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Abstract

Because we had a strong interest in computer programming language at the
beginning, we went to learn the python programming language. Later, we found that
the Huarong Road game, one of the three major puzzles in the world, seems to be
able to be used. We also discovered the importance of artificial intelligence from the
literature. and various laws of reinforcement learning. Just in the middle school
period, he wrote a program to let the computer generate and solve the 3*3 digital
Huarong Road. However, it was found that there are 20 trillion combinations in a 4*4
game, and it is impossible to think with a 3*3 program. Later, the Q-Learning
technology of reinforcement learning was used, which not only completed the task,
but also developed a competition between people and computers, which caused a
sensation and was loved by children. Finally, we also hope that we can design
different Huarong Roads to test and test them. Research the principles and
applications of Deep Reinforcement Learning (DRL) to solve higher-level games and
enhance the development of artificial intelligence learning.
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Game:
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Len=3
start=[]
answer=[]
path=[]
for i in range(@,Len**2):
if il=Len**2-1:
start.append(i+1)
start.append( 'x")
for i in range(@,Len**2):
answer.append(®)
a=e
b=6
times=0
blank=0
Game=Game (answer,times,blank,path,Len)
a=int(input('1: Fs : =
mode=int(input( '1 : \n"))
if al=1:
Game.gameBoardReady(answer,a,Len)

r 1 in range(©,9):
answer.append(8)
answer[i]=int(input( & A58 +str(i+1)+'
if answer[i]==9:
answer[i]="x"
TIME_s=time.time()
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if mode==1:
Game.Printer(Len,path)
Game.finish(b,answer, TIME_s)
while True:
player=str(input())
path.append(player)
times=times+1
datum=Game.xLocation(answer,Len)
change=Game.boundary(datum,player,times, Len,path)
if change==
print('error')
tlmes tlmes 1

Game.exchange(blank,datum, change)
Game.Printer(Len,path)
Game.finish(b,answer,TIME_s)

Game.Printer(Len,path)
Game.finish(b,answer,TIME_s)

times=times+1
for i in range(@,len(bfs)):
t=copy. deepcopy(bfs[i])
for j in range(@,4):
temporarily=copy.deepcopy(t)
path.append(wasd[j])
change=Game.boundary(Game.bfsXlocation(temporarily,Len),wasd[j],times,Len,path)
if change!=@:
o=copy .deepcopy (Game.bfsExchange(temporarily,blank,Game.bfsXlocation(temporarily,Len),change))
Game.binary_search(o,Len,BFS,All)
print(’'Llevel_'+str(times)+': "+str(len(BFS)))
for k in range(@,len(BFS)):
Game.bfsfinish(b,BFS[k],TIME_s)
bfs=BFS
BFS=[]
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225 ~ 240 : 4 {7 BFS
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Solving the Rubik's cube with deep reinforcement
learning and search

Forest Agostinelli', Stephen McAleer*?, Alexander Shmakov'* and Pierre Baldi®"**

The Rubik's cube is a pmtutypl:al combinatorial puula that has a large state space with a single goal state. The goal state is
unlikely to be d using of y generated moves, posing unique challenges for machine learning. We
solve the Rubik's cube with DeepCubeA, a deep reinforcement learning approach that learns how to solve increasingly difficult
states in reverse from the goal state without any specific domain knowledge. DeepCubeA solves 100% of all test configura-
tions, finding a shortest path to the goal state 60.3% of the time. DeepCubeA generalizes to other combinatorial puzzles and
is able to solve the 15 puzzle, 24 puzzle, 35 puzzle, 48 puzzle, Lights Out and Sokoban, finding a shortest path in the majority

of verifiable cases.

unique and interesting challenges for artificial intelli e

To address these challenges, we have developed DeepCubeA,
which combi deep learning'"* with classical reinforcement

| he Rubik’s cube is a classic combinatorial puzzle that poses

and machine learning. Although the state space is excep-
tionally large (4.3 10 different states), there is only one goal
state. Furthermore, the Rubik’s cube is a single-player game and
a sequence of random moves, no matter how long, is unlikely to
end in the goal state. Developing machine learning algorithms to
deal with this property of the Rubik’s cube might provide insights
into learning to solve planning problems with large state spaces.
Although machine learning methods have previously been applied
to the Rubik’s cube, these methods have either failed to reliably solve
the cube'~* or have had to rely on specific domain knowledge®.
Qutside of machine learning methods, methods based on pattern
databases (PDBs) have been effective at solving puzzles such as the
Rubik’s cube, the 15 puzzle and the 24 puzzle™, but these methods
can be memory-intensive and puzzle-specific.

More broadly, 2 major goal in artificial intelligence is to create
algorithms that are able to learn how to master various environ-
ments without relying on domain-specific human knowledge. The
classical 3x 33 Rubik’s cube is only one representative of a larger
family of possible environments that broadly share the characteris-
tics described above, including (1) cubes with longer edges or higher
dimension (for example, 4x4x4 or 2x2x2x2), (2) sliding tile
puzzles (for example the 15 puzzle, 24 puzzle, 35 puzzle and 48 puz-
#le), (3) Lights Out and (4) Sokoban. As the size and dimensions are
increased, the complexity of the underlying combinatorial problems
rapidly increases. For example, while finding an optimal solution
to the 15 puzzle takes less than a second on a modern-day desktop,
finding an optimal solution to the 24 puzzle can take days, and find-
ing an optimal solution to the 35 puzzle is generally intractable’.
Not only are the aforementioned puzzles relevant as mathematical
games, but they can also be used to test planning algorithms ' and
to assess how well a machine learning approach may generalize to
different environments. Furthermore, because the operation of the
Rubil’s cube and other combinatorial puzzles are deeply rooted
in group theory, these puzzles also raise broader questions about
the application of machine learning methods to complex symbalic
systems, including mathematics. In short, for all these reasons, the
Rubik’s cube poses interesting challenges for machine learning.

learning’ (approximate value iteration'"") and path finding meth-
ods (weighted A* search™). DeepCubeA is able to solve combi-
natorial puzzles such as the Rubik’s cube, 15 puzzle, 24 puzzle, 35
puzzle, 48 puzzle, Lights Out and Sokoban (Fig. 1). DeepCubeA
works by using approximate value iteration to train a deep neural
network (DNN) to approximate a function that outputs the cost
to reach the goal (also known as the cost-to-go function). Given
that random play is unlikely to end in the goal state, DeepCubeA
trains on states obtained by starting from the goal state and
randomly taking moves in reverse. After training, the learned
cost-to-go function is used as a heuristic to solve the puzzles using
a weighted A* search'™".

