e d ( x , U v A ,  t ∗ ) ← b o r n  (  x , A m s t e r d a m , t )


  p ( x ,   d ,   t )   ←   ∃ z   p ( x ,   z ,   t )


  p ( c ,   d ,   t )   ←   ∃ z   p ( c ,   z ,   t )


  c o n  f r  ( ∆ ) =  f r  ( ∆ ) +  g r  ( ∆ )


  ∆


  ∆ = {  t ∗ − t ′   |   b ( c , d , t ′ )   ∈ G }


   g r  ( Δ ) = c l i p  (  𝜌    |   Δ w | W +    𝜅 r  m i n  (  \ Delat ) , −  𝛾 r ,  𝛾 r )


  ( s , r , ? , t )


   1 1 = 1


   1 2 = 0 . 5


  MRR   =    1  | U |  ∑  u = 1  | U |   1   k u


  l ≤ 3


  l = 1


  i


  i + 1

