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Recall

« LS BEEAFRFHEE). PAEFEARC). REEFZ(ZH). BRHEE
o R TFIZHEA IR Bdn(Perception). %217 E(Knowledge Base). ¥ (Reasoning)
o Fmifkw: FH(Logic)
o wRIEH
« BAAFEE T X:
o KEWHE: A, BEARES
« FLEF: BHAFHIEGHALALSREX, ABEE+RIERIEY




Recall

« HEEHZK: AT REFEITLER
« HBEEXR: A TRWEEARN—T, BHA Lr i, AAMRGHRE
IR AN BEAT I, e RT AL AT IRIE, AL R B kR B,
— AT T &
« KA
o HREFIREKA?
o BRAE FIVAR L A IE AL 7
o PLEH X BRIBEA IALFTHFMLS, ERAEERAE



EETHEHZT

HHREEHHTE RN ANE S, —R AT Sin E P 4
B ) R IR, AR E AT AME R B A R T P % A hd He bk

o HE T (definite clause): X FWHBX, XFRA - NAHAELF

{5']‘%(‘3: _IB11VP12 V Ple:;%E)%/’:‘E%éj’ ﬁBll V_Iplz V PZli%f)%i%é?

o EBF4 (hornclause): XFHHTBX, XFRZARAF —NHELF

 EARETF AT AE R —A B K

—B11 VP,V Py, (B11 A P13) = Py



A 1) 4 3

o FX FGeYiEFE (data driven)
o KRB ATIRB R IR EGHLN, ik Nsmit
o H B FZ U e RE Lkt —F T

Q
P = @
LANM = P P
BANL = M
ANP = L
ANB = L
A
B



A 1) 4 3




A 1) 4 3
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A 1) 4 3




A 1) 4 3




)5 1) HE 2

Bl AR ) 69 32 2 (Goal-Driven)
o REWMqITIE, REELT, REEIREFEALZRAHqHER X

o JmRiX A XA ATIRART AEA A A, NghA
Q

P = @

LANM = P P
BANL = M

ANP = L M
ANB = L

A

B



)5 1) HE 2
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o =0 1% %5 69 By [k

EAMEHY | BEAGEDRRLAY LR TGM), AR oMt om0,
B o fe G BB H R AR B G k. — R BAFIM £ F

O% 4, XF-T 5 4% 35 88 B

v oa: TAARRZEZY
vV B: ALK AA REEFAZHEEAMEEFH: anf oy
vViy: BTAGHAE LR A F 89

BAREAN, 18R R XE AT HR BT RN



— M1 1% 4% (First-Order Logic)



% A8 /1R 18] 1% 5

AR ZE Y, FRTFToAt—Fmi, 5MdA4R, 1519 (predicate)
#2235 (quantifier) , REAAMKE RGN ERK R Z XA

o AR ARG PR TATIBR P T AR 5 A 2 69 ELAR B R 69 A

° 75:44‘&#%@\5/7/]\44‘ “%K.E.” “?\Z}]” «1» «2» «3»

¢ MR RZIBINIR: Xy, Z



18 18) 1% 4%

0% : FiELRRAENMREE R HENMRZAXRFEROTE,

HALH E R AR

> A — AN OGIEEARA —LIEE], AT —AKFR, BEEARD S NMRE
LA aHFeaEBbE: dep():x M, ETENKFAE A MK

> LA SN AIEEARA B LIEE, R TFMRENZAXE, B R THE

MMRZ B 2T B 45 2 89 %Ik, HeFather(x,y) &k Tx 2 yd) X F

BF: BAARBAHARA?



1R18) M. = 17

O 2 #2179 (universal quantifier, V)
AHREBE A TVET, RT—Weg, LR, TR, /1%,

VxR RSB F B9 PT R AR, VP ()& 7 & SR T 89 TR AR B R P

O 74 /& = 73] (existential quantifier, 3)
FATFERFTIRT, RT/E. A—4 XEFE,
Ax K LIRF H A=A RE T IAK,

AxP(x) & T & XA FE—ANMRRE TAAREA ERP

O 4 #r i 4 £2 839 AR A 839



O 4481905 4 £ &0 2 a6 % 7
¢ VxP(x) = —3x—=P(x)
¢ Vx—P(x) = —3xP(x)
* —VxP(x) = 3Ix=P(x)

e JxP(x) = =Vx—P(x)



OAREL: AEMBERAFLEEARFHTHLEEMAAAHREL

3

OadEt: AR BERALEERARNLEMRAABELT

AR T AR TUGLETERNAHRTERZA, LT UELETEE ML RTEEZI

(Vx)(A(x) VB) = (Vx)A(x) VB
(Vx)(A(x) AB) = (Vx)A(x) AB
(Ax)(A(x) VB) = (Ax)A(x) VB
(Ax)(A(x) AB) = (Ax)A(x) AB



1§ 18) 1% 5%
AARTAABEGEILT, &M ENSLSIGELSEE, HAZTENATRE L HEE

(Vx)(A(x) AB(x)) = (Vx)A(x) A (Vx)B(x)

(Ax)(A(x) VB(x)) = (Ax)A(x) v (3x)B(x)

(Vx)(A(x) V B(x)) = (Vx)A(x) vV (Vx)B(x) (A L)

(3Ax)(A(x) AB(x)) = (Ax)A(x) A (Ax)B(x) (A L)



person
person
king

left le
\ 9

King(x)

Person(x)
Head_on(Crown, x)
Vx(King(x) — Person(x)
Vx(King(x) - Head_on(Crown, x)



On_table(A)
On_table(B)
On_table(C)
Hand-Empty()
On(A, B)

oooooo

Robot Arm




18 18] % 5 . AEIE LN

Bl A1 s e AR 2 18] ?

RAX) ZIBE AN, xFyLEAL, aRFEZHT, WHEE T HEZAL:
« 42 #r¥ 19/ F(Universal Instantiation, Ul): (Vx)A(x) — A(y)
« G 1£ %13 H % (Existential Instantiation, EI): (3x)A(x) - A(c¢)

o LA A AR 8



1B AL B 4 R0 17 45 A 3E

(Vx)King(x) A Greedy (x) — Evil(x)
King(John) A Greedy (John) — Evil(John)

King(John)
:> * King(Richard) A Greedy(Richard) —

Greedy(John)
Evil(Richard)

Brother(Richard, John)

Pl AR XEIE, £ mKing(richard) A Greedy(richard) — Evil(richard)

AR5 a) A & X



& —(Unification)

S AR B AR P Y )3 4k - & —(Unification)
| B 2B TR 69 F 55
e ¥4 1:RichV Happy %k X T 240 R

¢ %éj 2: =Rich

Unify(Rich(x),Rich(Bill)) = {x/Bill
Az A 3K £ Rich #2 —Rich nify(Rich(x), Rich(Bill)) = {x/Bill}

« X Happy * Unify(Knows(John, x), Knows(John, Jane))={x/]Jane}

W iB A7) A Unify(Knows(John, x), Knows(y, Bill))={x/Bill, y/John}

e F4 1: Rich(x) V Happy(x)
« ¥ & 2: aRich(Bill) x/Mother(John)}
Unify(Knows(John, x), Knows(x, Eliza))=failure

Unify(Knows(John, x), Knows(y, Mother(y)))={y/John,



i fl T —MrZdg ey )a & 5ok

¥ 3 A CNF

+  Vx(Human(x) - Mortal(x)) +  —Human(x) vV Mortal(x)

e Human(Socrates) e Human(Socrates)

e Mortal(S t
ortal(Socrates) e —Mortal(Socrates)

1E B AT $2 1+ AT $22+—-Mortal(Socrates) 7 /i

el L 3
C1: =Human(x) V Mortal(x) C2: Human(Socrates) i C8: ~"Mortal(Socrates) :
(Premise) (Premise) : (Negated Goal) :
!_‘__7_7___» T e )
Unify {x/Socrates}
Unify {x/Socrates} & Resolve
& Resolve
C4: Mortal(Socrates) ] Resolve
(Cancel)

Resolve
(Cancel)

d

(Empty Clause -
Contradiction)



SRR DN

o A% #H (Propositional Logic): =13, Rk TEA AL
o —MrZ#H(First-Order Logic): 3| AN=18. 1§13

o —MYri¥4E(Second-Order Logic): =13 7 VAYE Bl T 15 73]

o Bt/ iZ H (Temporal Logic): 3] B 18] B -F

o M ¥ H (Fuzzy Logic): E{i€ [0,1], m3AETure/False R1A



SMT Solver: Z3
i¥ 48 542153 : Prolog
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A 5K ?