DeepCubeA builds on DeepCube™, a deep reinforcement
learning algorithm that solves the Rubik’s cube using a policy and
value function combined with Monte Carlo tree search (MCTS).
MCTS, combined with a policy and value function, is also used by
AlphaZero, which learns to beat the best existing programs in chess,
Go and shogi”'. In practice, we find that, for combinatorial puzzles,
MCTS has relatively long runtimes and often produces solutions
many moves longer than the length of a shortest path. In contrast,
DeepCubeA finds a shortest path to the goal for puzzles for which a
shortest path is computationally verifiable: 60.3% of the time for the
Ruhik’s cube and over 90% of the time for the 15 puzzle, 24 puzzle
and Lights Out.

Deep approximate value iteration

Value iteration™ is a dynamic programming algorithm*"* that
iteratively improves a cost-to-go function J. In traditional value
iteration, | takes the form of a lookup table where the cost-to-
go J(s) is stored in a table for all possible states s. However, this
lookup table representation becomes infeasible for combinatorial
puzzles with large state spaces like the Rubiks cube. Therefore,
we turn to approximate value iteration’®, where J is represented by
a parameterized function implemented by a DNN. The DNN is
trained to minimize the mean squared error between its estima-
tion of the cost-to-go of state s, J(s), and the updated cost-to-go
estimation J'(s):

Depariment of Computer Science, University of California Irvine, Irvine, CA, USA. 2Department of Statistics, University of California Irvine, Irvine, CA,
USA_ *These authors contributed equally: Forest Agostinelli, Stephen McAleer, Alexander Shmakov. “e-mail: pfbaldi@uci.edu
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A. #li¥ 3%3 2. Classification

o 3%3 2

Classification423 8 % function® ™ ™ & % function 3 i

class Game
def

e T L S

h.

state(s Lr,tnmp P zzle):
choose_action(self,Qtable):

(B 2-18) Q-Learning f#ii-# 7% if 2 #2;% & 4%
_init_ o Aede i sk
exchange : 2 # =%
reward : 8§ THEBA Kk
nums : R B G #F Sl
Class : fz & nums ﬂi—ﬁ:—?’- B 5 L5 e
boundary : %748 {5 8 F €42 IR
state : Fi5L 7| &Q—table AN FE R
choose_action : HFE& ¥ HF# > %

B. #liF#& » Q-table z function ™ % 7 % %i#k

o S SR

prlnter pu'
uzzle=input( 'puzzle:').split()
time_start=perf_counter()
for i in range(@,len(puzzle)):
puzzle[i]=int(puzzle[i])-1
temp_puzzle=copy.deepcopy(puzzle)
Len=3
times=0
answer=[@,1,2,3,4,5,6,7,8]
path=[]
table=open( 'D: /AL ZE table.txt','r")
Qtable=txt_input_list(table)
table.close()
read_probability=open( 'D: /AL Z /p.txt','r")
probability=float(read_probability.read())
read_probability.close()
Game=Game (temp_puzzle, Len,answer,times,Qtable,path,probability)

(B 2-19) Q-Learning f# /&7 if 2 425" & 4%
txt input list : #-~ FFhEE&L 570
printer : 31%:", FE g B 50
115 ~ 129 : 74 %¥#

130 . =& vq)‘:’*/i— 3*%3 &% ig 2 Classification

N

C. #liv/Age 3%3 &% if 2 v E
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while Game.reward()!=1
times+=1
path.append(copy.deepcopy(temp_puzzle))
action=Game.choose_action(Qtable)
Game.exchange(action,temp_puzzle)

printer(puzzle)
print( 'times: '+str(times))
time_end=perf_counter()
print(‘[{:.2f} s]'.format(time_end-time_start))

(B 2-20) Q-Learning f#i&-%7% i 2 f25% & 4%

a. 131 : A iFEEIFE %
b. 132~133 : &4kt & > BT
c. 134 : EHEHBHF > w

d. 135 : B £

e. 136 4y d i FEfest

f. 137 ~ 139 : § R EFFE s i
(4) training 3*3 #7% if 2 Qtable
Qtable » % Q-Learning ¥ #g i3+ A 45 et 5] » * % % 4 Q-Learning uza‘&;#
ft (state)®r &% 7 5 (action) 6 B R A A K ehZL B A dic o NP # 8- 3%3 &% SE
e f8 1 ik training 10 =% » @ £ 23 {7 Q-Learning 7 & * £ T g £ o
K3 EFE T MR S 181440 & - AR T - B 7 training By gt o
Y F RS o (LT % 8 - )

(5) v # 3%3 #FF i * Q-Learning £ BFS 2. £ &
(DFEWE 0B IS ERF it es TERF LR
EP 10/ AR AR F-BRERF 0L ETHES R (LFEY
FEEREC)
(2)EWEP 10 A FR ek fir 7 Tl W iR
EP 1087 RS 0 F - BRENE 10X ETmE s e (R Y
FEEREZ)
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3. ~ 1 Al ¥ % 5§ ¥ 7Q-Learning & » $# 4 3 FFF 77 (4449

(D) & Hr
A R AR K LT B e E
PR S FREY GRSV AR T B
A* kizs i\ =
g * K ;’a'*m”v VA E Bl ZIRs L+ Q-Learning f# 44
T A%D hpd A -
B. i%?*“fél‘”b"‘“*%“
AR g N AEXHBOZ &L FNA R R * Q-Learning
fRA-F1T 3*3 R 4F o
CHro 3z
A E 4%+ Q-Learning fEi&-4%4 enfP{E > 2 4 6 * H o g
BisGd HHmAPATAERERR I TN FEREZRAL BT ERE é;ﬁ#
3 FEF D R ETERS (2 LV FREATHET F A
PO RN A e e

=1
it
P
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(2) F93 A 2 ek an st it AR M (% = MR R 50)
i - F'“ﬁrmiﬂfw\ B 4K ERE DA A 0 L FRE )8 S S BkisF R
{7414 4%4 B chQ-table & grsé 20 <\ fd o ’“’”m?lpfc‘iﬁuém’ F] A
PE AKX FFE S NI L Ak o m B RS 5N R AKX B S
oS ES

I EEARELE
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i
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(B 2-21) f&i&- 4%4 "5 1 2 4258 A2 B

(3) Wy R A FAet
A. jﬁo LonFe B T 4%4 % p4 2. Classification
i 4x4 i1y 2. Classification 423 13 # function > ™™ & % function
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5

class Game_L:

Qo
m™®Mm®IM®M®M®IMD
—+h —h

choose dlrectloni
goal_wasd(s
moving_path

m D MM

d
d
d
d
d
d
d
d
d
d
d
d

m
=h -h —h -h -h -h -h -h -h h —h

shor;cutaseL;,path}:

