AR R

BH=x

VAR SRR
(BBEZ&5) ?Eﬂ (E—&h5)
o A o
R ARE
B o AR
- RARIER -
(E=25n)

BT Er IR HEE

O ANRHEERELA

O EEIEE: HERRES

> ZFEPIEEE HEiZiE
> EFFE N AR

> ETFHEREEF IS
> BRIESEESHER
USGRHERE . SRR
BT RS ISR A
KBS RE TR A
Eagt

=]

O o o o

BT ENINRHEE

o FAEXRS

> —HEIEHEERS, TLURR—ENSHUTRNATTAZFEL B R
0 BENA: ERESH (MSHBERMHERINERRZFMYCIN)
o FEXRFRIER

> ZBEXES (Working Memory) ‘

P rEvASE IO

> S|

i e

AWANESHEHE iR Sik) 65

FEAECHIN : Left Hand Side

o LHS
> % (condition) HIEE, BHRHZERBMXR
> HLHSHHFMERMHIRHEER, MiZihg
> BNEMERAN(type attry:spec, ... attr,, :spec,)

- specRmxdattrfIZ9sR, FUaIEN FEME

— J&F, W Alice  (person name:Alice) BF£IMEVER S FHAlice

- &, W x (person name:x) AT HIKTEVER B AXNRAHEEE, N
MAEHEE)

- FAX, Min+4] (person age:n+4) FHFIMEVERES T (FRELWE)

- /R, 2{>10} (person age:{>10) AFHMEUEREHESM

- RIS, Bk, JHERME

O FXLES/ETARE (Working Memory, WM)
> BEIEE
> FTFEESEIRAPRIESEL
o L
> RIS, f(student name: Alice age:24)
> HAXZR, t(olderThan John Alice)
o #4ES (Production Memory, PM)
> AR (HEENN) S
o FER
> IF conditions THEN actions
> conditions2HKMEMMNES, XFRALHS (Left Hand Side)
> actions@HEIFAERMAIFSI, XFRAIRHS (Right Hand Side)

P=4z{HIM:  Right Hand Side

o RHS
> F (action)FF5l, HATRIEORIAT
> SIFROFSRINT
+ ADD pattern
- AFEEEAWMFIMAF patternfIsasE
» REMOVE i
— MESLEAWMABIR LTSS 54 TUcAEst
+ MODIFY i (attr spec)
~ T LFTRNISEIN R IUEAERE, SR T attr @I ER SIspec



g === e

o FAEH
> IF conditions THEN actions
>
« IF (Student #&:XYZ)
« Then ADD (Person #:X)
© MRENMEEBAXYZ, PLBAELEARIMAN—EE, FRE—MEXHA.
> w2 GREMYCINERZES, RULE 047) :
« IF ($AND (NotDefinite Cntxt Ident) HERANEEIERRE, B
(SAME Cntxt Site Blood) #HEFEAREE, B
(SAME Cntxt Stain Gramneg) #RRIAHIREEE=KAYE, B
(SAME Cntxt Morph Rod) #RFERRSETRN, B
(SAME Cntxt Burnt) HREFREEE,
« Then (Cntxt Ident Pseudomonas Tally.4) #ERARILEISEFRBREE, TIEEN04

FrENRGHITIRIE

HEIE5|EE

= A AR e e
—HH, A4 AT R 3
DRI E e i i

%/ Hw
T
Hodp A7 BT A WU

IEHIRAHTH—XIERISE

piEVIES HERE

WM
(F )

AL ey FUHAT

FEXRFHTIERE

71

BN

o ZEBEFEXRZFZL, BFEHRESRNHNT
> 1R

+ FIRIMIBSRERD ILECSESEERFIIESE, B LHSERRBEAMNRALR,
WINAFE(agenda)

> IHSSHR
- BRI S FAU R —
> MR
- BUTHSEHSRAMMAIRHS, MTIRIWMiHT— 2RI

PR G = IR A A U AL 5|

t=IULED: Rete&i%

O FRRPSR: LECR IR AT BEAR IE—2%
> MBRRARIZS SERN iR —5%
- E: ERMERT, RS SN 2EHIT
> EIEREE
+ BEFLZERE: MARBRARAIHIN PRBHERE—R T
+ BARME (specificity) : EmREAAIHN
— (student name: x) > ...

— (student name:x age:20) > ...

+ FEFEE (recency): HERRIMRBHRMAATANY

O ReteBXEFERMNAFHHEBEEE: ©
> BOBIR: SR LSRR BN
RIS, B ENTRITISEIERNE, [ | e
AHEfFRIAER. ijom
> LAZSIE AR
O ReteEixEAINTE from
> oM SR A E A RN
RIBOSHEES.
> PRI ointHE IR,
> Working Memory RSB S50 MLE
ROTTEMTIUE, ARRERENEITHRAS oo
FRJOINRE, 1§JointIrRIEGE SR T pRILETH, gggg;
BRA&RZERIINagendarh, 24

am &
S
-]

BH=x

u]

FITHETRTA

O ESHHR: HHRE(REL

> ZHDIEIHEE

> EFraiNIagiEE

> ETFHEREEFINHEE
> BRAIESEEEE
USGRHERE . SSIHETRRIN
ETFREFINRIREESE
KNESHEE TGRS X
v

=1

O o o o



SR KIZHER/

BRI RIZHER/

O S/RAKiB4EM (Markov Logic Network) [Richardson and
Domingos, 2006] RIS HREER 5—iEiABERES N —
FTRAEFZIEE, HizOBEREE AMNSSENENAR
B—INBIREERNFEREELISR (hard constraints) #{T
LYXER
> 1) —MBEZEMRETEERE— IR RNES FB T —
FRFUBEMERIN, RPANR—MEFRER THANFE—FZAN, A
XMERIFERRAIAE,

> 2) SRAKBEMINERBIEZ AP MNIE RN, BIZS
—MEFRIBR 7TEFR—FAN, BAXMEFFERNRTREMES
FHIE, (BHIERATRE, —MEFUERATHELD, BBARMER
FERRTREERMA,

EVINGIPSta=(T

0 S/ReJKiIBAER (Markov Logic Network) [Richardson
and Domingos, 2006] G HERENREE 5—MiBiRBiEEE
BI—MFEITXRZIER, Hiz\BIEEEI anEh
ENEAE—MNBIRIZERNIPAIEELIR (hard
constraints) #HTERL,
> 3) Alt, BREKBIEMEEEINERIN_ E—MFERIR