=
ERXIIKRTZLHEAA, B, C, &
ok P B RA ARG K

= 3T
* Al “ERARGW”
+ Bit: “CRHGKR”

C
ﬁ © Cil: “HRAEARBLIA

BXEZANAAY, RAEGBRILT RE

?
il

Iﬁ@l‘;}%ﬂ: GIRATTAME? HANIe TR ZA P AL “EF7 RALE R IEaiES



A /R 7T ith RPE(SAT)

B & X S TR
SR —AHEEHIHEBHF(5H. (AVB) A (=AVC) A (=B)

K AR HRAX, REAA W
— W AMBEH, RILEANXLER [ R a

LI A A, BPB=False

\y c 4
HRA? ) ARANAV B, WAL
AVB)—A=
L( | )J A | T ﬁ-ﬁr, B’FA=True
=| 345 - * A=AV C, MCLH
((-AV Q)] ,
. o 1 . A&, BPC=True
T HENATF F B —ABAERE
NP-Complete#y 7] & i fEM(A=T, B=F, C=T), %P4

£ T % 269 (SAT).



18 78 3 7T 5% 2 (SMT)

7 ANNIGY G 2 # 249 R 717
SMT=SAT K ## 5| &+ ge A —— ﬁ” | . MRS R
iR ER. K ot e RS
X
ﬁﬂ\ A:k A ‘
FHEF)  RABR

AR x+y<10

T o X4
SAT R & 4 2 True/False, W s _ _
SMTHSATHIZ 3518 & - ali+1]=2xalif+1
AV REERKESE,

BB, B, KaeF



SMT KR 2% : Z3 Solver

o WEHRIZTA < T{E=2Bgh:
y/ R = | °
o LTI FAFARKREFE AGSMT
o 1. 2% (Model)
KBS
. # </> F Python FESBEXZTENLORRZ Y
¢ E‘Lﬁ]: $k#3&i£\ 'zi'ﬁ:'iii"’\ \l/
INEi$: 2 50h

e AL l‘] ;l)%*‘l': https://ericpony.github.io/z3py- 2- *m (SOlVE)

BF “solver.check()® #£%.

!

sat 3. RBVEE! (Result)
—— NRLERA “sat’, 1A “solver.model()’
unsat  sxay BL{AAR,

tutorial/guide-examples.htm



https://ericpony.github.io/z3py-tutorial/guide-examples.htm
https://ericpony.github.io/z3py-tutorial/guide-examples.htm
https://ericpony.github.io/z3py-tutorial/guide-examples.htm
https://ericpony.github.io/z3py-tutorial/guide-examples.htm
https://ericpony.github.io/z3py-tutorial/guide-examples.htm

RIR(—): BAE G IR

L
W =

o —

XX

T AR

\=4
T
A, B, CR%& “A/B/IC” &5

2K 1:

RE =5 W

2 R2:
—ANAR G WK,
A%U'ﬁ%: —A
Bayafit: C
Chyagt: AvB

L HAR B At oy Rk 1E

i

o] Python+Z3/&.4,

[A = False, B = False, C = True],

# 1. xa?’r TEe: A_is_thief Fr A 58, LAULEH
ools('A B C')

solver = Solver()

A f"jﬁ.’ /E\"ﬁ 1 //\AET:JJ/%‘
solver.add(
Or(And(A, Not(B), Not(C)),And(Not(A), B, Not(C)), And(Not(A), Not(B), C)
))

# 3. ZEMHF (True/False)

# A I "BEAESH —> Not(A)

# B l}? 'C Et}]ﬂff‘ - C

# C 1% "ABBEZMH" —> 0r(A, B)

statement_A = Not(A)
statement_B = C
statement_C = Or(A, B)

# 4. BZILuEE:
# “"RESGBK g BRE:
# (AWM <—> ARIENR) AND (BELHM <—> BAYIEZNMER) ..

solver.add(A == Not(statement_A))
solver.add(B == Not(statement_B))
solver.add(C == Not(statement_C))

# 5. Rig

if solver.check() == sat:
print(solver.model())

else:

print("FEHKiE, T, ")

i CAGK



() KU

= P
FR—AEERME, HETA
LRZECK: iKia

e x>0,y>0,z>0
e 3x+2y—z=13
e xxy+z=20

JR A R B

<>_| Python+Z3X%%

# 1., EXBHZTE
X, Y, z=1Ints('xy z")

solver = Solver()

2. WIEIR
solver.add(x > 0, y > 0, z > 0)
solver.add(3*x + 2xy - z == 13)
solver.add(x * y + z == 20)

# 3. KiE

if solver.check() == sat:
m = solver.model()
print(m)

else:
print ("ZATEATENER, ")

# SEELR
# HGMAR
# FELMLIR

Wl [x=1,y=10,z=10]

|25 Brosntzosdani e 2akRa



735 (Z): 837 I

B R RAE®

Bl

#: X THAab, £

(a + b)? = a? + 2ab + b?

WZ3RFE: REAE—4%ab,

1%

i

m

19

FFEE 8 TN AR

& : dmRZ3F|Z unsat(L#),
Rk 2, TMRET A
, SRR R L

<>_| Python+Z3X%%

# 1. EXXHETS
a, b = Reals('a b')

solver = Solver()

# 2. EXFENTEURFRIEHE
theorem = ((a + b)*%2 == ax%2 + 2%axb + b%x2)

# 3. RUEZZID:

# EANIEF Z3: " 15EEH—TRA, (E#/FEEEAKI"
# Bi: 7500 Not(theorem)
solver.add(Not(theorem))

# 4. MEBESERA
result = solver.check()

if result == unsat:

print("4ig: H¥ARRE —> EEXNFREXE a, b Il ")
elif result == sat:

print("4518: TEEHEMN. RAEIK:", solver.model())

Wl R R, i mL



TR B Bk . LLMA&G+ E 479

) #Ri: 12345 L 67890 % 1011F110.8F N EHE N A

Fgo? 7

LLM (

“12345 3
83810

A £ 1ontt108%.

LLMAE 245t At 5T €38, TXANEXRITETAE



N R (—): LLM#A K T A K#E

fif 2 7 & (Program of Thought):

?
o
A

[User Question]

&

J

\.

(
o=
=2
=\

[LLM: Translate

to Code]

\

7483

gt

>4

it E
'l"l‘}ﬂ}’fl'il E] ’k'ln =
R ) &% A A A B

73X

Ver'\ﬂed v

-
@z_f’
=

> =

BRI, 5
100% 7T 3 77 &
HERg 4 R

[LLM: Explain
Result]

& )
fRBEL R

7318 ) 0y 45 H 4
%@L% FRIAAZEY B
&k'ln =2 E’J}é’\}ﬂ)&

LLMAHAEHH, A L5Z3MF

&

N
2

[Final, Correct
Answer] )




KR F (=) AlE R A 2697 XA E

TG %E
o ALERB R RT F %o P Al SERRAORES | SRR
(ﬁn%{iéﬂ%@ﬁ\ Fé"\z{égi%)? def process_data(data):
if data:
i Aliﬁkéj] 7’:{(_’%&,‘}&}2 7F %‘jﬂ:‘l’i result = 100 / data[@] @::-f:
- # .. more logic =
Ik’ return result » ZB »
A ST o3 # #56 (Specification):
Io1E AL # pre: data is not null
o LLM 4 X 5 4 5 5 ) s st

5 - , # pre: data[@] != 0
o LLM 8 3 3= BAX AL &y 3% 3 /3512 54 # post: result is valid

o 73 ¥R LA H AL
o EHRHZ, BLEAZAAL I B8 B 1L A
B — B4 LLM B 14 1E (self-refine)



& R % %(=): RLVR

st TR FHEP, FHEFSER, JIASFFTEME, B KRGS
i RAEZ BE 5, B Tk

@~ﬁﬁ#ﬁﬁ~ ob | — oy 0

Symbolic Solver

Provide Reward




Thinking in Logic: An Introduction to Prolog
-EHRBREGER



X vs B B X

a4 X %42 (Imperative) - Python, C++ 7= B X %w#4Z (Imperative) - Prolog
T HALAT 89 F TR (&) FF R RA A (FmiR B
Tell the computer how to do something Tell the computer what is true
Program = Data Structure + Algorithm Program = Logic + Control

/ﬁ[\ W~ — m
_ﬁ> == j%ﬂ & \ 1 o

'“J

Property 1 Property 3

CeL

y -

EHRAERY, WR—AFHOLEH. B&
ZHEEHR, RITHEE, KAeaty, & Aobg, JFHZIABE, PACHIER, HH
G ... AT EFRAEZMHORD




# 3 FriR B . FE 52 (Facts) 5 2L (Rules)

& ‘hﬂ‘

5 52 (Facts) L] (Rules)

&% : Head :- Body.

&k predicate(atoml, atom?). (Head %y &, 4= RBody% %)

* human(socrates).  mortal(X) :- human(X).
* parent(john, mary). * grandparent(X, Y) :- parent(X,
Z), parent(Z, Y).

* likes(alice, pizza).




5 a1t Xt 1E . & 18)(Queries)

@ & AR, Prologa i T L4ty Fs

?- human(socrates).
true.

?- mortal(socrates
true.