(Bl 2-22) faid- 4%4 "5 pE2 A2 &4

m

a. _init_ : A 4ait ik

b. goal : #|%rp =¥

c. exchange : % #: =%

d. b Obst : mzd =% 2 AEHeTHEmP 2 =)

e. g Obst : MPiRi=¥ 5 ABENEIamr 2 =8

f. distance : *|%78La F|2 b 2 FEHE

g. bwasd : Mz ¥ =¥ FARHET ERPBH -
h. choose_direction : 2|%7# & = =

i. goal_wasd : M P8 3 AEHET S P2 =¥
j. moving path : # & 34 BlE T

k. swap : mATIFFRHE

1. make L : %%+ = function

m. shortcut: Z|%r&_F :E4p b L [T

B. #liTHyd o Aefe st function % ¥ & Rk

» def printer(puzzle):
Len=4
puzzle=input( 'puzzle:").split()
time_start=perf_counter()
for i in range(@,len(puzzle)):
puzzle[i]=int(puzzle[i])-1

answer=[0,1,3,7,4,12,13]
Answer=[0,1,2,3,4,8,12]
copy_puzzle=copy.deepcopy(puzzle)
path=[copy_puzzle]

obstacle=[]

Game_lL=Game_L (Len,puzzle,answer,path,obstacle)

(B 2-23) f&i-4%4 "5 1k 2 425 &4
a. printer : #& 4@ FrendE Bl
b. 171 ~ 180 : = 4% ®¥#&
c. 181 : w¥wjzd 4%4 "3 14 &% g 2 Classification
C. % 4%4 "% 1y 212 B
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while True:
if puzzle[2]==15 and puzzle[3]==2 and puzzle[6]==3:
Game_L.swap(1)
answer=[0,1,2,3,4,12,13]
elif puzzle[8]==15 and puzzle[9]==12 and puzzle[l2]==
Game_L.swap(2)
answer=[0,1,2,3,4,8,12]
elif puzzle[3]==2 and puzzle[7]==3:
if puzzle[6]==15:
Game_L .swap(3)
answer=[0,1,2,3,4,12,13]
elif puzzle[11]==15:
Game_L.swap(5)
answer=[0,1,2,3,4,12,13]
Game_L.swap(7)
answer=[0,1,2,3,4,12,1
elif puzzle[12]==8 and puzzle[
if puzzle[9]==15:
Game_L.swap(4)
answer=[0,1,2,3,4,8,12]
elif puzzle[14]==15:
Game_L .swap(6)
answer=[06,1,2,3,4,8,12]

3]
ISy ==

Game_L .swap(8)
answer=[0,1,2,3,4,8,12]
Game_L.goal()
if g=='complete!":
puzzle_path=Game_L.shortcut(path)
for i in range(®,len(puzzle_path)):
printer(puzzle_path[i])
break
b=puzzle.index(15)
obstacle=[]
for i in range(®@,g[1]+1):
obstacle. append(puzzle.index(Answer[i]))
Game_L .make_L(g)

(Bl 2-24) j&id- 4%4 "§1F 2 A2 3% & 4

a. 183 ~ 185 : f&ib% - AR R(F HFrRkin I m)
b. 186 ~ 188 : ﬁ'muﬁ R FrkiR )

189 ~ 198 : &= ~ I ~ = HFrRF RIS

190 ~ 192 ﬁ##—%ﬁ FBEFRERCE FrkiR )

193 ~ 195 : f2id-% 7 i Faskim im)

196 ~ 198 : f2id-% = A £k im)
d. 199 ~ 208 : £ E&w ~ = ~ N FEFFRFEF LGN

200 ~ 202 : fRA% e AERFIR(E HAR TN

203 ~ 205 : fRA% S FEEIREIR(E HAR TN

206 ~ 208 : fRAH N FEEIRFIR(E HAKR TN
e. 210 ~ 215 @ Ze@Eskin > fRAEF 5 F KR
216 ~ 219 @ S FE kiR 72 Rk
g. 220 : {7 4%4 =% g L 3] Classifition

BB KA vER R 3X3 EF A AR

NP AL ARRT T AT A 2 FR o ERER 10 B R A FE g2 Rk
B>+ BAGEE 100 02 * IR @R TOEF ok (AP 5%
e ) o
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(1)BFS 3%3 # 7% if 2 =x #c & P 2 53t
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State 1 2 3 4 5 6 7 8 9 10 RS

253496718 10 10 10 10 10 10 10 10 10 10 10
192756834 13 13 13 13 13 13 13 13 13 13 13
236749851 17 17 17 17 17 17 17 17 17 17 17
726519834 19 19 19 19 19 19 19 19 19 19 19
264719835 20 20 20 20 20 20 20 20 20 20 20
475981263 21 21 21 21 21 21 21 21 21 21 21
869253174 22 22 22 22 22 22 22 22 22 22 22
792654813 23 23 23 23 23 23 23 23 23 23 23
347519268 27 27 27 27 27 27 27 27 27 27 27
867254391 31 31 31 31 31 31 31 31 31 31 31

(B 3-1) BFS f#:4 3 pé2 =t #icisdr 4
Apga* BFS 2@ 2 2% ERAHR B & 740F > st it

I N s A

ﬁ{ig,ﬁ i%‘gj’

State 1 2 3 4 5 6 7 8 9 10 SEHy
253496718 0.049 0.041 0.049 0.059 0.047 0.057 0.048 0.063 0.047 0.049" 0.0509
192756834 0.312 031 0.316 0.311 0.324 031 03 0.323 0.323 03017 0.313
236749851 8.757 8.84 8.283 8.591 8.391 8.241 8.284 8.186 8.158 8.547  8.4278
726519834 40.041 38.76 37.869 38.531 38.483 37.899 39.038 38.836 38.504 39.222” 387183
264719835 44.703 41.251 40.484 44.631 40.646 40.142 41.278 43.064 40.455 40.848" 41.7502
475981263 134.383 136.383 136.5 132.088 138703 131.785 131.401 131.414 131.66 132.591" 133.691
869253174 209.708 203.626 203.411 202.228 203.914 195095 196.948 195121 196.958 212.041  201.905
792654813 378.474 326.614 328.051 398.363 329.435 320.881 330.253 332.474 398.439 347.495  349.948
347519268 962.618 1198.535 1109.602 1044.422 1131.031 1164.678 1156.545 928.034 1106.583 930.477 1073.25
867254391 1126.216 984.847 1043.49 1015.601 942,794 995.002 1019.367 866.023 836.73 843.61 967.368