ERRMELARERE. MNNEEX, HARE S,
B FHEIAHRZANR MRS, BlilZERZE
BRBEX. BHNNERE TS AR, ERW/9EEMR
iy,

EVINGIPSta=(T

O SRENERIRIN5]
> XEMUENSLHRTEEEEN, EFEE80, FRE
IEERRIRIBIIHEE,

Table 1~ Example of a first-order knowledge base and MLN. Fr() is short for Friends(), Sm() for
Smokes(), and Ca() for Cancer()

English First-order logic Clausal form Weight

Friends of friends VxVyVz Fr(x, y) A —Fr(x,y) v —Fr(y,z) VFr(x,z) 0.7
are friends Fr(y,z) = Fr(x, z)

Friendless people Vx (—(3y Fr(x, y) = Fr(x, g(x)) v Sm(x) 2.3
smoke Sm(x))

Smoking causes Vx Sm(x) = Ca(x) —Sm(x) v Ca(x) 15
cancer

If two people are VxVy Fr(x,y) = —Fr(x, y) v Sm(x) v —Sm(y), 1.1
friends, either both (Sm(x) < Sm(y)) =Fr(x,y) V =Sm(x) v Sm(y) 1.1

smoke or neither
does

VNGBS ta =T

0 S/RAKEEMAZZMENX

B BRTREFHM L A—ARN-RE (f, w5 S, L+
fi R—FAF G —NIRAZHEAN, w; R—ANEH. LRTREH
B LE—AHRGFEZESC={crcp e} —RERI T HX
RXT—ALRTRM% (Ll 5 RTREIT) My

LMy AB—ATRORTFTFREL PHUAET —AMEF S
LRFFEEAAN, ZWEPAAL, TMiZH EFYEAO.

2. My AHEA fi 98— 5 TR0 SN A& L P #3537 — 4
AR, 4 BN A0, ZARAERAA AT, B 0% AR RBE A0.
FAFAE A Z B A AR f; 89T wio

SIRARIZEMIFIES

0 NE/RAREBEMIENEE, REZEE—EES:
> BNEFEYNTESR— MR,
> BN RATERRHRF S IR — M SEFIR Z
it XRNMERZIEEE—FA.

> FrEHIER— P SEFAIN Z FRIRFESLEM T — M.

0 FIFD /RIS IRER TS, AT

- M REECAET: BRSNS
RO (D/RETREHUAAENRIARD)
HEEE T AmIRBE TN CRFL, FEATEAHRMFSL

- M EAEEAE AR BRI AMUONE (3
RIS 52 )

- M REE AN B IRNRERE (/RE
SKEUAMIEES) | KSR R TR eTAmE
RS



BERIBIE R

O M EAT N ERNESHITE AR TREE HEE?

? «---Cristiano Ronaldo — 223 — Jos Dinis Aveiro T

EfE ‘ i 7 I
N -
FSEF | @‘*"E‘\
Pepe EfE HWET
firF N\
BRE HEF
re Y

Real Madrid CF G4 —EFT— BEF
5.0 823 (XY) A £ (x,2) = [HE (v.2)
5.0 JLT(XY) A EHEE (X,2) = EHEE (vV2)

2.0 FFHXY) A RIRES (V2) A AL T (ZW) = [HEE (Xw)

FTRERE PREREEHEIERY AR

FTREREPERE ISRV AR

RS SUPN
> ERRLHEHEEDMOEAENT, W% (X, Y) , FANARE

ALAEIRSE
> BERANITEE, MARNITEREHRRITE, EXTERFN
2

- HEEEASSNERS, NEEETIEMRK

* SRR BRGNS NI K
RIIANKEIRRE, Hh—BoBEFEERLEZREERNMNESK
pa):p)

* MU LEANZ ERhsE

* BRERIREASA9RIRR

BT RTRFINNRETERETTE

=R SV SUDN
> %‘:—,Egiﬂ@ﬁ%ﬁ, AR ERELTHIMHE, BHEER

Y3
> SEIANKERE, HP—HoBREEEEL LA EIMNES
X5
o WENBRSGE
> ALRENRILTE
< BINRE (X, Y) , MR (Y, B) JhudifsE—RiE
« BTFAIRERXRRNSEENE, TeEATSEXSEAN
- BFELHANAREE, BEEBSNNNBERN
> B BkERBISCRE IR E A RIE
- YERKR, BIRSH
* G5itEREA, FreebasesR(EAIXM /AR HAIE 1000 REE, €
BIEMERNRF60%

BETRRFINNRETEZRTTE

0 RRFINMSA:
> ERNEETE, EER, BERAIEINRECEIENERE
it EzEM
> BINEUEMERS, RrFIRSBITERTAHERIERNE
0 RFIRIRA:
> IRBNARIEAGZENN, EtHEREE RS

Embedding Model Hits@1(%) Hits@10(%)

Uns[d] 0.384 15.573
SE[5] 28.633 61.026
SME-lin(3] 29.807 68.386
SME-bil([3] 32.911 68.506
TransE[4] 29.401 73.71

ETRRFEIRNRIETERE

SE (WA, Y)

A sy

e
ESTISRIN
(a) ‘ (b)
[ rmime Wk i RS
10
10
Pt
08 -
08 P PR
-
05 P . p o
06 »
& «
® - - o )
204 Pl 2
= - Tos bl
e lin
A
02 . ,/:,, 02d SE
e { TransE
/ I —+—Uns
1 009 <« BFS
o 2 0 60 s 100 0 20 400 60 80 1000
n

ion: Inferring via grounding network sampling over selected instances, CIKM 2015. &7

O {BFERYEE
> SRR R EIRRS
> FBRFEIIETENRAE S ERSHEEIRERF A

@ ®
k=T SRS
ES
W=l G I
- AT .
Fe e #5 | R | e R ash
e
| e




BETRRFINNRETEETT A

BETRRFINNRETEETT A

o BRITE
> 1—:551_'—?77’5 irl‘%ﬁ’]%é:‘, {ERSBaNN\EIR SRS,
LBRIS B AERRRES

+ EAE %ﬁﬂg{fai%* ﬂ%ﬁﬂﬁﬂ'ﬂ BOBHREERTRERIERER
FIREAYS D F B —ERIIE
« PRI ﬁi’é‘{hﬁﬁkm)}?iﬁﬁﬁxﬁﬁﬁiﬁ BN BNREEERN
HEESRAEEIMNY, B EARIEERNE
- flan: EEE (88, PE) - 0.8
- EfE (W88, =E) :
EJ%tbFﬁm’#zJﬂAJE‘JMmTMn
- HSHHLERR SR