?- mortal(zeus). .
false.

R A BN 4T 4R FE

(Prolog #S15H)

(BEF AR RIZ)




R (—): KRG Y 5

HEEARFA, AEARAA—EIHRYHR
\\ //4 = O 08

=@ Pl
§ —(aal—v7

.....

W(rn %\_S@
of B ¥ =
W & & A & B 3732 55 D) 4k AR
“HEAR X IR 0GR G I Re AR ) 7 “*lkﬁﬁﬁ%%i % JE F
AT T e

29 R it & F iR



\E\/\ e

SR Ay

— 3 s K 04 1% X

10 [

1

&8, XBigERRERBEFRINOTE, HEMER ERBE2%
MABEREH. RERMERHRATMTMSIE, BRE RS0 "
TR BZIMEERTPNZ2ARLZ(E,

"0



Hx: AAN%EE, —/-B248

E—F%HL, FEAMHBRERRANET, E—H5TEREE—ANTRABEHOA,
RAMENANGRR 0RA, BRSO ER, ARERRANES

]:j ﬁ Y .:é“. 00,

E # BTHE AR Rl .

R AT F M B FAALAT — AR & L R AR 8




WA ARE

RO e OO

-+

=

IANFEAEFE,

PRI AT 5,

£

57

£

=

B FE

EHIA

2 B9 A P& IHE
BERr=AE%,
B REERT BB AL,
f#10ld Goldh# &R AT

Koolsh#&4H,

8. FRE]HEFE

9. MPEYALET

JBY A B

EIAMSFTo

t%_|a1%'¥o
10. #iChesterfieldsi#F R AFTETT

=

11. #hKoolshEEFMHBIAFEFTSHIAB

FREE,

12. #hLucky Strikeh@FRABIAIGHE -
3t EIZIS)\ Parliamentsh#&E /A,

14. HPRYAFTEE

E

il
I

L3

=

= FHIRREE,

-




Prologm#z.

1. EXBUREH: 5 TEF

ZHRE: house(Zieg, EHiE, ZY, T, M)

length(Houses, 5),

Houses = [house(_,_,_,_,_), house(_,_,_,_,_), house(_,_,_,_,.),
house(_,_,_,_,_), house(_,_,_,_, )1,

%
%

% 2. W25 (Constraints)
% [Z£F 1] ZEAFFELEFE

member(house(red, brit, _, _, _), Houses),
% [ZF 2] ImHEAFH

member(house(_, swede, dog, _, _), Houses),

% [ZF 3] AZABFE

member(house(_, dane, _, tea, _), Houses),

% [%F 4] REFEREAE S, BEABEFIZY (left_of)

left_of(house(green, _, _, _, _), house(white, _, _, _, _), Houses),

% [Z%F 5] ZREFEABHIEE

member (house(green, _, _, coffee, _), Houses),

% [44F 6] # Pall Mall FHHHIAFRLE

member(house(_, _, bird, _, pall_mall), Houses),



Prologm#z.

% [Z£F 7] BEEFEAMH Dunhill &I
member(house(yellow, _, _, _, dunhill), Houses),
% [%F 8] EEREEFHIABEFY

Houses = [, _, house(_, _, _, milk, ), _,
% [4F 9] WRAFEZE—EEF

Houses = [house(_, norwegian, _, _, _) | _I,
% [#4% 10] # Blends BHHHIAEETRIHEIIAIGEE (next_to)

next_to(house(_, _, _, _, blends), house(_, _, cat, _, _), Houses),

% [Z#F 11] FIDRIAMELEM Dunhill ZFMAINAIEEE

next_to(house(_, _, horse, _, _), house(_, _, _, _, dunhill), Houses),
% [#42Z 12] # Blue Master HIAMSIEE

member(house(_, _, _, beer, blue_master), Houses),

% [46%F 13] 12[FAM Prince &/

member(house(_, german, _, _, prince), Houses),

% [%F 14] WRAFEEREFEEE

next_to(house(_, norwegian, _, _, _), house(blue, _, _, _, _), Houses),
% [462Z 15] # Blends HIAB—TEKHEGSEE

next_to(house(_, _, _, _, blends), house(_, _, _, water, _), Houses),

% 4. HRIIZ(Zebra) #lK(Water) /77 FHEF

member(house(_, _, zebra, _, _), Houses),

member(house(_, _, _, water, _), Houses).

1,



Prologm#z.

?- solve(Houses).

solve(Houses).

Houses =| i3 Edf Z¥ | RE =
yellow | norwegian | cat water | dunhill
blue |dane horse | tea blends
red brit bird | milk | pall_mall
green | german zebra | coffee | prince
white | swede dog |beer |blue_master




hypothesis (ifii/&) :-
fluid,
headache,
fever,
body_ache.

hypothesis (ZERE) :-
fluid,
sneezing,
sore_throat,
\+ fever.

hypothesis (f%Z) :-
fever,
rash,
conjunctivitis.

hypothesis(7/kfE) :-
fever,
rash,
body_ache.

MR w(=): TKXE

o° of
% %
SRR
&

% MEE
% FTUFIE
% IRIERE
% RBELLE (\+ Zxn NOT)

% KIE
% K2
% LHEX (ZIAR)

% KU
% K2
% Bt E

hypothesis (¥@hiz_COVID19) :-

fever,
cough,

% KIE
% [Zm

shortness_of_breath,% [FIRE{F

loss_of_taste.

% MRETEsk

2,

YRID{E 8 5 EFIZHT R S
1BIRIERR/R[EIZE yes (y) 3 no (n).

BB UTERE: has_fluid ? (y/n):

y

B BB LATAEIRNG: has_headache ? (y/n):
y

BB TEEIRIZ: has_fever ? (y/n):
y

B BB LATAEIANG: has_body_ache ? (y/n):
y

IR R gERE ™ MR ™
ZWNERREWEWESE,

true



&M K %5 (=): LLM + Prolog

% Raymond was born 6 years before Samantha.

Question Ground Truth age_difference(RaymondAge, SamanthaAge) :-
Raymond and Samantha are When Raymond's son was RaymondAge is SamanthaAge + 6.
cousins. Raymond was born 6 born Samantha was 23 - 6 =
years before Samantha.

% Samantha is now 31.
samantha_age(31).

Raymond had a son at the age of yesold T l.t Pabeen
23. If Samantha is now 31, how Sl s D
many years ago was Raymond's Raymond's son was born.
son born? Answer: 14

% Raymond had a son at age 23, so son's birth year relative to Raymond:

son_birth_year(RaymondAge, SonAge) :-

Chain of Thought SonAge is RaymondAge - 23.
= Samantha' is 31 - 6 = 25 years old. % Query: how many years ago was Raymond's son born?
"8 Raymond's son was born 25 - 23 = 2 years ago. years_ago_son_born(YearsAgo) :-
% Answer: 2 samantha_age(SamanthaAge),
&0 age_difference(RaymondAge, SamanthaAge),
son_birth_year(RaymondAge, SonAge)
§° Prolog Generation — - _,y y g€ ge’
3 -~ ¢ YearsAgo is SonAge.
o :- use_module (library (clpq)) .
<D0] ) Prol '
5 age_diff (raymond, samantha, 6). Imer::fter > ye ars_ago-son_bo rn (X).
age (raymond, 23).
age (samantha, 31).
solve (Years_ago) :- Answer: x —_ 1 4
age_diff (raymond, samantha, Age_ diff),
age (raymond, Raymond_age) , 14
age (samantha, Samantha_ age),
{Raymond_son_age = Raymond_age - Age diff}, ?_
{Years_ago = Samantha_age - Raymond son_age}. yea r S_ag O_S O n_bo rn ( x ) -

Arithmetic Reasoning with LLM: Prolog Generation & Permutation. https://arxiv.org/pd{/2405.17893


https://arxiv.org/pdf/2405.17893

Prolog i3] ¥

1965: RobinsonF & i V2 £5(resolution) 2 5>
1973: 3 3 &9 Colmeraur A Fortan7F & ¥ Prologi% &
1974: Kowlaski®y TAE K% 5 HAF H w4215 5
P H G RN AR p=F 12
& F 2 AL (Logic Programming) 9 5€ £
1977: & T® XFAEDECI0# H AL LI & T Prologf##£ 35

1980: % B & B TFRANATHEIIT KT #Prologizd =

1981: B A% BEXKTHMZR %K AProloglf N £ £AZ 5181155

R 2. % 238 (1930—2016)

Programming J. J. Horning
Languages Editor

Algorithm =
Logic + Control

Robert Kowalski
Imperial College, London

An algorithm can be regarded as consisting of a
logic component, which specifies the knowledge to be
used in solving problems, and a control component,
which determines the problem-solving strategies by
means of which that knowledge is used. The logic
component determines the meaning of the algorithm
whereas the control component only affects its
effkiency. The effkiency of an algorithm can often be
improved by improving the control component without
changing the logic of the algorithm. We argue that
computer programs would be more often correct and
more easily improved and modified if their logic and
control aspects were identified and separated in the
program text.