(B 3-2) BFS fi# i 3 P2 pF ¥ 2d5 %
BRI AP FREFE AL EEFIEERIAPM AL > e F I
FREFFERIBEEL I b > A X PR g o

3*3 - BFS
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(Bl 3-3) BFS j#i&- 3 re 2 PR 375 4 % B
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(2) Q-Learning 3%3 # 7% if 2 =x #c & PR 2 33t
A RER AR HBD BT 10 o S R 2 i
I
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State 1 2 3 4 5 6 7 8
253496718 454822 840530 1128676 89382 101208 250924 330214 245338
192756834 54025 65285 145123 26355 907895 181325 296693 718879
236749851 192895 384193 246219 61793 54247 168153 226059 98553
726519834 294123 297585 870147 207859 158759 513403 649821 737163
264719835 326769 440587 349367 453477 528957 536383 849729 124291
475981263 1099869 463757 493713 145111 9673 70059 80159 140307
869253174 535340 151364 399002 147324 7770 246934 101280 136640
792654813 267851 77367 1993 17767 666811 452177 20755 456287
347519268 203987 164437 494601 74381 127783 804353 469101 1304041
867254391 355933 962423 273977 94447 101759 11327 235345 400575

(B 3-4) Q-Learning j#i+ 3 1¥ 2. =x #icio bk 4
ARt * Q-Learning f#i-pF ¥ 5 2 E I " BB AR R
igﬂ%$§§W%ﬁ$%%w’4$%g{&%ﬁ&ﬁo
State 1 2 3 4 5 6 7 8
253496718 3258 5958 61.88 557 819 1886 17.84  17.72
192756834 401  4.92 1045 206 77.02 13.02  20.85  55.03
236749851 944  17.4 1091 318 774 924 1035 474

726519834 13.54 14.12 39.43 9.13 8.06 234 30.25 34.47
264719835 15.74 20.86 15.54 20.7 23.01 24.48 37.89 5.68

475981263 50.56 25.54 27.37 8.32 0.79 3.95 4.58 7.7
869253174 28.82 8.64 21.38 8.13 1.19 13.73 5.86 7.3
792654813 15.76 4.04 0.31 1.1 35.72 49.12 2.3 48.06
347519268 11.64 6.49 18.35 2.81 5.85 31.18 18.24 51.18
867254391 19.64 36.68 11.09 3.6 4.9 0.72 9.37 15.91

(B 3-5) Q-Learning f&ii- 3 ez PR 2o dr &
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(3) %+ ik BFS 2 Q-Learning i& {7 §- & 47

A.BFS # f=t e menfiin ™ pERF 87 205 3t Q-Learning £ 0 T2 Bk B 4o 18

€ Fle ok BARRAR S R T & apF AR R AR A o
B.Q-Learning #rze3t & M1 enpF i 7 € F) 5k L B ® o Hlem §oATic R o
C. % & %52 Q-Learning 4 7 chpF > ¥ 13 4o " =t ek B { Pk
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With the project open, press _/
Run (or F5 )}

Bl ciow
- @f = ‘
;ESJ% o) 4
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Tl 7] |

|

» i » Spider °
i B A7 dp ih FRUN; 4

Enter the state of the
puzzle in the project

# TEnter y & » 3R B 4opav- I FAaArEE g T, & TR, ~
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AP R, AN, BAA, EEZR R EWWE 2 (2016) - Python

b

S0V R B G F L o R A
FRLEE AT o (2018) 0 A TR AA(H P E) o ELFF A F DAL

FBA MRS e (2021) 0 AT 20410 GF R 10 B A RATE B o B T Y 0L

[;g[p:n]/,fi};{éé )|

MSDN o A 1 4 & -3 5 3V & ¥ 0§ 41 (2018)  2018/10 < B~ p
https://learn. microsoft. com/zh-tw/archive/msdn-
magazine/2018/october/artificially-intelligent-introduction-to-

reinforcement-learning

ERLIRL

[(F#23]

Wikipedia (2020) - B & i 4&F - B~ p https://zh. wikipedia. org/zh-
tw/%E5%BI%BF%ES%BA%A6%E4%BCU%IBRES%85%88%E6%I0%ICHET%BA%A2 °

Wikipedia (2020) - Q-Learning » B~ p
https://zh. wikipedia. org/zh—-tw/Q%E5%AD%A6%E4%BI%A0 -
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Ithelp » [z % 5]] Deep Q Network (DQN) z 3% f247(2018) -
2018/11 - B~p https://1ithelp. 1thome. com. tw/articles/10208668

% ~ PYTHON - + A& #_Q Leaning(2018) - 2018/01 - B~ 5
https://mofanpy. com/tutorials/machine-learning/reinforcement-
learning/intro-q-learning

39



(=)= A
(&~ 3]

Forest Agostinelli, Stephen McAleer, Alexander Shmakov, Pierre Baldi.
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33143%
- ¢ 4x4 Q-Learning 7% i #4745

from random import randint,random
import copy
from time import perf counter
class Game:
def __init__(self,temp puzzle,len,answer,times,(table,path,probability):
self.temp_puzzle=temp_puzzle
self.Len=Len
self.answer=answer
self.times=times
self.Qtable=Qtable
self.path=path
self.probability=probability
def exchange(self,action,p):
if action==8:
Difference=-3
elif action==1:
Difference=-1
elif action==2:
Difference=3
else:
Difference=1
®=p.index(8)
blank=p[x]
plx]=p[x+Difference]
p[x+Difference]=blank
return p
def temp_to_p(self,temp puzzle,puzzle):
for i in range(®,len(temp_puzzle)):
p=i+5
tp=5
if i//3==1:
p+=1
elif i//3==2:
p+=2
if temp_puzzle[i]//3==1:
tp+=1
elif temp puzzle[i]//3==2:
tp+=2
puzzle[p]=temp puzzle[i]+tp
return puzzle
def reward(self):
if temp_puzzle==answer:
return 1
return @
def nums(self,temp puzzle):
num=str(temp_puzzle[@])
for i in range(l,len(temp_puzzle)}):
num+=str{temp puzzle[i])
return num
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def Class(self,num):
ans=num
for 1 in range(l,num):
ans¥=i
return ans
def boundary(self,p):
wasd=[ ]
if p.index(8)-3>=0:
wasd.append(@)
if p.index(8)%3!=0:
wasd.append(1)
if p.index(8)+3<=8:
wasd.append(2)
if p.index(8)%3!1=2:
wasd.append(3)
return wasd
def state(self,temp puzzle):
ans=[@,1,2,3,4,5,6,7,8]
Ans=08
for 1 in range(8,9):
for j in range(®,len(ans)):
if int(temp puzzle[i])==ans[j]:
Ans+=J*Game.Class(8-1)
del(ans[3])
break
return Ans//2
def choose_action(self,Qtable):
wasd=Game.boundary(temp_puzzle)
mp=[ ]
for 1 in range(@,len(wasd)):
mp . append(Qtable[Game.state(temp puzzle)][wasd[1]])
Rand=random()
Max=08
if Rand>float(probability):
for 1 in range(l,len{wasd)):
it mp[Max]<mp[1i]:
Max=1
elif mp[Max]==mp[i]:
if randint(8,1):
Max=1i
else:
if len(wasd)»=1:
Max=randint(®,len(wasd)-1)
return wasd[Max]
class Game_L:
def __init__(self,Len,puzzle,answer,path,obstacle):
self.Len=Len
self.puzzle=puzzle
self.answer=answer
self.path=path
self.obstacle=obstacle
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def goal(self):
Answer=[8,1,2,3,4,8,12]
for 1 in range(®,len(Answer)):

if puzzle.index{Answer[i])==Answer[i] and i==len{Answer)-1:
return 'complete!’