(1—7)f(score,) .
Q)= —y v € N punalu)

’ 1—7 -
- N S € Ve

> IIAFRREISER
score,
score, = N
# ) [score|maz

REREZEE

(n QS )
> BUEES: FB15K
> TENERR: Hits@NFIAP@N
> WtEAE: 1BEMERREISL, 2.8EHTREEREIMLN

Tk His@I(AP@I) His@l0 AP@2 _ AP@3 _ AP@S _AP@1 _ AP@I0

Uns 0.00384 0.15573  0.01305 0.01747 0.02128 0.02336  0.02571

SME-bil 032911 068506 032119 03208 0.32655 032951 0.33348

a  SME-lin 0.29807 0.68386 029136 029011 0.29426 029805 0.30102

SE 0.28633 061026 028015 027996 0.28194 028480 0.28737

TransE 0.29401 073710 030263 030835 031691 032099  0.32529

b MLN 0.32540 051917 030472029668 0.28869 028519 0.28232

Uns-INS 0.32899 039388 030518 029349 0.28302 028102 0.28288

SME-bil-INS 0.69212 083464  0.67224 0.66194 0.65233 0.65051 0.65483

¢ SME-lin-INS 068143 082478  0.65615 0.64645 0.63599 0.63568 0.64042

SE-INS 0.67333 0.79938  0.65196 _ 0.64158 0.63029  0.62823  0.63236

| TransE-INS 0.69303 0.84894  0.67540 0.66566 0.65781 0.65550 0.66114

d | TransE-INS-ES45 0.71692 086633 0.70146_ 0.69320 0.68386_ 0.68100 0.68557
1

90

MRZEARES

o #EREPEE (Probabilistic Soft Logic) [Kimmig et al., 2012]
BE/RAKBEMIH TR, ERXASERTFRT
EXMNEETLDESR [0,1]) XEPEEEVE, A&
E_‘J/J\_BEE!FEM??B#/\HEEE {0,1} FAUERYE.

> E.';/J\_HEEEE[W.I. H—MNBIEBEINA T HERNAREEL
, IBITEEA Eﬁfﬁﬁ%‘ﬂ)ﬂﬂ, BEB A BRNIREERIFEN
*”’E%D%ETE’E%IEH

> ME&AEE& iy */Fi"'ET%/J\_I%EEEME’JTWEETHJ:EE
881, REBRIAEEAFIEEAMNFNSESE. HRESEE
E@J%I)\E SHEE MR AR RS EL LI RIRR B ISR AL IR
KAKIRTH T HEEER

BH=x

O FBMERISEXNIREE R TEER, FiITLL:

> SHINIRENESHRT: EREIREE PERRANSE oAz
RUMEER (S/RE]RBEHIAAIHERTEIRT)
EREF AR B R PO CFEL, AAETHRMFSR

> HFNEREERNERA: BEFISRINENE (5
IRA] KBRS EES)

> SMNRENEYRA: BashEIMUERENE (B/Ra]
KEEIAERES)) |, XL EBETRINSITRIEgE
AR

BAESHEE: XAES

‘Diﬁﬁmfﬁ
O EEEE: #ERREL
> ZEBIEIEE

> BEFrarNIAgitEE

> BETHEREEFINEE
> BRIESREEE
USGOHERE . SESIHETRRIN
EFREZINEESE

KIESIRE TRUEES A
=F'e

e

O o o o

o RTE: Recognizing Text Entailment
» XABESENA—NNAZEWEMHEERR, HPESHMCIET (Text) | BEFMHCHE
H (Hypothesis) .
> MNRAMIWKIEE CHERAAHIIEX B HTHNEHEREH, BBATRTESEH, iSfFET—~H

MEMGADTEMA, ERRSBER.

TEERLE I3 N T AT B0 K 45 5 % (entailment)
JE1:(H) TRABTAASHIFEER. 7F J5 (contradiction)
3o ) S RN L s NS 137 (neutral)

o BABITEN. (Classical Definition)

> ETHEMFTETREHARHEAE, NaiHTESEHH
o RIFAENX ( Applied Definition)

> WMBANETTZEEHEMRHAE, N TESEMHH
O #HFEENX ( Mathematical Definition)

> MR P(histrue | t) > P(his true), NIBHMATESFMHH



E%in %ﬁiﬁ]ﬁfﬂ Soft Reasoners over Language

BRAIES B EHER IS A

o {FABRESER "SRIS" ARNRIEE, ! )

Logical Question (logic)
HWER, SESARBERAEEES, @
fETransfomert& B TR,
s (CHHM) ERRIEARI9S%ER, e
eorem prover
(Input Facts:) Alan is blue. Alan is rough. Alan is young. (a) formal reasoning
Bob is big. Bob is round.

Charlie is big. Charlie is blue. Charlie is green.
Dave is green. Dave is rough.

B BoC

<
e E>Answer
K

Text Question (NL)
(Input Rules:) Big people are rough. Corpus
If someone is young and round then they are kind.

If someone is round and big then they are blue. R WEEEEE
All rough people are green. i Relevant — I:>Answer
t rulesand 7 Hcbhchd 5
H Ji==sesusy &,
QI: Bob is green. True/false? [Answer: T] ifacts (NL) ¢ T eformer
2: is ki 9 . P
Q2: Bob is kind. True/false? [F] (b) Ilngmstlc analog

Q3: Dave is blue. True/false? [F]

Transformers as Soft Reasoners over Language, IJCAI 2020. 95

RS

O HUEHI: (context, statement, answer)
> context2FELAMINIES, FZzlA(fact”, rule®)
> statementZF#, WHERELETEIEPIIFLE
( declarative sentence fFiAG])
> answergT(rue)skF(alse), DBIFNELAER (CWA) BRI,

ﬁ‘éé}&context}&iﬁﬁé}ﬂu (Input Facts:) Alan is blue. Alan is rough. Alan is young.
Bob is big. Bob is round.
Charlie is big. Charlie is blue. Charlie s green.
Dave is green. Dave is rough.

