MeTtoAabl 3BPUCTUYECKOIro NoUcka v
MaLWMHHOIo ooy4yeHUsa Ana peLweHns
royfioBOJIOMOK

Knaccuyeckmnn nouck, CayleyPy Cube
n nccriegoBaHusa yctonuymsoctu Beam Search

Oanunn Oposgos - Clrlory

14 okTa6psa 2026 roaa
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3AOAYA U NPUNOXEHUA

01

3agaJa
N NPUNOXeHuns

CoOCTOSiHUS, FeHepaTopbl U KOPOTKME MYTU
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HEABHbIA TPA®

Kak uckatb B rpade,
KOTOpPOro Mmbl He BUANM?

HanTtu nyTsh

CocTosiHMe 1 ornepaunm N3BECTHbI
Cocenenl MOXXHO BblYUCIUTDL
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FPA® K3J1K

'pad Kanu: coctoaHUA n reHepaTopbl

G=(S) x—-xa a€S / \
@ @

BepLUnHbl — 3r1eMeHTbI rPyMmbl \ /
PéBpa — fOeiicTBue reHepaTopos ‘ @

BepwuHbl: anemeHTbl G - p€bpa: OencTema U3 S - NyTb: CNOBO
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3TO HE TOJIbKO KYBUK

[lepecTponkn reHomMma: NyTb Mexay nopsiakamm 6J510KOB

[iBe 3HaKoBbLIe NepecTaHOBKU Cemb nocnegoBaTenbHbIX UHBEPCUUN
M 1 76 10 9 8 2 -11 -3 54
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-1 —— > —
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YenoBek — 5
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Homep — obwinim 6nok
3HaK + UM — — ero opmeHTauus Kpatyaviuunm cueHapun: 7 nHBepcum

i 2 3 4567 8 9 10 11

Pevzner n Tesler, 2003 - X-XpoOMOCOMbI - PUCYHOK 2h

[1Ba reHoma — ABe 3HaKOBble NepecTaHOBKMU — 7 MHBEPCUN — KpaTyauluMu NyTb
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NMPUNOXEHUA TPAD®OB K3J1U

CuHTEe3 KBAHTOBbLIX CXeM

OawnH onepatop U — pasHbie cxembl. Niem cxemy ¢ MeHbLLEN CTOMMOCTLIO.

14 CNOT 12 CNOT + oaHOKYyOUTHbIEe H

OnepaTop — BepLUUHA * BEHTUJIb — Pedpo - CUHTE3 — NMOUCK KOPOTKOro nyTu

Bravyi, Latone, Maslov, 2022 - pucyHok 2 - CC BY 4.0
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KYBUK KAK TPAD

Kyonk — HarnssigHas 3agava onsi cpaBHeHMs1 MEeTOL4,0B

KoHdomrypauusa — BeplumHa - noBopoT — pebpo - coopka — NyTb K LENn

HarnagHoe coctossHue
ObpaTtnmble xoAabl
[lpoBepsemMoe pelueHue
OrpomMHoe NpoCTPaHCTBO
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KYBUK KAK TPAD

YTO uMeHHO cuuTaeTcss ogHMUM XO40M?

MeTpuka OauH xoAa

HTM 90°, 180°, 270° BHeLUHEN rpaHu
QTM +90° BHELLUHEW rpaHK

Cpes3bl +90° nobdoro oTaenbLHOro Cros

OnOHM COCTOSIHUSA + pa3sHble reHepaTopbl = pa3Hble PaCCTOSIHUS

onsa 3x3x3

18 nencreuu

12 pencrteumn

apyrasi MeTpuka
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KYBUK KAK TPAD

43 252 003 274 489 856 000

4.3 x 10*°

COCTOSIHUMN CTaHOapTHOro Kyouka 3x3x3

[axe 1 6anT Ha cocTosiHne = 43 askcabaunTta
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KNACCUYECKWNI NOUCK

02

Knaccunuyeckuu
NMOUCK

Noarpynnbl, A4ONYCTUMbIE 3BPUCTUKN U Ymcno bora
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AIITEBPAUYECKAA CTPYKTYPA