else:
break

for 1 in range(®,len(answer)):
if puzzle.index{Answer[i]) !=answer[i]:
return [puzzle.index(Answer[1i])},1]
return 'complete!l’
def exchange(self,a,b):
c=puzzle[a]
puzzle[a]=puzzle[b]
puzzle[b]=c
def b_Obst(self,obstacle,value):
if value not in obstacle:
it value//4==cbstacle[-1]//4:
return 1
if valuekd == obstacle[-1]%4:
return 2
return 3
return @
def g_Obst(self,obstacle,value):
if value//d==cbstacle//4:
return 1
if value®d == obstacle®4:
return 2
return @
def distance(self,a,b):
return abs(a//4-b//4)+abs(a%4-b%4)
def b_wasd(self,b goal,b,obstacle):

wasd=[-1]%4
if b-4>=0:
b w=Game L.b Obst(obstacle,b-4)
it b wH2:
wasd[@]=Game_L.distance(b-4,b goal)
if b%4>@:
b _a=Game L.b Obst(obstacle,b-1)
if b_a»l:
wasd[1]=Game_L.distance(b-1,b goal)
if b+4<¢=15:
b s=Game L.b Obst(obstacle,b+4)
if b _s¥2:
wasd[2]=Game_L.distance(b+4,b_goal)
if b¥d4<3:
b_d=Game_L.b_Obst(obstacle,b+1)
if b_d>»1:

wasd[3]=Game_L.distance(b+1,b _goal)
return wasd
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def choose_direction(self,wasd):
min_=[]
min_position=[]
for i in range(@,4):
if wasd[1]!=-1:
if len(min_)!=0:
if min_[@]>wasd[1]:
min_=[wasd[i]]
min_position=[1]
elif min_[@]<wasd[i]:
continue
else:
min_.append(wasd[i])
min_position.append(i)
else:
min_.append(wasd[1])
min_position.append(i)
return min_position
def goal_wasd(self,g,b,answer,Wasd):
wasd=[-1]*4
it answer//d<g//4:
wasd[@]=Game_L.distance(g-4,b)
if answer¥d<gha:
wasd[1]=Game L.distance(g-1,b)
if answer//4dxg//4:
wasd[2]=Game L.distance(g+4,b)
if answerfd>ghd:
wasd[3]=Game L.distance(g+1,b)
g wasd=Game_L.choose direction(wasd)
if len(g wasd)==1:
return Wasd[g wasd[8]]

else:
obst=Game L.g Obst(g,b)
if obst:
it obst==1:
wasd[1]=-1
wasd[3]=-1
else:
wasd[@]=-1
wasd[2]=-1

g wasd=Game_L.choose direction(wasd)
if len(g wasd)==1:
return Wasd[g_wasd[@]]
r=randint(@,len(g_wasd)-1)
return Wasd[eg _wasd[r]]
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def moving_path(self,g direction,g,obstacle):
b=puzzle.index(15)
wasd=[b-4,b-1,b+4,b+1]
blank _wasd=Game_L.b wasd(g_direction,b,obstacle)
choose=Game L.choose_direction(blank wasd)
r=randint(®,len(choose)-1)
choose=choose[r]
blank direction=wasd[choose]
Game L .exchange(blank direction,b)
copy_puzzle=copy.deepcopy(puzzle)
path.append(copy puzzle)
return blank_wasd[choose]
def swap(self,state):
s=0
if statel2==1:
swap_path=[1,4,-1,4,1,-4,-4,-1,4,1,4,-1,-4,-4,1,4]
else:
swap_path=[4,1,-4,1,4,-1,-1,-4,1,4,1,-4,-1,-1,4,1]
if 7>staterd:
s=11
elif S»stater2:
s=13
elif state»6:
s=14
for i in range(s,len(swap _path}):
b=puzzle.index(15)
Game_ | .exchange(b,b+swap_path[i])
copy_puzzle=copy.deepcopy(puzzle)
path.append(copy_puzzle)
def make_L(self,g):
wasd=[g[@]-4,g[e]-1,g[0]+4,g[e]+1]
g direction=Game_L.goal wasd(g[@],b,answer[g[1]],wasd)
move=Game_ L .moving_path{(g direction,g,obstacle)
if move:
pass
else:
Game L .exchange(g[@],puzzle.index(15))
copy_puzzle=copy.deepcopy(puzzle)
path.append(copy_puzzle)
def shortcut(self,path):
puzzle path=[]
while True:
if len{path):
path_@=path[@]
puzzle path.append(path_@)
del(path[@])
if path_©@ in path:
while True:
del(path[©])
if path_® not in path:
break
else:
break
return puzzle path
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def txt_input_list(txt):
array=[]
for line in txt.readlines():
line = line.strip()
line=line.split(' ')
array.append(line)
txt.close()
return array
def printer(puzzle):
print(’------------- )
for i in range(@,4):
print('|',end="")
for j in range(0,4):
it puzzle[i*4+j]==15:
print(’ ',end='|")
else:
print('%02d ' %(puzzle[i*4+j]+1),end="]|")
print('\n------------- ")

puzzle=input('puzzle:').split()
time start=perf counter()
for i in range(®,len(puzzle)):
puzzle[i]=int(puzzle[i])-1
answer=[8,1,3,7,4,12,13]
Answer=[8,1,2,3,4,8,12]
copy_puzzle=copy.deepcopy(puzzle)
path=[copy_puzzle]
obstacle=[]
Game_L=Game L(Len,puzzle,answer,path,cbstacle)
while True:
if puzzle[2]==15 and puzzle[3]==2 and puzzle[6]==3:
Game L.swap(1)
answer=[9,1,2,3,4,12,13]
elif puzzle[8]==15 and puzzle[9]==12 and puzzle[1l2]==8:
Game_L.swap(2)
answer=[9,1,2,3,4,8,12]
elif puzzle[3]==2 and puzzle[7]==3:
if puzzle[6]==15:
Game_L.swap(3)
answer=[8,1,2,3,4,12,13]
elif puzzle[11]==15:
Game_L.swap(5)
answer=[0,1,2,3,4,12,13]
else:
Game_L.swap(7)
answer=[9,1,2,3,4,12,13]
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elif puzzle[12]==8 and puzzle[1l3]==12:

if puzzle[9]==15:
Game L.swap(4)
answer=[&,1,2,3,4,8,12]

elif puzzle[14]==15:
Game_L.swap(6)
answer=[&,1,2,3,4,8,12]

else:
Game L.swap(&)
answer=[&,1,2,3,4,8,12]

else:

g=Game_ | .goal()

if g=="complete!":
puzzle path=Game L.shortcut({path)
for i in range(@,len{puzzle path)):

printer{puzzle_path[i])

break

b=puzzle.index(15)

obstacle=[]

for 1 in range(@,g[1]+1):
obstacle.append(puzzle.index{Answer[i]))