L. AN, [RIEpRIAERER (Input Rules:) B people are rough.

e E If someone is young and round then they are kind.
HNS S _ 1 someone is round and big then they are blue.
(BRPOREEIREER, | Mo
S
=RY) . QI: Bobis green. True/fulse? [Answer: T]

Q2: Bob s kind. True/false? [F]
Q3: Dave is blue. True/false? [F]

S

o B#r: (context, statement, answer)&&

. Facts and rules (you can provide your own):
o EARRK: y p! ¥ )
N fe——— o Metals conduct electricity.
s Eﬁz&iﬁiﬁglj\g‘e(th eory) Insulators do not conduct electricity.

.« ESETAHIN(facts +rules) EZ?T;ZTZZ?‘?Z? iron then it is metal.
> HTRIREHEEIRERIE S SR
> NEALRFEIINE e
- BRI TA True
- RIERRERE R False
O MIETSMNURE, FEARHEERE
0 SAHEIERESBIAD=0, D<1, D<2, D<3 fI D<5
> D=0FmEEMfactshRERER
> D<54DMax8& <=5NEMRE, ATLARTUEIERN%ZEED 98

Nails conduct electricity.

Can RoBERTa Answer Reasoning

Questions?

o &8
> RoBERTa-large (7ERACE#EEE H#EA)
* tBILLTBERT, ESIM (LSTM) Sstny

> BN [CLS] context [SEP] statement [SEP]
> g FIRBICLS]it&logit score
> RS RLossil|g &R

o M ERERER (RETIEN950%)

ETHEtEMERIRISLIOER

NumQ Mod0 Modl Mod2 Mod3 MMax
D=0 D<=1 D<=2 D <=3 DMax

Training
Test (own)  ~ 20000
Test (DMax)
D

Out-of-distribution tests (reasoning depth unseen in training)
o 1ERIEEIEENS RIFIERE

0 ModOAgEEE EHERTHER RIT

0 Mod3E#&RIF/ANEAGEERZ(LEE

Mod0  ModI Mod2  Mod3 MMax

Training D=0 D<=1 D<=2 D <=3 DMax
Test (own):

RoBERTa

BERT

ESIM 80.0

DECOMP j255) 68.2 58.6 57.8 64.1
Test (DMax):

RoBERTa 535 63.5
BERT 5815 64.1
ESIM 535 66.4 732 9.6
DECOMP 56.5 58.1 56.4 57.4

(Includes questions at depths unseen during training)

o0 EfERREAE (BT DECOMP)
> DECOMP: —/NLI##!, the decomposable attention
model (DECOMP) on our data [Parikh et al., 2016]



[EETHE: RiTHEERIERIrTRERE MY [RE T EFEHEETE

0 BT REHIERREEI S S=FNERERE

12,0,-100, .

Question (logic) {
i Clasitr ) Facts : €= bvsns)
2 Proot | F,: The circuit includes the Q, : The wire is conducting.
= - battery. A;: True
B3 answer Fy: The wire is metal. Proof :

(a) Formal Reasoning

Rules :
R;: If the circuit includes the

battery and the battery is not flat

RN E ol ) then the circuit is powered.
(= =) Answer R;: If the circuit includes the
OIS B o) > Q : The current does not run

Question (NL)

O MO T ¥,
(b) RuleTakers switch and the switch is onthen o oh the circuit.

[ﬁ the circuit is complete. o br lof| bE oEl b
as) Ay: False 12 13 21 23 31 32
P =N =D s o

Ry: If the circuit does not have the

Proof :

switch then the circuit is complete.

= Proot NodeZ~factsfrules, Ry: If the wire is metal then the @
= — . ; N wire is conducting.
3 answer Edgei%mﬂgﬂ 12 |[EH9<EX, R Ifthe wire s pastic themthe (2 (R) Q)

(c) PRover V- wire is not conducting.
&S DGR R IR R DRI AR . Rq If the irut s powered and — (uny—(Ry) (F3}—>(R)
the circuit is complete and the
wire is conducting then the current
runs through the circuit. (5 Facto graph induced by the proof gragh
PRover: Proof generation for interpretable reasoning over rules, EMNLP 2020. 102 Probabilistic Graph Reasoning for Natural Proof Generation, ACL 2021. 103

[RET(F: ELHE, SEIEIERIIRE [T BUGEMN, SSLHHITHEE

Theory (Facts + Rules) conclusionadded to the context ICLS) s [SEP] £, £, £3 [SEP] r; [SEP) r, [SEP]
Tact1: Erin is young " [Ena;Hproot] Co
/

i - starssive e
facts: Dave s white ! ] once Model Model !
ule10:H someons i young and ot kind — ' statement rules facts  rules facts

then they are big P ' (a) @ 1 [CLS) s (SEP) &, (SEP) £, (SEP) £, (SEP) £ (SEP)
rulet1: If someone is biue then they are kind. conclusion | !

S & T Fact Selector
fact16: Chariieis b T
le r « fact

fule18: If someone is big and young = [Comose: e 110

then they are quiet

Rule Fact £ £ 1y <eos>
q: Charlie is quiet? Selector Selector
J_L Proofwriter rules stotememt D nnmuedgel Composer|
(©

T 1 Somaone s bl then thy ar kind | ) ) o -
‘= Figure 2: Reasoning process in different models.
R (@) ProofWriter (“All") directly output the entail- 1) FRINZEFEL: 43AT 5, WHEUIrL 24T 40 25,
ment prediction and proof graph for given input. (b):
ProofWriter (“lter”) iteratively generates the one-step L SRR T CLsiE

onc3: Charlie is kind.

conc3: Charlie is kind.
rule12: Kind people are young
conc2: Charlie is young.

o nate s youno ! ) ProofWriter iteratively generates 1-step implications and intermediate conclusions and their proofs. (¢): FAIRR
facts: Charlie is big I 1 their proofs, and adds implications back into into the context selects a rule, then a fact, and finally combines them to 2) HH
uie18: someone s big and young! : f i -wi te an intermediate inference. Note that the proof
hen they are qui d ; or deeper reasoning. The step-wise proof fragments are generaf P N - e
—> conot: Charie e quiet. B ) s implicitly determined by the selection steps. Please  3) HITHZH A 8% He FTSHAE ik

assembled into full proofs of N-hop conclusions.

Generated Proof refer to Section 3.1 for details.