Ja iF 55 AL Z R

w H T A NE
* SWI-Prolog *  {Programming in Prolog)
FE &R A :SWI-Prolog Online (SWISH) (Clocksin & Mellish)
« REXE, LEAXNLERE Az i] 1F 55 I A2 AT IR 42 JLH A

Programming

in Prolog

SWI Prolog

https://www.swi-prolog.org/ https://athena.ecs.csus.edu/~meill
https://swish.swi-prolog.org/ ogicp/Programming in Prolog.pdf



https://swish.swi-prolog.org/
https://swish.swi-prolog.org/
https://swish.swi-prolog.org/
https://swish.swi-prolog.org/
https://swish.swi-prolog.org/
https://swish.swi-prolog.org/
https://athena.ecs.csus.edu/~mei/logicp/Programming_in_Prolog.pdf
https://athena.ecs.csus.edu/~mei/logicp/Programming_in_Prolog.pdf
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#2122 [ 1% (Knowledge Graph)



DA VINCI

Jan 11984

PN STR T Y PSP TS LI Y S

FiR BT 2012 F & Google
", EmEREAHNME SR
K AB A I 09 J iRt B R 38 5% E L
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MIAUFSH TEUHRRAR) 58 BEUBARAR) , BFERE @
RAR) , BEES. 4EEH

Hett: FEFIAEBRMBEEX HRELRS: 210093

BIFSH: +86 25 8359 3186

B#: ChenJun

FRMZEXA, NHEDT, 2RFRNZ 8 =T KB
HOENT, REAVNXERRGHBHEAMANENEE
& RE, SR BE B2 ROB, BB, 518

e

: - BEAR: 35434 (2007 &)
B 9B, EYE XXB, GREB, HhER, g8, Royal Museo m3s EXRER eIF: 1902 %
IR, NP HB, VR, TAIRSEEPEEENR Collection...  Galileo B HRIRFMHLE FAE: BRABWESR, B3
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REER
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R XEEE, BANXEAR, XEHRSES

5% THEEPHENT, FIFMEEXTE, THEERE : '
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108208 @FA  International Conference on Integrated Circ...

EEEZIAA (BiA 45 1R)
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77 e W

Information Management: A Proposal

77 %M (world wide web) £ AEEEA F O 1E & R 4

Tim Berners-Lee, CERN

March 1989, May 1990

Linked information system

This proposal concerns the mana igement of general information about accelerators and experiments
at CERN. It discusses the prob

ems of loss of information about complex evolving systems and
derives a solution based on a distributed hypertext system.

() 7Y R AT R Aok AT 8, R PR AR

Hyper f /[ . 2o~ ~ ~N) ™ ~ . N
‘ @/\’ { WERR La) & LR, LTAELEHRAFA T
“““““““““ Hierarchical >
systems /
forexample forexample éﬁ /f‘j ~ %)Lﬁ; H:; %
y 7 unifies —
i .f
Linked "Mesh"
information descnbes
vdj
4 desc ibes mcludes
mcludes

"o : CERN
/C rloxt® i do:-t:lri:ent division Tlm Bemers-
& yperte

\JJ \ "»l — Lee
refers group

group
|nc|udes describes to

0 e . ) 20165F B X %

section
I\ I

Hypermedia e TirL ! I !
Berners-Lee
——~




1% X 77 2 M

1% L 77 7 M (semantic web) ¥, 1F &N E LA BIFa9E L2 L,
T H AT AR R B B A BUE AR S

Web of Documents Web of Data IEX N EF M9 12X A

N Typed Links

T LEES b

/ \'k / RAT, &2 8RS

N LS
= - v i%i@x%%%i%iﬂﬂﬁ%#@%%ﬁf%

“Documents” REZ A P R
“Things”

|

1]



[Linked Data

B
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o e e
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: e e
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S : 3 N N ~ al 2y .
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e
W v “_/




/% P B (Property Graph)

o BMEEF 2(Nodes). X # (Relationships). /& M (Property)#=4~ £ (Labels) 48 a%,

e T ELOABM, BWIT VAMEATEAN XG4

« XARAZBENL, BNAXEBRARE AT E. —AMIRE. —ANTTET ERERT &

« XALTAREMNE, WL EME, TREBIAEXR LG MIRMEA XL TE L, oA

:HAS_CEO

Employee v start date: 2008-01-20 Company :LOCATED IN A City

name: Amy Peters
date_of birth: 1984-03-01
employee_ID: 1



F R FHE AR Z2RDF

RDF % - IZesource Description Framework (5 /& 4 i£ /2 22)
P77 4 9 3% B W3CAE 3 89 & 15 Web 89 18 SUAT &

RDF & 3£ A 48 nx 4% % = 7T 48 SPO

Predicate
Subject » Object

( , predicate (i§d) , object (&i%&) )

( , predicate (4ZF) , object (iTL7:) )



RDFH

Subject

Predicate

EARKFKIEEA, HFoiricB

) 4

Object

<Bob> <is a> <person>

<Bob> <is a friend of> <Alice> -

<Bob> <is born on> <the 4th of July 1990>

<Bob> <is interested in> <the Mona Lisa>

<the Mona Lisa> <was created by> <Leonardo da Vinci>

Person

is interested in

“
3
60
<

14 July 1990

Leonardo Da Vinci

La Joconde a Washington




RDF Schema

RDFS(Resource Description Framework Schema)& F & & X RDF ¥ 49 X 4= /& P&
EX B AEMIES, X T HRAGSR KK R R BELRF

1. rdfs:Class. Bl T2 L& subClassOf Ferson ubClassOf
2. rdfs:domain. Fl T & 1% B P B T ARA £ 5]
3. rdfs:;range. ] T 4838 1% /& M 69 BAE £ A

domain range
Student = «—— HasSupervisor —  Teacher

4. rdfs:subClassOf. Al F#ikaz kay X2 oo e
5. rdfs:subProperty. T 18 1% & M v 30 & Tt type T type




A FRDFS#H {3 3 3 19

OpenAl rdf:type AL At 8]

+

18 5 rdf:domain & )T
1% 5 rdfirange 5 &

+

AN L% RS2 8] rdf:subclass A 2 )

James 15 7 Alice

!

OpenAl rdf:type sy A+ 8]

!

Jmaes rdf:type # /7




A Zp R BE IR B : CYC

c MAXELHEE “HAALH” (encyclopedia) , HIFA
RANREF IR, E R FIR E

o HAIGYFIRFIR4e “Every treeis a Plant” ,  “People die
eventually”3r

HFm4F (1950-)

o CycsiR B £ i) KiZTermsA= 1 & Assertions 28 m%,

* CycHATARANMA, SApgAsF IR, FF 7 A 52
AR T



A Zp R B 3£ 37 B ;. WordNet

% PRINCETON UNIVERSITY

e WordNet2Z F %4y i5f4nin 2 T 2R T8 UK, &
AR K N £ 5 52 3 A 1985 45 7746 5F & WordNet

A Lexical Database for English

https://wordnet.princeton.edu/

o WordNet® &2 LT %8, #hia. 7 218 F= @18 Z [8] &9
1B % &

e dm:
v 4SuElz e E Tk F R (de: “KAHh407 £ “F7 o9 B4z %6)
vV FEZ BB SR FR, (Je: “IT8” Z2hFE “IRIKV )

e WordNet3.0C. 2 6, 5 A8 157 A8 42205 415 3L % &


https://wordnet.princeton.edu/

A Za i B 1E 3 B @ ConceptNet

« ConceptNet2 % RFIR E . KT R TMITHARE IR 49
Open Mind Common Sense (OMCS) i B, OMCS H &
& % AL f¢ & EMarvin Minsky T 1999-F #2 U4 = o
~ / ConceptNet
. ConceptNetii—ﬁi?E BIEM 6, JQ'— %{@] }%*;}ﬁj}%’ %Eﬁ}%)i O An open, multilingual knowledge graph
AEFNT KEF A LEMNEIE, d=Dbpedia. Wikinary,

Wordnet3F

« ConceptNet/ A =LA X 89k &2 A %1228 m%, ConcepNet5
WA L4045 H28007 X R ik

LUMINOSO

o 5584 WE b, ConcepNETLA M T 18] 518 [A] 6 % &
¥ AoiEN F WordNet, 12 Xtk WordNet#, >89 % &2 XA %

» ConceptNetZ 2 £ T2 X HFLHES



A fo12 B 4L 0 B . Freebase

FA G B I A TR AL B TR ST WL

MetaWeb i IF IR AL X 7T Ak
ctawe
(Danny Hills) >,'-' FrGEbase <
FF 2L M 38 5k B
)
(2010)
Google
A E20145FF &, Freebasedt 468007 ANEAR, 1005k & ABiA24MLF L = THIE L