Game_L.make L{g)

temp puzzle=copy.deepcopy(puzzle)
for i in range(@,len(Answer)):
temp _puzzle.remove{Answer[i])
for 1 in range(@,len(temp puzzle)):
if temp puzzle[i]//4==1:
temp puzzle[i]-=5
elif temp puzzle[i]//4==2:
temp puzzle[i]-=6
else:
temp puzzle[i]-=7
Len=3
times=len{puzzle path)
answer=[@,1,2,3,4,5,6,7,8]
table=open( 'D:/AI=&EE /gtable.txt', ")
Qtable=txt input list(table)
table.close()
read_probability=open( 'D:/AIZ=&EE/p.txt’, ' r")
probability=float(read probability.read())
read probability.close()
Game=Game (temp puzzle,len,answer,times,Qtable,path,probability)
while Game.reward()!=1:
times+=1
path.append(copy.deepcopy(temp puzzle})
action=Game.choose action(Qtable)
Game.exchange(action,temp puzzle)
puzzle=Game.temp to p{temp puzzle,puzzle)
printer({puzzle)
print{ times: "+str(times))
time end=perf counter()
print("[{:.2f} =s]'.format({time_end-time_start))
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from random import randint,random
import copy
class Game:
def __init_ (self,Len,All,answer,times,Qtable,path,probability):
self.Len=Len
self.Al1=Al1
self{.answer=answer
self.times=times
self.Qtable=Qtable
self.path=path
sel{.probability=probability
def exchange(self,action,p):
if action==0:
Difference=-3
elif action==1:
Difference=-1
elif action==2:
Difference=3
else:
Difference=1
x=p.index('8")
blank=p[x]
p[x]=p[x+Difference]
p[x+Difference]=blank
return p
def find(self,p):
if p in path:
return 1
return @
def boundary(self,p):
wasd=[ ]
if p.index('8')-3>=0:
wasd.append(@)
if p.index('8')%31=0:
wasd.append(1)
if p.index('8')+3<=8:
wasd.append(2)
if p.index('8')%31=2:
wasd.append(3)
i=0
while i<len(wasd):
temp=copy.deepcopy(p)
temp=Game.exchange(wasd[i],temp)
f=Game.find(temp)
if f:

48



if len(wasd)>1:
wasd.remove(wasd[i])
continue
i+=1
return wasd
def reward(self,puzzle):
r={0:0.5,1:0.6,2:0.65,3:0.7,4:0.85,5:0.9,6:0.95,7:1}

c=[[[e],[2],[e]],

[[e,1],[0,3],[1,2],[3,6]],

[[e,1,2],[@,3,6]],

[[6,1,2,3],[0,1,3,6]],

[[@,1,2 3,611,
[[e,1,2,3,4,5],[9,1,3,4,6,7],[9,1,2,3,6,7],[@,1,2,3,5,6]],
[[e,1,2,3,4,5,6],[0,1,2,3,4,6,7]],

[[e,1,2,3,4,5,6,7]]]

for 1 in range(len(C)-1,-1,-1):
for j in range(@,len(C[1])):
for k in range(@,len(C[1][7])):
if int(puzzle[C[i][J][kI])==C[1][7]1[k]:
if k==len(C[i][j])-1:
return r[i]
else:
break
return @
def nums(self,temp puzzle):
num=str(temp_puzzle[@8])
for 1 in range(1l,len(temp puzzle)):
num+=str(temp puzzle[i])
return num
def class(self,num):

ans=num
if num>1:
for 1 in range(2,num):
ans*=i

return ans//2
def state(self,temp puzzle):
L=len(temp puzzle)-1
Ans=0
ans=[e0,1,2,3,4,5,6,7,8]
for 1 in range(®,9):
s=ans.index(int(temp puzzle[i]))
Ans+=s*Game.Class(L-1)
del(ans[s])
return Ans
def choose_action(self,Qtable,M):
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wasd=Game.boundary(temp _puzzle)
mp=[ ]
for i in range(®,len(wasd)):
mp.append(Qtable[Game.state(temp puzzle)][wasd[i]])
Rand=random()
Max=8
it Rand<float(probability) and M=="MQ":
for i in range(1,len(wasd)):
if mp[Max]<mp[i]:
Max=1
elif mp[Max]==mp[i]:
r=randint(e,1)
if r:
Max=1
else:
if len(wasd)>=1:
Max=randint(@,len(wasd)-1)
return wasd[Max]
def txt_input_list(txt,condition):
array=|[ |
for line in txt.readlines():
line = line.strip()
if condition:
line=line.split (" ")
array.append(line)
txt.close()
return array
def list_input_txt(Qtable):
qtable=open('D:/AIZZE/qtable.txt’, 'w")
i=0
while True:
if i<len(Qtable):
gtable.write(str(’ '.join(Qtable[i]))+ \n")
i+=1
else:
break
gtable.close()
def read_arp(num):
if num==1:
read a=open('D:/AIZEZE/a.txt','r")
a=float(read_a.read()
read a.close()
return a
elif num==2:
read r=open('D:/AIZZEE/r.txt’,'r")

4
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r=float(read_r.read())
read_r.close()
return r
else:
read_probability=open('D:/AIZE p.txt','r")
probability=read_probability.read()
read_probability.close()
return probability
Time=int(input('times:"))
All=open('D:/AIZ Jall.txt','r")
All=txt_input_list(all,e)
table=open('D: /AL gtable.txt','r")
Qtable=txt_input list(table,1)
table.close()
answer=[90,1,2,3,4,5,6,7,8]
a=read_arp(1)
r=read_arp(2)
probability=read_arp(3)
path=[]
Game=Game(3,All,answer,0,Qtable,path,probability)
for i in range(@,181440):
print(i)
puzzle=[]
for j in range(e,9):
puzzle.append(Al1[i][]])
path=[]
temp_puzzle=copy.deepcopy(puzzle)
Qstate=Game.state(temp_puzzle)
Qaction=Game.choose_action(Qtable, Q")
times=0
while times<Time and Game.reward(puzzle)!=1:
times+=1
path.append(copy.deepcopy(temp _puzzle))
Game.exchange(Qaction,temp_puzzle)
MQstate=Game.state(temp_puzzle)
MQaction=Game.choose_action(Qtable, 'MQ")
R=Game.reward(puzzle)
Qtable[Qstate][Qaction]=str(float(Qtable[Qstate][Qaction])+a*(R+r*float(Qtable[MQstate][MQaction])-float(Qtable[Qstate][Qaction])))
Qstate=MQstate
Qaction=MQaction
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from random import random,sample
import sys,copy,math,time
class Game:
def __init__ (self,gameBoard,times,blank,path,Len):
self.gameBoard=gameBoard
self.times=times
self.blank=blank
self.Len=Len
def Printer(self,Len,path):
for 1 in range(@,Len):
print('|",end="")
for j in range(@,Llen):