ProofWriter: Generating Implications, Proofs, and Abductive Statements over Natural Language, ACL 2021. 104 FaiRR: Faithful and Robust Deductive Reasoning over Natural Language, ACL 2022. 105

BH=x EERHETE . N FRHETEANY

[u] miﬂ*ﬁfim‘ﬂs hasChild(A, B) = hasParent(B, A)
o ﬁé%ﬁ}g MEM&;EE marryTo(A,B) = marryTo(B, A)
O |3GNHER: SRR

marryTo(A, B)AhasChild(A, C) = hasChild(B, C)

marryTo(A, B)Alivesin(A, C) = livesin(B,C)

» A 7
> BBt ) Dy

. BEHFEE (PRAEE) e SR

- EBOIBIERE (AMIESE) Nt A N

BT RES IR /7 K\\ //
kig%*ﬁgg?ﬂg}&ﬂﬁ;ﬁ /77!/ hasParent \,,,, T hasParent 2K

House Sasha @Y, N o)
&% FED RN

=R livesin’




|FE0HETR . RN

HEZERARNY

Malia

hasChild(4,B) = hasP B4 hasParent hasChlf/mamﬂro
hasChi , = hasParent(B, \ \
marryTo(A,B) = marryTo(B,A) <j

marryTo(A, B)AhasChild(A, C) = hasChild(B, C) / K \

Obama j===marryTo==#( Michelle

livesin hasChild
marryTo(A, B)AlivesIn(A, C) = livesIn(B, C) /

7~ White
House

hasParent
Sasha

HETEAR M BEiA

o0 ETRNAGHIER: FBE+ iR

> HIMES (Rule Induction) : BEEMYAIHIRIGRE
o —fNEEEERN

Vx,y Female(x) A ParentOf(y,x) = DaughterOf(x, y)

Vx,y CapitalOf(x,y) = LocatedIn(x, y)
18i8: CapitalOf, LocatedIn, ParentOfZs
MIZE: xy
BEMAS: 5. 2 3k BE (=, &x EH., UL BIBEY
2FREE: v, ﬁT XTEEE’J AN ﬁB FEN
R, o
> FNE (body): Capitalof(x,y), FRZANIAIRIIR
> HUMEL (head): Locatedin(x,y), FRANZHMNIAILELS
> HIMUSEAS):  CapitalOf(Beijing, China) = LocatedIn(Beijing, China)
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YV V V V¥V

\

=

B=x

o M. BEMUER (body) FIHINISL (head) FEESD

> Rule: body->head CapitalOf(x, y) = LocatedIn(x, y)

> head#HEE—NTHIRETF, bodylH1 NS N—Tak —TTHR
FER (body2—1NEECER)

> —RRHIN: bodyERHBEEEBIFEERRD
+ By ) A SIBEeO > AT (x y)

> EE#HN (horn rules) : bodyZEH RESEERRD

> BREHIN: 71(es,e2)"ra(ez, €3) o Tnlen, enss) PTo(er, €nta)

AR € B BN € — B 110

|PEIEIE IR LT

O FRIEEREA
O JRHHE: HERREL
O 3GNHER: 2SR

> |AYETREA

> FGNBERRRRRT
EEHEFREE ( PRAEDE)
KEFNISIEEE (AMIEELE)
o0 BEFREZINIEESE
0 KIESEE TGRS A
o B4

SEO

v

v

FOIL&E X

o [A9BEIERFIRIT (Inductive Logic Programming, ILP)
FR—MIBRZERHTRIRER, BISENY B8
RIAT R TSRS SURAIITN.

N Female(Ann)

> E*If\i%iﬂ P Female(Eve)

> PHVIEGIEE E* ParentOf(Ann, Mary)

> P E{J}i{ﬁ”%ﬁ E- ParentOf(Eve, Tom)
> Tﬁ%fﬂﬂj\ DaughterOf(Mary, Ann)
DaughterOf(Mary, Bob)
Bix: B -DaughterOf(Tom, Ann)
> REEN BIMSE P AN, (FE i -DaughterOf(Tom, Bob)
EEAIEfMAESEHTRA ~Daughter0f(Tom, Eve)

—DaughterOf(Mary, Eve)

.
I

Female(Mary)

5 A T

St

DaughterOf(X,Y) « Female(X) A ParentOf(Y, X)
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o FOIL (First Order Inductive Learner) [Quinlan, 1990] ]
AFEEEIIANNES, HEARREN:
® MZHI “P <" FH&, EERESEESMNIL
@ B—REMBREMAMUARHITER, KErET SRR
RS FHEREITAN
@ BZHNE AN IZEEFIERR, AR T IZREEGI2E ) 145
S£E5E HiAdRE



FOILEXE

BH=x

o FOIL (First Order Inductive Learner) [Quinlan, 1990] FlJ

BFREESIIHNNES, HEARER:

® MZHI “P <" FH&, BERESEESMNIL

@ B—RBEMBEMARUAHITER, KERET SRR
RS FREBE TN

@ BZHNBE AN IZEEGIERR, AR TE0)IZREE 5148|145
£585 FiddiE
M E Bk B QMM KR R, B E L RE EAEAT RN

PeLiALy A

FIRERE RN SKRIREZ

O ERIEEA
O JEGHEE: HHEE(RES
O 343 ZSHEIEMN
> |YNHETREEA
IFgREiERRE IRt
BEHIFEE ( PRAERX)
> KREHINISIEEE (AMIEESX)
0 ETFREFINEESE
0 KNESHEE TGRS X
o 4

o=

v

v

REHREA

0 MHREEFESHNETAEN—TXR, RS
FHREREPRIX RIS RFENRR R,

Malia ) hasChild

hasParent  hasChild marryTo,

marriedTo(y, z) A hasChild(y, x) = hasChild(z, x) \Obama/ —marryTo—( Michelle
}aschild hasChild
marriedTo~*(x,y) A hasChild(y, z)
= hasChild(x, z) hasParent ) 2
Sasha )

BRIZHIREE

o PRA (Path Ranking Algorithm) [Lao et al., 2011] LASE{K
BIRVERRIENSE, RESIBIRXRID LS.

(Nover) (Chartes Dickens )
/M A’ ) score(s,t) = E 0|P(s — t;m;
* Profession
(e (ATale o > T €P,
Two Cit
() \Twociies)

(Patrick Bronté)
'Wrote ~Profession

Gtk s &, @itk AR BA TR HBE
. 0. Profession LT AR RAL, ATk s T TIRt Z AR FH

Paimer“ p2 =: 3
Mentioned" | OeSOn TT AR FAR AR B kA AR

Random Walk Inference and Learning in a large scale Knowledge Base, EMNLP 2011.