20165F 59k 5t freebasef 1k & %7, e BT A £ 3 18 4 WikiData



A o B 1E I B . WikiData

AARAMELER R KGE TR E, KACCOT 42 8 |7 7T Hr

‘ T Xk
> <
WIKIMEDIA

TS DTN WIKIDATA

https://www.wikidata.org/wiki/Wikidata:Main_Page



https://www.wikidata.org/wiki/Wikidata:Main_Page

A ZpR £ 10 B : BabelNet

BabelNet 2 £ 4 T WordNet 49 % i& = 15 W fn 17 B |

E] # A2 f## 5 WordNet £ 3F 3235 15 A 7 K48 £ = 49
B, KR8 75 ik AR WordNet 78 32 5 Wikipedia
ERaE 91

B St 32 2 WordNet F #9178 5 Wikipedia#9 W & 4742
a Bk 4, RS A F Wikipedia ¥ #9 % & 5 42 4,
FAH AN S S0 F R R, K% WordNet3§ /v % 4715
= #9135 IC

BabelNet&, 4 7271 F& 5, 14007 B L 78 4L,
36.47 13 i& & % #23.81C A Wikipedia ¥ b B 49 4%
X%, %A T WordNetfE 18] 1& % & £ 8948 4 Fn
Wikipediaft %55 7 @ e %, £ B 37 & K%
%53 1Lk iR B

i i ERAR, MBEA, RURTEFRGN—EHESSER, ZRES
’ Z FIEHESBRKRTE (258%) , BELBECSRSE, NRETE

BE—FIERSNFRR—MORLAZ, D
[

EX KEX FiR

E) 5542, MEEA, SARTERRTN—EEESSER, SRELATEHE-BRKRTE (258F) , BL L BEC3REE, KEhE
FFIEHBNARR—RNRAASE, D
NUFHREIHERRT. 1949EMGE, AAELEABSHRIEARAY. BAURBARAZEREHATLNEREER. D)

UFPEIHERRDOGEEARE D)



ﬁ-‘] é:‘j TR . 1JL iﬁ EI NELL

Never-Ending Language Learner (NELL) /@

KAAFE YIS 5 3] &

Browse the Knowledge Base!

e NELLAZ FAEMEKRFF RG22 E, KBALZENZIEG S %
M Web B ) A B = 7T 20 2 15

)

o BAREL: BR—AMBOIME (JEXFXRENEZ) T EHA, MR
i B 5 3 8977 X7 69 A Web 5 5] FoJd BUAT 69 12

%

« BANELLZ LI T 500% 7 & = LA %17



A SR B 120 B : YAGO

* YAGOAf&2E 5 st id7-& 81 504 50 BT (Max Planck I

Institute, MPI) #) # 69 X & % &5 #2017 ya G D
S

elect knowledge

* YAGO X &% 7K T Wikipedia. WordNetf=GeoNames =4~ &k Ik 69 2K 3%
YAGO¥WordNet #4933 )L & L 5 Wikipedia# 5 EAR R 34T T k&, 1%
HEAH R hoF g e FRy LKA

* YAGO# &7 i lafe 2 8] 4aiR, AR % 4o iR 5 B 3§40 T 0 18] fo o2 18] 4 2 69 /& P 1538

https://vago-knowledge.org/



https://yago-knowledge.org/
https://yago-knowledge.org/
https://yago-knowledge.org/

b AR B TT 5k Sm iR B i

http://www.openkg.cn/

HIRD R

4 4 ® ¥
L

OpenKG.CN
& o S FF B IR i & @]

oM
Bt ] #3 PIEXR :35d
281 S 63 & 4& 111 $2 18 % 378 B @ v
iz Agd=1 il 57451 Pk XE

A 1)

Al HeT



http://www.openkg.cn/

R KA R 6 4o iR I8 %

Retrieval-Augmented Generation (RAG)

et

Indexing

Sy D

23] 2R «y(‘ fi )gs‘(‘ = i ‘j. i How do you evaluate the fact : Documents
& = 4 o S > ! ! >
/éE ‘Q %‘\. ] ‘] EE 5( H ’ User > °: that OpenAl's CEO, Sam Altman, : » N
‘ = A a!: » CP */,\ ,%—. 7}: ' went through a sudden dismissal !
LLM.é_ ﬁl(k j: 2 i é AN E] 1 by the board in just three days, i
5[(4 F' }EE% Jlib/f ,[ OUtpUt i and then was rehired by the i 1l
a ‘\.> ’ n“ 1= 2NN ‘ i company, resembling a real-life :
)gx i version of "Game of Thrones" in i
: terms of power dynamics? |
pmm e e e e e - - - : 1 1 o
| e : [ Relevant Documents J
. . S < . ...l am unable to provide comments on
3% ]i F{:j’ 7"]‘3 9]‘ T,"I; é&p ‘Li" }f'—, y ;Il}%ﬂ" k future events. Currently, | do no_t ha_ve
any information regarding the dismissal * LLM Genera“on
*“"‘ F7) @ g éﬁ 'c’,]‘ 2 ‘I?_ L'7 ~ﬁ /5)% ,]»i and rehiring of OpenAl's CEO ... e T T—— -
w7 2] g FETES 7

Question :
How do you evaluate the fact that the
OpenAl's CEQ, ... ... dynamics?

1

: Chunk 1: "Sam Altman Returns to
1

i

1

1+ Please answer the above questions
1

1

1

1

1

1

1

1

OpenAl as CEO, Silicon Valley Drama

. A8 s . Resembles the 'Zhen Huan' Comedy"
...... This suggests significant internal

disagreements within OpenAl regarding
the company's future direction and

TR R %ﬁ“‘] A
]é }ﬂ % é&ﬂ 3 {‘A" =+ /Ti‘ A based on the following information : Chunk 2: "The Drama Concludes? Sam

strategic decisions. All of these twists g:}ﬂg‘; 12 Aitman to Return as CEO of OpenAl,
and turns reflect power struggles and e Board to Undergo Restructuring

1
1
[
[
[
1
[
T
1
1
1
[
1
1
1
1
1
[
[
[
[
[
1
[
[
[
1
[

corporate governance issues within
OpenAl... . Chunk 3: "The Personnel Turmoil at
Combine Context OpenAl Comes to an End: Who Won

s and Prompts and Who Lost?"




ISR ot

Graph RAG
A T do iR Bk 34T AR & R
« RPRERF: “HFRE0ILER
R E?”
o KG % #kiE2: 4FB L --daughter-->
Ivanka Trump --AlumniOf-->

University of Pennsylvania --
Location--> %7 3&

o BB ARE LLM, £REE

« KGREBKBARFELITHREMK,
LIM g RiEsEfoiz LS

KAL A B AX 89 43R )

®

!

Query
Processor

A

Retriever

A 4

Data Source

A 4

Organizer

A 4

Generator

Graph-structured Data

.

O Node Edge — 5 @ @

Entity Paper Product Customer

Text+Image Triplet Protein
Knowled > cfw,
(@] e O nowledge -’j.'.g’ ‘
Graph — State —= @ COgpdd
California USA
o o O
Cellular — m
¢
Complex
Benzene Math Club Protein Interaction
0 . Role Similar

Proximity
Similar

Benzene:

Homophily Heterophily G-cycle




F] %) #LX| (Automated Planning)



£l 71 #LX] (Automated Planning)

B SR : KRR AT i 2 TF — A A

— N RARESEIRILT, AT LB —AHHA
89 B #7~4K 5 (Goal State), A —ANF145 Ik %5 (Initial
State) 745, B8 34 i — & 7| A 347 3 (Actions)
R 6y it A2

AT BRAR IR Y — AR A 2] &R

KE L)

St3K: Shakey the Robot (1969)
F—ARBEF FITH, FEHEERIE
B A AMBA, BB H TAXR L N1
TRk AT S




F] ) ML X (Automated Planning)

2R # 5% (Blocks World) P i35 #r (Logistics)
PACKAGE 2
S~ (ATCITY B)

PACKAGE 1 /

INITIAL (AT CITY A)
STATE
J >
I
HRIMARE 69— R DN 1E, KRR A5 X F F 94T 3058 Ao 00 B ARG R FPARAE,

REAHE] B ARRES TR 6L A5 4L B 13 4 B 48 2 IR TR



mr R 2o XiEE

AT Akt AR AR, LR IR R R R AT A 60 LS T i a9 AL

« STRIPSi5 = (Stanford Research Institute Problem Solver)
c BB AR —MZHERBAEETIRE 5IE

« JJKZS(State)
—AFHLF, LLWMHERFTHAEA “B” FR
Blde, EARARHER P

State: { On(A, Table), On(B, Table), On(D, C), ...... }



AR Z22HIMES

o FHME(Action): X T KELTER L, HANSNVEHH #6977
(Preconditions)#= 2 3k (Effects)
). Stack(x,y), FRARxHEEIRAKy L