it answer[i*Len+j]!="x":
print('%82d %answer[i*Len+j]+'|"',end="")
elce:
print(’ '+str(answer[i*Len+j])+'|"',end="")
print()

print( ' times: "+str{times))
def exchange(self,blank,datum,change):
blank=Game.gameBoard[datum+change]
Game.gameBoard[datum+change ]=Game. gameBoard[datum]
Game.gameBoard[datum]=blank
def bfsXlocation(self,temporarily,len):
for datum in range(®,Len®*%2):
it temporarily[datum]=="x":
return datum
def gameBoardReady(se[f,answer,a,len):
while True:
temporarily=sample(start,Len®*2)
for 18 in range(8,Len**2):
for i1 in range(@,Len®%2):
it temporarily[i@] !="x" and temporarily[il] !="x":
it i8<il and temporarily[i@]»temporarily[il]:
a=a+l
if ak2==0:
for i2 in range(@,Len**2):
answer[i2]=temporarily[12]
break
else:
a=a
continue
def finish(self,b,answer,TIME s):
TIME e=time.time()
for 1 in range(@,Len®*%2):
if il=Len#®*#2-1:
if Game.gameBoard[i]==1+1:
b=b+1
else:
it Game.gameBoard[i]=="x":
b-b+1
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if b==Len*#*2;
print( & 7 +str({times)+'2%")
print('&E [ '+str(TIME_e-TIME s)+'F")
sys.exit(@)
def xLocation(self,answer,lLen):
for i in range(@,Len®**2):
if Game.gameBoard[i]=="x":
datum=1i
return datum
def boundary(self,datum,player,times,len,path):
if player=="w":
if datum-Len<@:
path.remove(path[-1])
return @
else:
return Len-(Len*2)
elif player=="a":
if datum¥lLen==0:
path.remove(path[-1])
return @
else:
return -1
elif player=="5":
if datum+Len>Len**2-1:
path.remove(path[-1])
return @
else:
return Len
elif player=="d":
if datum¥lLen==Len-1:
path.remove(path[-1])
return @
else:
return 1
elif player=="p":
path.remove(path[-1])
it path[-1]=="w":
path.remove(path[-1])
return Len
elif path[-1]=="a":
path.remove(path[-1])
return 1
elif path[-1]=="s":
path.remove(path[-1])
return Len-(Len*2)
elif path[-1]=="d":
path.remove(path[-1])
return -1
else:
print(’'errormessage’)
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path.remove(path[-1])
return @
def bfsExchange(self,temporarily,blank,datum,change):
blank=temporarily[datum+change]
temporarily[datum+change]=temporarily[datum]
temporarily[datum]=blank
return temporarily
def Sort(self,find,All):
i=8
while i<len(All):
if Find<All[i]:
break
else:
i=i+l
continue
All.insert(i,find)
return All
def bfsnums(self,answer,Len):
num=[ ]
for 1 in range(@,Len*#%2):
num.append(9)
5=0
for j in range(@,Len*#%2):
if answer[j]=="=":
num[j]=num[j]1*(10**(Len**2-7-1))
else:
num[j]=answer[j]*(18**(Len®**2-7-1})
for k in range(@,Len®*#%2):
S=S+num[ k]
return 5
def bfsnume(self,answer,Len):
t=[1]
for e in range(lLen®**2-1,-1,-1):
if answer//(10**e)==9:
t.append('x")
else:
t.append(answer//(18%*e)})
answer=answerk(18*%e)
return t
def binary_search(self,answer,Len,BF5,A11):
find=Game.bfsnums(answer,Len)
c=1
Lmax=len(All)-1
Lmin=@
1=Lmax//2
while Lmin<l<Lmax:
if All[1]==Find:
c=8
break
elif Al1[1]<find:
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Lmin=1
1=(Lmax+1)//2+1
elif All[1]>find:
Lmax=1
1=(1+Lmin)}//2
it e==1:
Game.Sort(find,All)
e=Game.bfsnume(find,Len)
BFS.append(e)
def bfsfinish(self,b,temporarily,TIME_s):
TIME e=time.time()
for i in range(@,Len*%2):
if il=Len®*#*2-1:
if temporarily[i]==i+1:
b=b+1
else:
if temporarily[i]=="x":
b=b+1
it b==Len®**2;
print( &, 7 +str(times)+'28")
print{' & +str(TIME_e-TIME_s)+'§}")
sys.exit(@)
Len=3
start=[]
answer=[ ]
path=[]
for 1 in range(@,Len**2):
if il=Len®*#*2-1:
start.append(i+1)
else:
start.append( x")
for i in range(@,Len®*%*2):
answer.append(8)
a=a
b=0
times=0
blank=08
Game=Game(answer,times,blank,path,Len)
a=int(input("1:FEHIER,2: BIEEAER\n"))
mode=int(input (' 1:FEIHAT, 2: FIGFIT\n "))
it al=1:
Game.gameBoardReady(answer,a,Len)
else:
for i in range(®,9):
answer.append(0)
answer[i]=int(input (&, 2 "+str(i+1)+ " {FRITE "))
it answer[i]==9:
answer[i]="x'
TIME _s=time.time()
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if mode==1:
Game.Printer(Len,path)
Game.finish(b,answer,TIME_s)
while True:
player=str(input())
path.append(player)
times=times+1
datum=Game.xLocation(answer,Len)
change=Game.boundary(datum,player,times, Len,path)
if change==08:

print('error")

times=times-1

continue
else:

Game.exchange(blank,datum, change)
Game.Printer(Len,path)
Game.finish({b,answer,TIME_s)

else:
Game.Printer(Len,path)
Game.finish(b,answer,TIME_s)
wasd=["w","a',"s","'d"]
bfs=[answer]
BFS=[]
All=[]
while True:
times=times+1
for i in range(@,len(bfs)):
t=copy.deepcopy(bfs[i])
for j in range(©,4):
temporarily=copy.deepcopy(t)
path.append(wasd[j])
change=Game.boundary(Game .bfsXlocation(temporarily,len),wasd[j],times,Len,path)
if change!=8:
o=copy.deepcopy(Game.bfsExchange(temporarily,blank,Game.bfsXlocation(temporarily,Len),change})
Game.binary_search(o,lLen,BFS,All)
print(‘level '+str(times)+': '+str(len(BFS)))
for k in range(@,len(BFS)):

Game.bfsfinish(b,BFS[k],TIME_s)
bfs=BFS
BFS=[1
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Solving the Rubik's cube with deep reinforcement learning and search

The Rubik's cube is a prototypical
combinatorial puzzle that has a large state
space with a single goal state.