EBIZHEFREE

o PRATERE
> FHEMEL: SRR ARRSIES
> BHETE: HEEMIGEEGIRHSEE
> DB RIBIGES, AEPERXRIIG— D%

ﬁg Target Relation
Tom bornInCity

iy b
‘_W Positive Instances
Lyon (Tom, Paris), (Bob, Paris)

Negative Instances
(Tom, Lyon), (Bob, Lyon)
Feature Set
nationality— cityLocatedInCountry '
classMates—bornInCity
classMates™' —bornInCity
classMates ' —livedInCity
Training Instances
{(1,1,0,0), 1}, {(0,0,1,0), 1}
{(1,0,0,0), -1}, {(0,0,0,1),~1}

o PRAT{ERE

> SSAEHEN:
BEHiEE, [EEMSEIEER, REMSTER

> BOTE:
BEHLREEER, #/R1E (HIU/AEE) | HIBRRARE

> 953E8)II:
BIESST: AEANEREMIG AT HRSRRE
SIEET: BRARAXRHTHESS, FEIISSIND%s



ERIZHEFREE

BH=x

O PRAFINIZES]): 1RYES RESNE B SIEFHIHE AT SERL
O PRA7EFreebase s AN

Target Relation
/organization/place_founded
Top 5 Features
/location/contains™!
/organization/headquarter_citytown
/organization/headquarter_citytown— /location/contains’!

/organization/headquarter_stateprovince— /location/contains

/organization/headquarter_citytown— /bibs_location/state

MNZ I THETTE

O ERIEEA
O JEEEE: HEEEEST
O 340 S SHEERN
> |YNHETREEA
> ANBIERERIRLT
> BIERHFREIE ( PRAEX)
> REHIUISIEEE (AMIEEX)
0 ETFREFINEESE
0 KNESHEE TGRS X
o 24

=]

AMIE: REERFNRESRIKBARNIZTE

CapitalOf(x, y) = LocatedIn(x, y)

o FINSEGHL
> RN B B AR AR ELE SRR STIA R RO4S:
« CapitalOfdt=, @) = Locatedln(jtm,qll)
O ZHEE (support)
> XRSEERAT AN EAFINISLAST AN
o EfSE (confidence)

. support(rule
> confidence(rule) = #(ime))

o HNLEB(SE (head Coverage)

support(rule)
#head(rule)

0 =MHETERBUARER, B

> HC(rule) =

122

AMIE: AEBRNREFRIKEINIZTE

BeEOX=ERGAEEMNNRE

o AMIE (Association Rule Mining under Incomplete

Evidence) [Galarraga et al., 2013] SFFMATTEHHVFIRES,
AR (closed) U (RPEEEEAN) .
> WNMBIEHE—ATESENR, WRENEEN.
> HNRMEER/MNEE BT EERRAEEEEE, WiRiZ
HN 9B,
> HINIE2EENFEEYNTEHREDHIMFR, WFRELAHA
= (closed) BEEHNI,
diedIn(z,y) = 3z : wasBornIn(z,z) X

diedIn(z,y) = wasBornIn(z,y) \/

hasChild(p,c) A isCitizenOf (p, s) = isCitizenOf (c, s) \/

AMIE: AREBRNRESRIKEINIZTE

0 AMIERRZIFRNEF AN, TSR, N
MU ZSHOMNFFR, Bid =R ERNASRS,
ﬁ%’ﬁ?ir_ KFERERREE () N,
> NS (Add Dangllng Atom): BIENRIgHH—iR
E—MRENENTE, MBE—in (XEFEE) 2T

IS,

> RDNSCAS (Add Instantiated Atom): ;&WL'SE}:L;:
tl, BH—IREEEANFHIENEESRER, B5—ih
m$$QQM%$,m%mﬂﬁﬁ¢M*w

> HINEAER (Add Closing Atom): [ASIANEEERINE
*ZTTH:fLAJ*EUE% (ZEHEE) N8

o AMIEL{ERIE=E

birthPlace,
L
birthPlace— 2r
EMBED Sy 1z]
b/rmP/aL‘E‘f country
. >y '-Z
. birthPlace, countr,
EMA AL [ j ’4

—

birthPlace anu

natlanulzrv

birthPlace(x, y) A country(y, z) = nationality(x, z)



AMIE: A& FNRESRIKEARNIZHE

AMIE: FREBFNRESRIKEARNIZHE

o AMIEIR G

> XFFE (support): ERFFSHUNAFIRINISLAISERIEE
supp(B = r(x,y)) == #(x,y) : 321, o 2m : BAT(2,y)

> BfSE (confidence): IFERLATESHINIARISLHEIZE

conf(B = r(x.y)) ==

supp(B = r(z.y))
#(z,y) 321, 00 Zm : B

nationality

bmhmace A country

birthPlace
ZRHIE

AMIE: ASEBANREFRIKEFINIZTE

o AMIERIRITAS

> SHFE (support): EEFFEMRAFIANISLEISEFIZ R

supp(§ = r(z,y)) =#(x,y) : 21, .. Zm ¢ BA r(z,y)

> BfSE (confidence): STFEMEMRFAFSHINARISTHIEE

('(wf(g = r(z.y)) =

sup])(ﬁ = r(z,y))

HIAHFRIZ (Closed World Assumption): SHREFRE

RV SCERREIRAT

nationality

conflrule)=1/2

J va\mlv‘/ @

nationality

@ suppirule)=1
et country

conflrule)=1/2

[ nationality

AMIE: ASEBANREFRIKEFINIZTE

o AMIERIITAS

> BfSE (confidence): STHFEFRLMXFAFESMNMAAISLAIEE

> BRSO TEERMHRIZ (Partial Completeness Assumption) : £
FUREER, MREFEENLE x BXE r B, WENREF
BET xNEEXRr Bl

nationality

sl rule)=1
Pl

conflrule)=1/2
A RLEE R A

] {rule)=1
@mscw suppir)
conf(rule)=1/2
birthPlace country
D

[ nationality

NG REEARA

AMIE: R FNRESRIKEARNIZHE

O AMIEARIUFAd

> XHFE (support): RIRSFFSIIMMAFIANISLAISEAIE B
supp(B = r(x,y)) == #(2,y) : 321, o, 2m : BAT(2,y)