/ ﬁffﬁ(Preconditions)\ / AR (Effects) \

MAEPAT B R A0 T

‘ )

T M 3T SR Joby Feth (iAo k(Add List): #%
AAWER
« Clear(y): ARy L7 . * On(x,y)
» Action: » ¢ Clear(x)
NA TN Stack(x, y) \_* ArmEmpty() J

. Holding(x): HURA 2 /A W% %(Add List): F&E

IEICE AR ARX HEBER
Clear(y)

\ / & Holding(x) %




PDDL: #LX|4m¥kayi8 Fl &5

PDDL(Planning Domain Definition Language) & & X HLX| ] A 691755, £
STRIPS#) 4~ A= AR /E AL
o MSEEH: B CIENT Fo C LRIES

Domain X £+ (.pddl) I!!J Problem X #(.pddl) itk
T SCHEIRAE R AL, 8,2 1F 1) X — /NGy, AR x, e
(Predicates), 4= “On” , “Clear” #=3)1F %-(Objects), “4=Block A, Block B; #745:K
#2 #& (Action Schemas), 4=Stack(x, y) 75 (Initial State)#= B 47X &5 (Goal State)
(:action stack (:objects blockA blockB)
:parameters (?x ?y) (:init (on-table blockA)
:precondition (and (clear ?y) (holding 7x)) (on-table blockB)
reffect (and (on ?x ?y) (clear blockA)
(clear 7x) (clear blockB)
(arm-empty) (arm-empty))

(not (holding ?x)))) (:goal (on blockA blockB))



PDDL.: Blocks World

(define (domain blocksworld)
(:requirements :strips :typing)
(:types block)
(:predicates (on ?x - block ?y - block)
(ontable 7?x - block)
(clear 7x - block)
(handempty)
(holding 7x - block))
(:action pick-up
:parameters (?x - block)
:precondition (and (clear 7?x) (ontable 7x) Chandempty))
:effect (and (not (ontable 7x)) (not (clear 7x))
(not Chandempty)) Cholding 7x)))
(:action stack
:parameters (?x - block ?y - block)
:precondition (and Cholding ?x) (clear ?y))
:effect (and (not (Cholding 7?x)) (not (clear ?y))
(clear 7x) (handempty) (on 7x ?7y)))
(:action unstack
:parameters (?x - block ?y - block)
:precondition (and (on ?x ?y) (clear ?x) Chandempty))
:effect (and Cholding ?x) (clear ?y) (not (clear ?x))
(not Chandempty)) (not (on 7x ?7y))))
(:action put-down
:parameters (?x - block)
:precondition Cholding 7x)
ceffect (and (not Cholding 7x)) (Chandempty) (clear 7x) (ontable 7x)))

- :
E.BC

Initial State Goal State

(define (problem bw-abcde)
(:domain blocksworld)
(:objects a b c d e)
(:init (on-table a) (clear a)
(on-table b) (clear b)
(on-table e) (clear e)
(on-table ¢) (on d ¢) (clear d)
(arm-empty))
(:goal (and (on e ¢) (on c a) (on b d))))




WX H oy AP R A%

AT RN RE, e TREIR “ds” 2] CBART WANEF3]?

AT /= #LX] (Forward Search) )& =) ALK (Backward Search)
Bt AR ESH K, RETRE AR TITH B NBARRSHR, R AsitE, F&
A, WERRRGKRES, AAFHLBDFRRKRS ALk R iZ B ARG AT B RS, A A B MBRE
« A& A, HTEN o MR BARIEF), AFEBARMXIAINE, »
« BE: SXBETEKXR, aF4EKEHEARL X B F w2

% 0 AE AR S o B REEF M AMRESIEEE A

<
it = At o
<

>

Bi5

A A




Jo R XA R T HF L &5 3K

TR B AR A A 5 R RAL K B AR, &I 69 KA T TR — AN 4F89 5
A Fa, ATEHIATRS 2 B AR IES

% #1427 %) & (relaxed problem)

S R BAVE I, LRI TAFR R, AR A MR EAS B S B AL 69 ik A 3E 7T AAE A R [P) R 89 i AT A6 7t

h(n)
D> ............................... N ST, —— P, I Y S0 N . T U e S »
eha BiR
1. Zog AT e X X 2. B MR R A X
BT A AR A AR A A, T A BN E AR AR, BHRIRHR,
FLEF AT, i HE R BARATE £ R AR F3 518 42 2 (Monotonic Relaxation),

IERE —BXENFRAE, BREHRE



AR T NE: BAX—HFDEEF

2 BEH % M % (Hierarchical Task Network, HTN)

EHRARNBEEZ R — R RTFHIE, AEN
TR, #MAEF G EESGL—FE), &K
H O RRERFAEH (K, e

BAES: B—FR

b s ok
HTN &9 X 4 - # SaEE: Wk SAE%E: BERA
. H AL BEKE. TR B AR
o Trik: oM —ANEEELE DB —FR D F ]

é/":] 3 /fj{-‘% G . He 3 ‘B *E .
Ri8: EFRB ia. FIFKE Rig: 2FF ) (Ri&: BRM
o JR3&4% % (Primitive Tasks): AT & ¢ 49 /2T

e, Xt 2 PDDL Y 69 3)1F




E FSMT K ##Blocks World

SMT Solver ] VA K f§ 1% 45 29 R o R P AL, HefT e
Blocks World 4% 3 s 25 e [7] A2 ?

(J3 unstack(D,C | stack(C?Jj
Al|B l B I

Initial state Goal state




Pl X,

IR NN SO, A NFENBERE, LTS KB

BN ZHEHER
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st % (The Objects) JX % (The State) B 4% (The Goal)
BATV IR oy AR AR T E A AR —ANREFAANRLEF 1249 KB — A P b ik 09 £ 4R AR,
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JF 3% 2 1R 18] s SR

AT LA KRR FERE— AR R AAG R, ARAT L B A A — AN B K 2 AN
FZAV8G L P, BALEANSAZETAR R A 2R

KZEZIE#: On(b, o, t) HAEIR 3 : Move(b, src, dest, t)
“EEZ, RAbAE AN Fol?” BRI, AT HRAADA
On(b, o, t) src#% 5 £ dest”
b € Blocks (e.g., A, B, C) Move(b, src, dest, t)
O € Blocks U {Table} te {0, ..., T-1}
te {0, ..., T}
t=0
' “ On(A, B, 0) |




MziEk: RE—ERBRYR

Yo IR0 7 IR USASRL LSS
Rulel:4% E % — M4 Rulel:{z &g — M
—ANBARELSF, TR, © 3t B B AE AR R bAE Zt, On(b, o, t)7
LI BR R — ATy E Mo R —A

s Vb,t:EOn(b,o,t) =1
Dal z
Ll Rule2: k&M
Rule2: X &M st FAEERARbAEZt, BEARH—A
—ARAE L3RR S A RA —ARK BAEE LE

Vb t: z on(b' b,t) < 1
br

Table




MIEIEER: I E Rt

—/NFHtEMove(b, s, d, )V R AT T KA, CHRMITLMA MR, LLREFEER.

A7 & 4 (Preconditions)
KM ZHATMove(b, s, d, t), I A LB R oL 0% L :

%N

b d|d

Gl s On(b,s, t): bR EsE
/\‘E‘ Clear(b, t): bﬁﬁm%ﬁoéiﬁﬁﬁéﬁ ‘
fiy Clear(d, t): El A4 B 49 TR 3R A2 0B 2 9
Move(b, s, d, t) -> On(b, s, t) A Clear(b, t) A Clear(d, t)
2 R (Effects)

%2 X Move(b, s, d, ) #AT, IR AET —ABRt+H:

On(b, d, t+1): b HAAdL
Move(b, s, d, t) -=> On(b, d, t+1)

HAE R R REPMIT—AN4E: Vi YMove(b,s,d t) =1
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On(A, Table, 0) R
On(B, Table, 0) Move(C, D, E, 0) =10, AFBAETRZ? H4E K07 B 776
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PHE R LS KSRGS E, RIFE AL
B — /B fTF—ARAbF{z Eloc, On(b, loc, t+1) A E X2 542+ 2A2
PR 7B R Pk

& 51

$%#F(Staying Put) #% N\ (Moving In)
AR 2] €L 4 fZlocE, ARt B 2 3 4% 3) B loc_E
H B EtBt+H1 Z 8 & A AL 3D

B RXRESEKEWHIA TR, RMNAIEXOHRT AERTRORE(LEZHRK)
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on(b, loc, t+1) @/

(ﬁ?# (Staying Put) |

| AWAERE
( on(b, loc, t) A =~ 3d, Move(b, loc, d, t) ) - BRERBE
V e Ly Sy J
( = (4 MOVQ(b, s oloe, t) ) rg)\ (Movingln) |
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AT 0 3 4 F- A5 e AT & A% 7T PAT 09 ARAD?