2022.09.21

JRE filir 77 PR — (I B AR AH S AU Ak e I8% - TRE AT
FIRARRARARRENLE » A EE - EE
IRAE -

2022.09.21

The goal state is unlikely to be accessed using
sequences of randomly generated moves,
posing unique challengers machine learning.
We solve the Rubik's cube with DeepCubeA, a
deep reinforcement learning approach that
learns how to solve increasingly difficult states
in reverse from the goal state without any
specific domain knowledge.
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DeepCubeA solves 100% of all test
configurations, finding a shortest path to the
goal state 60.3% of the time. DeepCubeA
generalizes to other combinatorial puzzles and
is able to solve the 15 puzzle, 24 puzzle, 35
puzzle, 48 puzzle, Lights Out and Sokoban,
finding a shortest path in the majority of
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puzzle that poses unique and interesting
challenges for artificial intelligence and
machine learning.
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Although the state space is exceptionally large
(4.3x 10%°different states), there is only one
goal state.
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Furthermore, the Rubik’s cube is a single-
player game and a sequence of random
moves, no matter how long, is unlikely to end

in the goal state.
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Developing machine learning algorithms to
deal with this property of the Rubik's cube
might provide insights into learning to solve
planning problems with large state spaces.
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Although machine learning methods have
previously been applied to the Rubik’s cube,
these methods have either failed to reliably
solve the cube or have had to rely on specific
domain knowledges.
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Outside of machine learning methods,
methods based on pattern databases (PDBs)
have been effective at solving puzzles such as
the Rubik's cube, the 15 puzzle and the 24
puzzle", but these methods can be memory
intensive and puzzle specific.

2022.09.29
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More broadly, a major goal in artificial
intelligence is to create algorithms that are
able to learn how to master various
environments without relying on domain
specific human knowledge. The classical 3x3x3
Rubik's cube is only one representative of a
larger family of possible environments that
broadly share the characteristics described
above, including (1) cubes with longer edges
or higher dimension (for example, 4x4x4 or
2x2x2x2), (2) sliding tile puzzles (for example
the 15 puzzle, 24 puzzle, 35 puzzle and 48
puzzle), (3) Lights Out and (4) Sokoban. As the
size and dimensions are increased, the
complexity of the underlying combinatorial
problems rapidly increases. For example, while
finding an optimal solution to the 15 puzzle
takes less than a second on a modern-day
desktop, finding an optimal solution to the 24

puzzle can take days, and finding an optimal
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solution to the 35 puzzle is generally
intractable". Not only are the aforementioned
puzzles relevant as mathematical games, but
they can also be used to test planning
algorithms and to assess how well a machine
learning approach may generalize to different
environments. Furthermore, because the
operation of the Rubik’s cube and other
combinatorial puzzles are deeply rooted in
group theory, these puzzles also raise broader
guestions about the application of machine
learning methods to complex symbolic
systems, including mathematics. In short, for
all these reasons, the Rubik's cube poses
interesting challenges for machine learning.
2022.09.30
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To address these challenges, we have
developed DeepCubeA,which combines deep
learning with classical reinforcement learning
(approximate value iteration) and path finding
methods (weighted A* search7.). DeepCubeA
is able to solve combinatorial puzzles such as
the Rubiks cube, 15 puzzle, 24 puzzle, 35
puzzle, 48 puzzle, Lights Out and Sokoban (Fig.
1). DeepCubeA works by using approximate
value iteration to train a deep neural network
(DNN) to approximate a function that outputs
the cost

to reach the goal (also known as the cost-to-go
function). Given that random play is unlikely to
end in the goal state, DeepCubeA trains on
states obtained by starting from the goal state
and randomly taking moves in reverse. After
training, the learned

cost-to-go function is used as a heuristic to
solve the puzzles using a weighted A* search.
2022.10.01

FTERTE kAR - IR &R
DeepCubeA - {13 ELIE B2 RI{E 47 1Y 5 22
B (REWVEZER) L > MEREHRE]
B 757E (HIMEEE A * search ) » DeepCube &
] LA B RS IEIEY - BRI I PR » 15
VEBR 0 24 JEER > 35 JEHE 0 48 VAR  BEIE
BRI B A 5B - DeepCubeA ZE{EZFIH
FRARAE BT, 2531 R — (B 2R FE a4 e
(DNN) EFEF—(EE - EH—EEES
ZRHE (AN By cost-to-go

function ) o {EFEIRAVIES - B RNAKETEE
&ER HEGIRRE - DeepCubeA {THI{EIRRESF
1E » 1 B IEIRRERI M AL B A% Bl K [ 14 e
46 o Elk 2 1% > 1E{EE2E cost-to-go
function (R G — (R - EREfEE
#EEk » FIFH—{EEFIHY A*search -

59




DeepCubeA builds on DeepCube, a deep
reinforcement learning algorithm that solves
the Rubiks cube using a policy and value
function combined with Monte Carlo tree
search (MCTS).MCTS, combined with a policy
and value function, is also used by

AlphaZero, which learns to beat the best
existing programs in chess, Go and shogi. In
practice, we find that, for combinatorial
puzzles, MCTS has relatively long runtimes and
often produces solutions many moves longer
than the length of a shortest path. In contrast,
DeepCubeA finds a shortest path to the goal
for puzzles for which a shortest path is
computationally verifiable: 60.3% of the time
for the Rubik's cube and over 90% of the time
for the 15 puzzle, 24 puzzle and Lights Out.

DeepCubeA 717 {F DeepCube » —{[& 75 fE 14
SEEEDE B DURRE G 7 PRA F —E SR
FO{E {E pREAE & SR RS =04
(MCTS) —#EFH © MCTS » 4 & Bil—(E 5%
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90% HYBFRTEY 15 JFPE, 24 J5PH and BHfE
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Deep approximate value iteration EEAREER
Value iteration" is a dynamic programming EEE e —E e LE=UEE L » B

algorithm that iteratively improves a cost-to-go
function J. In traditional value iteration, J takes
the form of a lookup table where the cost-to-
go J(s) is stored in a table for all possible states
s. However, this lookup table representation
becomes infeasible for combinatorial puzzles
with large state spaces like the Rubik’s cube.
Therefore we turn to approximate value
iteration', where J is represented by a
parameterized function implemented by a
DNN. The DNN is trained to minimize the
mean squared error between its estimation of
the cost-to-go of state s, J(s), and the updated
cost-to-go estimation J'(s):

J'(s)= mina (g% (s, A(s, a)) +J(A(s, a)))

(1)
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J'(s)= min, (g (s, A(s, a)) +J(A(s, a)))

(1)
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