> BfSE (confidence): STFEMRLURFFEMNIARISTHIEE

conf(ﬁ =r(x,y)) =

supp(B = r(z,y))

H#(r,y) 321, 2 B

> PCAE{SE (PCA confidence):

peaconf(B = r(x,y)) ==

,«.vupp(fﬁ’ = r(z,y))

#(x,y): Iz, 2m, Y BA r(x,y")

AMIE: AseEANREERRIKERINIZHE

])C(LCOIL_)"(E = r(z,y)) =

supp(ﬁ = r(z,y))

H#(x,y) Iz, 2m, Y B Ar(x, y')
»
\
REAFE— AN ARy A AT 55

conflrule)=1/2

blace oty
BEE @ pea-conf{rule)=1

mm,,} suppliule)=1

conflrule)=1/2

bithPlaco vty
P @ pea-confirule)=1/2

{ nationaiy

O AMIEZEYAGO LISz HASHIR

Rule

b <isMarriedTo> ?a => ?a <isMarriedTo> ?b

7a <diedin> % 7 <isLocatedin> 7 => ?a <isPoliticianOf> %
?a <livesin> ?c 7¢ <isLocatedIn> ?b => ?a <isPoliticianOf> ?b
7a <isLocatedin> 2 %¢ <hasOfficialLanguage> ?b => 7a
<hasOfficialLanguage> 7

?a <isMarriedTo> ?¢ 7 <livesin> ?b => ?a <livesin> 7b

2 <isMarriedTo> ?a 7 <livesin> ?b => ?a <livesin> 7b

% <hasOfficialLanguage> ?b 7 <isLocatedin> %a => ?a
<hasOfficiallanguage> 7

?a <created> ?b ?a <produced> ?b => ?a <directed> ?b

% <isMarriedTo> ?a %e <hasChild> ?b => ?a <hasChild> %

?a <wasBomin> 7c % <isLocatedin> ?b => 7a <isCifizenOf> %
?a <wasBomin> ?¢ 7 <isLocatedIn> ?b => ?a <isPoliticianOf> 7b
?a <isMarriedTo> ?f ?f <hasChild> ?b => ?a <hasChild> ?b

% <isLocatedin> 7b ?a <isLocatedin> 7 => 7a <isCitizenOf> %
7 <isCilizenOf> 7 => 7a <livesin> %

?a <influences> 7f ?f <isCitizenOf> ?b => ?a <isCitizenOf> 7b
?a <livesin> ?¢ 7c <isLocatedIn> ?b => ?a <isCitizenOf> ?b.

?a <diedin> ?c 7 <isLocatedIn> ?b => ?a <isCitizenOf> ?b

?a <actedin> ?b ?a <created> ?b => ?a <directed> ?b

?a <diedin> ?b => ?a <livesin> ?b

?a <hasChild> 2c ?b <hasChild> ?c => ?a <isMarriedTo> ?b

Precision in the unknown td. PCA
region Confidence Confidence
100.00% 5301% 91.79%
1333% 270% 85.38%
1333% 247% 8333%
70.83% 007% 8333%
7931% 3B71% 69.88%
60.71% 2281% 68.42%
30.00% 1429% 64.29%
0.00% 49.83% 58.68%
34.48% 5757% 5757%
333% 375% 57.42%
0.00% 0.65% 57.18%
33.33% 56.11% 56.11%
3.45% 0.40% 5424%
100.00% 450% 5236%
3.33% 10.56% 51.96%
0.00% 391% 48.13%
0.00% 451% 48.13%
3.45% 3329% 4523%
84.00% 121% 4341%
70.00% 17.32% 4098%
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B=x FREEHERT (RENERR)

O FHRIERHEA
O R RS

0 ERNREPRISEAFIXRRTARETEINSR (AE)
RECMRRE (ZEER) |

O ARHERR: ZSHERAN 0 ZFRT B EREAERNRETRIMR, BEBXELETX
0 ETREFINNRERS X BRISR, ERESERERA.

> BETRTRFINANRAEEHEE BIrsE
> BETERAFINANRAEEHEE

0 KIESHRE THHEEDE

o =gk

o=

i A

BXES>FILMNKRRAVRERT > BEE
2 FRFIBR: NEIREEPZ IR SABERT 1

A HIUAIRERT (uFBIEEIEE

S N il 7T
o HHEREIRZEST (Knowledge Graph Embedding) #9 o fURHEA: TransER I

B B R R S SR X R R e B 2 Aot Ee*j(; effj‘ff:ﬂffﬁ?iﬁ;%

TR, FEET R AT R AR | e e bt
o EXLE: Beijing + capital-of = China

- SERREET: ENATIAR KG Embecding Parts + capital-of = France

TERETEPRETTN (B8
/3ERE/RE) .

> FIDREEN: EMITHERE, foA— T
v

Entity/Relation Representation

&Egﬂ\fﬁgﬁﬁﬁﬁﬂ'ﬂﬂﬁ‘éﬁ, Entity and Relation Space ) V(:nuv)' and Relation Space Entity Space Relation Space of
> %7.1_‘7'_\"—2 : *@ﬁ{jﬁ'ﬂs[ﬂ@ r %‘—g Representation Learning (@) TransE. (b) TransH. (©) TransR.
SRR IXR BRI R ERT.

frlht)=—|h+r—t]/2 h: =h-w hw, t, =t-—w tw,. h;=M!h, t. =M%

folhot) = [y +r -ty 3, Sr(ht) =~y +r—te]3,
34 135

15 W PLEgiREd RS ZTERIN S VAR R

o KFMA%: RESCALKEZSH
BEERESTALRTX RNFERE N T E R

matching(relation, composition(head, tail))

fr(h,t)

> SRR A
h t h t smps
(a) RESCAL. (b) DistMult. () HolE. > ﬁiﬂﬂ”ﬂﬂ

SRLFHEE, KRIIERE L = 3 = S
SLap 4 SLELBHXRIAEE ERIBHMXFIAEE >

LB SIERETRAR o piiapdertie RS ey
'—5E$Wi+%l’iﬁﬂf§§u§;€ﬂﬁ BARARMGHELNS AR EERF RGBS