A
k1. LB k—H Python Z3 X453 } B

# —— 2. RKZE—HMLR (State Consistency) ——-—
for t in range(steps + 1):

for b in blocks:
Vb,t: E On(b,o0,t) =1 # WEHRL: GRS TEREE— TS
0

self.solver.add(PbEq([(self.on[(b, o, t)], 1) for o in objects if b != o], 1))

for b in blocks:
# YPELR2: —TMRALERZREE—THNK (BRIFEEREF)

# BU: XFEZEFHEA b, sum(on(other, b)) <= 1
g{J *2: zi ‘5 ‘ti others_on_b = [self.on[(other, b, t)] for other in blocks if other != b]
self.solver.add(AtMost(*others_on_b, 1))

/ # —— 3. sPfE4)% (Action Constraints) ———
Vb; L z On(b ) b; t) < 1 for t in range(steps):
# GRAR: FTHIEZEREERIT—TEa0iRIE
br all_moves = []
for b in blocks:

= f in obj :
HhR3: HEMEFAM e

if (b, src, dest, t) in self.move:
MOVG(. . .)->OII(. ) ) A C]ear(_ . ) all_moves.append(self.movel[(b, src, dest, t)])

# TR E—TEIERE (HEFEENIATUEX No-0p, XEEHIHEF2W5))
self.solver.add(PbEq([(m, 1) for m in all_moves], 1))
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A 89 3B 5 F A5 50 AT T AR 7T PAT 9K ?
Python Z3 X% % B

# IR A RERITEEIERIE
for b in blocks:
for src in objects:

2 o I for dest in objects:
/ﬁ *4 ° %4? éﬁ %% if (b, src, dest, t) not in self.move: continue

action = self.move[(b, src, dest, t)]

# ——— Preconditions (BIESM) ——

« A E &4 (Preconditions) i I

# 3. dest wFiZ clear B9 (BFFF dest Z Table)

pre_on_src = self.on[(b, src, t)]

= re_b_clear = And([Not(self.on[(other, b, t)]) for other in blocks if other != b])
« XK (Effects) "

if dest == 'Table':
pre_dest_clear = True # KFRITETHI
else:
pre_dest_clear = And([Not(self.on[(other, dest, t)]) for other in blocks if other != dest])

MOVG(. . .)_>On(. . .) /\ Clear(. . .) self.solver.add(Implies(action, And(pre_on_src, pre_b_clear, pre_dest_clear)))

# —— Effects (¥F) ——-
# 7£ t+1 7%, b 2 F#E dest _E
self.solver.add(Implies(action, self.on[(b, dest, t+1)]))
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KAV 12 28 F-A48 do T T AR T AT 89 RAD? Python 73 R Ji &

for t in range(steps):
for b in blocks:
for loc in objects:

if b == loc: continue
# 187A: tHTZGHEXE, HEH tHTZREHAITEME b M loc FBEHIRIE
gﬁ *5: *E%%/L\\}E was_here = self.on[(b, loc, t)]

moved_away = False
# BB b NEREXNSR, X loc NIFAIEHE
. . moves_from_loc = []
On(b, loc, t+1)<—>Or(Staying, Moving) for dest in objects:
’ ’ ’ if (b, loc, dest, t) in self.move:
moves_from_loc.append(self.move[(b, loc, dest, t)])

if moves_from_loc:
moved_away = Or(moves_from_loc)

else:
moved_away = False # A7 O/gEEE

keep_staying = And(was_here, Not(moved_away))

# 187B: WINIAITTIE b #BF loc RIERIE
moved_here = False
moves_to_loc = []
for src in objects:
if (b, src, loc, t) in self.move:
moves_to_loc.append(self.move[(b, src, loc, t)])
if moves_to_loc:
moved_here = Or(moves_to_1loc)
else:
moved_here = False

# 58 t+1 7 loc HIZERM
self.solver.add(self.on[(b, loc, t+1)] == Or(keep_staying, moved_here))
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# —— it Eh —-
if __name__ == "__main__":
# EXFRAK
blocks = ['A"', 'B', 'C']

# BRIRENIFTE 3 £ (WRLHELD TEETTHE, XE SAT HEIAIFFR)

# #45: A#BE, B#HCLE, CHTable (—#8)

# Btr: CHBLE, BHALE, A7£Table (fFTFH9—18)

# RUEEEFE 4 #£: A->Tab, B->Tab, B—>A, (—>B (ZRFAFEEBEEIF), BEELR)
# XERIEE % AIEEE: A->Table, B->Table, B->A (Wait, B needs to go to A?), C—>B

planner = BlocksWorldSMT(blocks, steps=4)
planner.add_constraints()

# #EIKE: A on B, Bon C, C on Table
planner.set_initial({'A': 'B', 'B': 'C', 'C': 'Table'})

# E#w£Z: C on B, B on A, A on Table
planner.set_goal({'C': 'B', 'B': 'A', 'A': 'Table'})

planner.solve()

KEEFERT: 0.0197s

KE 4 THRBRAR!

Step 1: Move A from B to Table
Step 2: Move B from C to Table
Step 3: Move B from Table to A
Step 4: Move C from Table to B
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o AEZHAX]ZE: https://editor.planning.domains/#

* FastDownward: https://www.fast-downward.org/
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Everything You Always Wanted to Know About

Planning
(But Were Afraid to Ask)

Jorg Hoffmann

Saarland University
Saarbriicken, Germany
hoffmann@cs.uni-saarland.de

Abstract. Domain-independent planning is one of the long-standing
sub-areas of Artificial Intelligence (AI), aiming at approaching human
problem-solving flexibility. The area has long had an affinity towards
playful illustrative examples, imprinting it on the mind of many a student
as an area concerned with the rearrangement of blocks, and with the
order in which to put on socks and shoes (not to mention the disposal of
bombs in toilets). Working on the assumption that this “student” is you
— the readers in earlier stages of their careers — I herein aim to answer
three questions that you surely desired to ask back then already: What is
it good for? Does it work? Is it interesting to do research in? Answering
the latter two questions in the affirmative (of course!), I outline some of
the major developments of the last decade, revolutionizing the ability of
planning to scale up, and the understanding of the enabling technology.
Answering the first question, I point out that modern planning proves to
be quite useful for solving practical problems - including, perhaps, yours.

https://fai.cs.uni-saarland.de/hoffmann/papers/kil 1.pdf
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=A% 5z % IPC(International Planning Competition)

International Planning Competition, 3 /&ICAPS (International https://ipc2023.github.10/
Conference on Automated Planning and Scheduling) & 1L e e
45 T 1998F, W HED-3E AR S —k e Classical Tracks
. . . . o o Daniel Fiser, Saarland University
2}6,"‘7]‘\ }ﬂ PDDLl’g— = 'ﬁ? 7,‘7 /:;ﬁ 55(‘ #’T‘ /ﬁ o Florian Pommerening, University of Basel
E ﬁi )E@ 7{:)% 5_("] §§ :  Learning Tracks
o Jendrik Seipp, Link6ping University
 FF (Fast Forward) (IPC-ZOOO) : 8 ] ANT 'é]_; %7%] ] 7?& f]/J J\‘ o Javier Segovia-Aguas, Universitat Pompeu Fabra
1 52}] ’ AX 52}] 24 4 _7%_ 2l e Probabilistic Tracks
o Ayal Taitler, University of Toronto
 Fast Downward (IPC'2004) 5 ] N T SAS+ % Zt‘a % o i\jg rifl':‘ o Scott Sanner, University of Toronto
;J'%;}/Lg’ éé{ﬁ%#*ﬁéﬁ%fﬂ*@;ﬁ e Numeric Tracks
o Joan Espasa Arxer, University of St Andrews
?%Eﬁ' % ;‘ZL : o Enrico Scala, University of Brescia

e HTN £3%: 2 EAXEF 3| LETM e HTN Tracks

o Ron Alford, MITRE

« RL+Planning: #%E £V AR%EY, ERLEAF HFE o' Dominile Schreiber, Karlsrhe Inseirutclof Technology

o . o Gregor Behnke, University of Amsterdam
* LLM+Planning: ¥ 2 EA T XBRAHAR LS ; = :
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LLM for Planning

Published in Transactions on Machine Learning Research (April/2025)

A Systematic Evaluation of the Planning and Scheduling
Abilities of the Reasoning Model ol

. Claude Models OpenAl GPT-4 Models LLaMA Models Gemini Models
Domain Shots
3.5 3 40 40 4 4 3.1 3 1.5 1
Sonnet Opus mini Turbo 405B 70B Pro Pro

Blocks One  346/600 289/600 170/600 49/600 206/600 138/600 284/600  76/600 101/600  68/600
world  Shot  (57.6%) (48.1%) (28.3%) (8.1%) (34.3%) (23%) (47.3%) (12.6%) (16.8%)  (11.3%)