0 ERSHRAIRERRTAXAE T REE I =TAE
B, ESHEMRANE B RIESLREB IR T2zl
IRFTAIIR.

> SCURSEHI

s

- PR . i sty = 3 [ €] e o

Foht) = Mt =3 S ML - (b [t];, felhit) = b diag(r)t = 3 [ - (i - [t]s. ot Azw[ e e s
== =

Jelhit) =T (ht) https://github.com/xinguoxia/KGE
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BH=x

DeepPath: EFE{FSIRTHEE

O FHRIERHEA

R HBER(REL

RgRHER . FIHEEAN

ETREF IR
BETRTFFIREEHEE

> BETRUFINAREEHEER

0 KIESHEE MRS

o B4

I:I

[m]

u]

DeepPathiZEYREE]

O PRABIEMIFRM, FIFRLES (RL) ZIJREE (paths)
O ERIRELSEEE N — "EHE 25
O SELHMTEIE—N=A (hr t) BEKIZ
> — SRR AL FIRSSRNEER, TSI TR
o
VIGETRIEEERENF T EE R,
> TESGRBOKG, ERTransEHEHSATILKG

v

DeepPath: A Reinforcement Learning Method for Knowledge Graph Reasoning, EMNLP 2017.

DeepPath®iiR: XKZEFull

Query Node: Band of rothers  The KG Environment Policy Based Agent
Reason Task: tProgramlanguage

\%,
o Next state
Cacsars )

%,
S
%
_enteran.. & G
%, /

serviceLocation national )
e )
s

Reward

brofession

 Reasonstep | |

unty0forg
AT, yriznty
S :

tvProgramCreator,..-

O REERT se = (ev erarger — €), e ZomagentHRiFTbLEs
EWESSIE]: LATEIRSLRe;, agent{FERSRIEMEM A X RPIEIRRATREAIX
RHTIRE,

O Reward (HFIEELRIT)

> 1) BEEFXElearge: ,_M“:{Al. if the path reaches efarger pHiki% X Fembedding Z il

—1, otherwise

> 2) BREER

|E|

1
> 3) RS remaees = ot Forvensiry = = Z'“”P P 140

DeepPathZ>)15ZA9 2 HE5]

o MNFEAN=7TA, FRAPRABEITopKER, SkEEHIGFIULHEEA

A (AIEiREEL=TATItAt )

0 HMESEI(h RGBS &S

FB15K-237 NELL-995
Tasks PRA  RL  TransE TransR Tasks PRA  RL  TransE TransR
teamSports 0987 0955 0896 0784  athletePlaysForTeam 0547 0750  0.627  0.673
birthPlace 0441 0531 0403 0417  athletePlaysinLeague 0841 0960 0773 0.912
personNationality 0.846 0.823  0.641 0.720  athleteHomeStadium  0.859  0.890  0.718 0.722
filmDirector 0349 0441 0386 0399 athletePlaysSport 0474 0957  0.876  0.963
filmWrittenBy 0.601 0457 0563  0.605 teamPlaySports 0791 0738 0761 0814
filmLanguage 0663 0.670 0642 0641  orgHeadquaterCity ~ 0811 0790 0620  0.657
tvLang 0.960  0.969  0.804 0.906 worksFor 0681 0711  0.677 0.692
c.xpu.xl()f 0.829 0783 0554 0493 bomLocation 0668 0757 0712 0812
organizationFounded ~ 0.281  0.309  0.390 0.339 personLeadsOrg 0700 0.795 0751 0.772
musicianOrigin 0426 0514 0361 0379 orgHiredPerson 0599 0742 0719 0737
Overall 0541 0572 0532 0540 0675 079 0737 0789

ETRUFINEREE

Relation Reasoning Path

filmReleaseRegion
filmCountry featureFilmLocation — locationContains !
actorFilm~" — personNationality

placeOfBirth— locationContains~
personNationality peoplePlaceLived — locationContains !

peopleMarriage — locationOfCeremony — locationContains ™

tvCountryOfOrigin — countryOfficialLanguage
tvProgramLanguage tvCountryOfOrigin — filmReleaseRegion— — filmLanguage
tvCastActor — filmLanguage

personBornInCity
personBornInLocation  graduatedUniversity — graduatedSchool ' — personBornInCity
personBornInCity — atLocation™! — atLocation

- ium™~!

athletePlaysFor Team athletePlaysSport — teamPlaysSport™
athleteLedSportsTeam
worksFor

personLeadsOs izati -1
mutualProxyFor~!

0 ERRHEEE N AEREDRES

> <Colin Kaepernick, PlaysinLeague, ?>
> FTiE P ERMEARSEE (EREENGR)
> HERARERERHAMEITREE (MnEEE)

£\ Locatedin A

Loa )2
4 / S(amum
/
ef g TeamHome /> m/
2 Stadium
=\ . oo st ™
>1 usa \m.s ) stadium? (= «
. % / (AthletePlays
2/ e,,«,@ Anris P
5| Ciyin X 4
g AN
3T el
\”‘”“* o RN
= somincy \ caee )
Playsinteague S

PlaysinLoaguo? ~
<m )

Go for a Walk and Arrive at the Answer:
Reasoning Over Paths in Knowledge Bases using Reinforcement Learning, ICLR 2018. 143



HEIRRT

TFEHEE VS, $(EHE

ASSHATHERR, FEEMEHATRMER:
0 FERATRSNER, £FEEE. Lirth, EEOFmERMN
£H, MEETERIEREEES.

50
1996-1999) b

0 ARYERERIERTLAF FRBTEAHEIEE, MiXLER(nE

MF5%, BLEYZEEAEENEEXMRER, B8
FEEARRARIFE U,

FFSHEES IR R

S - O T

FoR ik BT S BUE
HEFRTE JRi B3]
HERE O AERIE =1 BUR
e AN TR, KRR [
T G NERSR oY) R 3
5 fh RG4S e 5
54 HE (SRR TR 5

FNRHERE: meZE
REHSRRMO MR IR

O ZBIN AR TR R 5 A8 B T R SRR
W5, BIFERIREREPRISSATIX RS E EEHTIEE,
o0 SRISEEENINMEEEEE, BMFERRETTE, -
RREEMFTENGE, HBIERNREL EReCRIKEL, &
PUEEERHT. ETFomARE SR 2 R RIANEL

EHEIESE,

> R ARIR R Z AR TUREL

> DR RRSISAE AN S RARHT TR, MO THE
FIRMEERL (curse of dimensionality)

> FRFSEUETIL RS SEEEITEEEIFER