Zero 329/600 356/600 213/600 53/600 210/600 241/600 376/600 205/600 143/600 3/600
Shot  (54.8%)  (59.3%) (35.5%) (8.8%) (34.6%) (40.1%) (62.6%) (34.16%) (23.8%)  (0.5%)

Mystery One  19/600  8/600 5/600 0/600 26/600 5/600 21/600  15/600 2/500
Blocks Shot  (3.1%)  (1.3%) (0.83%) (0%) (4.3%) (0.83%) (3.5%)  (2.5%) (0.4%)
world  Zero  0/600  0/600 0/600 0/600 1/600 1/600 5/600  0/600 _ 0/500

Shot (0%) (0%) (0%) (0%)  (0.16%) (0.16%) (0.8%) (0%) (0%)

https://openreview.net/pdf?1d=FkK BxpOFhR
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LLM for Planning

PlanBench: An Extensible Benchmark for Evaluating
Large Language Models on Planning and Reasoning
about Change

Karthik Valmeekam Matthew Marquez
School of Computing & Al School of Computing & Al
Arizona State University, Tempe. Arizona State University, Tempe.
kvalmeek@asu.edu mmarqu22@asu.edu
Alberto Olmo Sarath Sreedharan*
School of Computing & Al Department of Computer Science,
Arizona State University, Tempe. Colorado State University, Fort Collins.
aolmoher@asu.edu sarath.sreedharan@colostate.edu
Subbarao Kambhampati
School of Computing & Al

Arizona State University, Tempe.
rao@asu.edu

https://arxiv.org/pd{/2206.10498

Task Instances correct
GPT4 I-GPT3

Plan Generation

We showcase an instance and the respective plan as an example and prompt the machine withanew  206/600 41/600

instance. (34.3%) (6.8%)

Cost-Optimal Planning

We showcase an instance, the respective optimal plan and the associated cost as an example and prompt ~ 198/600  35/600

the machine with a new instance. (33%) (5.8%)

Plan Verification

We showcase three instances and three distinct plans (goal reaching, non goal-reaching and inexecutable) 352/600  72/600

and present the respective validation and explanations. We then present a new instance and a plan and (58.6%) (12%)

ask the machine for to verify and provide an explanation, if needed. 07 °

Reasoning About Plan Execution

We showcase an instance, an action sequence and the corresponding resulting state after executing the 191/600  4/600

action sequence as an example. We then provide an instance and an executable action sequence and ask (31.8%) (0.6%)

the machine to provide the resulting state. 07 070

Replanning

We showcase an instance, the respective plan and present an unexpected change of the state. We then 289/600  40/600

also present a new plan from the changed state. Finally, for a new instance we repeat the same except (48.1%) (6.6%)

we ask the machine for the new plan. e 07

Plan Generalization

We showcase an instance and the respective plan as an example and prompt the machine with a new 141/500  49/500

instance. The plans for both the instances can be generated by a fixed program containing loops and (28.2%) (9.8%)

conditionals. o7 070

Plan Reuse

We showcase an instance and the respective plan as an example and prompt the machine with an ~ 392/600  102/600

instance which requires only a certain prefix of the plan provided in the example. (65.3%) (17%)

Robustness to Goal Reformulation (Shuffling goal predicates)

We showcase an instance and the respective plan as an example and prompt the machine with the same ~ 461/600  467/600

instance but shuffle the ordering of the goals. (76.8%) (77.8%)

Robustness to Goal Reformulation (Full — Partial)

We showcase an instance with a fully specified goal state and the respective plan as an example and ~ 522/600  467/600

prompt the machine with the same instance but provide a partially specified goal state. (87%) (77.8%)

Robustness to Goal Reformulation (Partial — Full)

We showcase an instance with a partially specified goal state and the respective plan as an example and ~ 348/600  363/600

prompt the machine with the same instance but provide a fully specified goal state. (58%) (60.5%)
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GPT-4:

. Move
. Move
. Move
. Move
. Move
. Move

o U1 W

b5
b3
b4
b2
bl
b4

from
from
from
from
from
from

Your goal is to move the blocks. Ll
bl should be on top of b2. .
b3 should be on top of b5. -
b4 should be on top of bl.

b3

Initial State

more than one block on another block. b5 is on top
of b3. b4 is on top of b2. b2 is on top of bl. b3 is on
top of b4. bl is on the table. b5 is clear. Your arm

b4

b3

Goal State

b3 to the table.

b4 to bbS.

b2 to the table.

bl to bb5.

the table to b2.
the table to bl.

L. LLM + PDDL
LIM#A Y g Rk1& 3 2|1 XfLiE2 5 a9d0%

Problem (P1): You have 5 blocks. One cannot place

&, AR5 KM R T mAXNE S

-
Module Generated Text Provided Text o T Ex P & Ex Sol
Problem (P) Problem (P)
}» +  Plan jl—' % Flan
Domain T LM Domain
LLM-As-Planner LLM-As-Planner (In-context Learning)
Context Ex. P & Ex. PDDL Domain PDDL
¢.
Problem (P) —» —+ Plan
LLM Planner
Problem PDDL PDDL Plan

LLM + P (In-context Learning)

LLM+P: Empowering Large Language Models with Optimal Planning Proficiency. https://arxiv.org/pdf/2304.11477
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AL A2 ¥ . LLM + PDDL

LIMAY AREZAH XN EZWNEEFRE, ARAFST KR I LT RAR|ES

< <
1 ‘

(a) grasp bottle (b) free gripper (c) grasp soup can (d) place soup can (e) re-grasp bottle (f) place bottle

Fig. 2: Demonstration of the optimal tidy-up plan. The robot starts at the coffee table and 1) picks up the bottle, 2) navigates
to a room with the side table and the recycle bin, 3) puts down the bottle, 4) grasps the soup can, 5) puts the soup can in
the recycle bin, 6) re-grasps the bottle, 7) navigates to the kitchen, 8) places the bottle in the pantry.

LLM+P: Empowering Large Language Models with Optimal Planning Proficiency. https://arxiv.org/pd{/2304.11477



https://arxiv.org/pdf/2304.11477

Symbolic Al #94% S B % A :

T ENXALRFRRE O

% e R 5 0 RAE
On(Block A, Block B) & —ANE &% B 54 .

BRHEATH
AR BB IR S
AN T T ARRASE
“FR7, LEEEM “FFR7, AFEXEZHISL
KAZEHERR ) . ERFIER, AKX, S
AR ASRATILTHE L S agiEse
2 AL B 3% 5‘%3"*"1‘%%‘%%%, "¢ %nil Apple &
—#F fruit, fruit ¥ VA eat. 1242 FAREL
B, RFEEMBALINNFER, €T ETFoil EASF
234 B I P R — A Ak

BA . AFERAEELE, FREG (BE. PR, &
E),ﬁﬁ%ﬁﬁi%&%\%%%,wmmmmﬁz
— A “ERERET RN “BERAFT” HHERE

FRT ET, ERT

3

1% ¥ A 5

FHiER

THE SYMBOL GROUNDING PROBLEM

Stevan Harnad
Department of Psychology
Princeton University
Princeton NJ 08544
harnad@cogsci.soton.ac.uk

ABSTRACT: There has been much discussion recently about the scope and limits of purely symbolic
models of the mind and about the proper role of connectionism in cognitive modeling. This paper describes
the "symbol grounding problem": How can the semantic interpretation of a formal symbol system be made
intrinsic to the system, rather than just parasitic on the meanings in our heads? How can the meanings of
the meaningless symbol tokens, manipulated solely on the basis of their (arbitrary) shapes, be grounded in
anything but other meaningless symbols? The problem is analogous to trying to learn Chinese from a
Chinese/Chinese dictionary alone. A candidate solution is sketched: Symbolic representations must be
grounded bottom-up in nonsymbolic representations of two kinds: (1) "iconic representations” , which are
analogs of the proximal sensory projections of distal objects and events, and (2) "categorical
representations"” , which are learned and innate feature—detectors that pick out the invariant features of
object and event categories from their sensory projections. Elementary symbols are the names of these
object and event categories, assigned on the basis of their (nonsymbolic) categorical representations.
Higher—order (3) "symbolic representations” , grounded in these elementary symbols, consist of symbol
strings describing category membership relations (e.g., "An X is a Y that is Z"). Connectionism is one
natural candidate for the mechanism that learns the invariant features underlying categorical
representations, thereby connecting names to the proximal projections of the distal objects they stand for.
In this way connectionism can be seen as a complementary component in a hybrid nonsymbolic/symbolic
model of the mind, rather than a rival to purely symbolic modeling. Such a hybrid model would not have an
autonomous symbolic "module," however; the symbolic functions would emerge as an intrinsically
"dedicated" symbol system as a consequence of the bottom-up grounding of categories' names in their
sensory representations. Symbol manipulation would be governed not just by the arbitrary shapes of the
symbol tokens, but by the nonarbitrary shapes of the icons and category invariants in which they are
grounded.

https://arxiv.org/html/cs/9906002
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