Thistlethwaite: cyxaTb npocTpaHCTBO

Go D Gy DGy, DGz D{e}

Bce OrpaHuyeHune OrpaHuyeHune Lenb
COCTOSIHUA - OpueHTauumn — NMepecTaHOBOK —-
B cpeaHem <2c Mpumep peanusaumm dfinnis/Rubik Ha Go

1981: no 52 xonoB HTM - BpemMs OTHOCUTCA K KOHKPETHOU COBPEMEHHON peanusauunm
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AIITEBPAUYECKAA CTPYKTYPA

Kociemba: aBe ha3bl BMeCTO LLeNOYKN

Nepentu B H PewunTtb BHyTPUM H

—

H = (U, D, R?, L2, F?, B?)

HeckonbKo ceKyHA
Python - Raspberry Pi 3

B cpeaHem < 20 xogoB HTM - 6e3 obLien rapaHTum KpaTyanLlero peLeHus
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3BPUCTUYECKUN NOUCK

be3 3BpUCTUKKN AepeBO NOUCKA pacTeT
3KCMOHEeHUManbHO

1021
Korf, 1997
1017
1018

102,876,480
1,373,243,544

18,330,699,168
244,686,773,308

1 09 3,266,193,870,720
18 43,598,688,377,184

581,975,750,199,168

7,768,485,393,179,328

103,697,388,221,736,960

5 1,384,201,395,738,071,424

1 () 18,476,969,736,848,122,368
246,639,261,965,462,754,048

Yucno y3J10B AepeBa Nonucka

(o}
1 / 4 10 13 16 18

[nybuHa, xogos (HTM)

Pa3sHble nyTn Mmoryt Bectn B 0OgHO COCTOAHUNE

13



3BPUCTUYECKUN NOUCK

A*: nonHas oueHKa n ycrioBue onTUManbHOCTU

f(s) = g(s) + h(s)

g(s): ctonmocTb OT cTapTa h(s): oueHka oo uenu

< h(s) < d(s,e)

[onycTnmas aBpUCTUKa + KOPPEKTHBLIN Y4ET NOBTOPOB — ONTUMAanNbHbINA NYTb

A Formal Basis for the Heuristic Determination

of Minimum Cost Paths

PETER E. HART, meumBeR, 1Eer, NILS J. NILSSON, mEMBER, IEEE, AND BERTRAM RAPHAEL
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3BPUCTUYECKUU NMOUCK

A* n IDA*: CKONbKO HY)>XHO XPaHUTb

A*: MHOro BepLUMH B NamMsATH IDA*: Tekywinn nyTb
CtapTt
CoxpaHEeHHble
BepPLUNHbI
Tekywasn
BepLlUMHa
AnbTepHaTtunebl B OPEN CTek nyTn n cnyxebHble JaHHblIE
n obpaboTaHHblE COCTOAHUS HoBbI nopor — HOBbLIN 06Xx0

IDA* nocewaeTt MHOro Beteen. LIBeT nokasbiBaeT NnamsTb, a HE BCE NOCELLEHHbIE BEPLUMHBI.
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TOYHASA ABCTPAKLUUA

Pattern Database: TouHO pewnTb adbcTpaKUUIo

3a0bITb pebpa

0‘0
lﬁi
l.’i
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TOYHASA ABCTPAKLUUA

PDB: Tabnuua paeTt AoKka3zaHHYK HUXHIOK OLEHKY

MonHoe cocTosiHMe AGcTpakuusa @(s)

To4yHoe da u3 PDB

h(s) = da(@(s),@(e)) = d(s.e)

[Mpoekuuns ntoboro NOSIHOro NyTN HE JOPOXKE UCXOOHOrO

A6CTpaKLI,I/IF| COXpaHAEeT aonyctnMble nepexodbl N He yBermnm4mnBaeT X CTOMMOCTb
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TOYHASA ABCTPAKLUUA

Heckonbko PDB: makcumym 6e3onaceH

h(s) = max { h1(s), ha(s), hz(s) }

OaunH Xoa4 MOXeT MEHSATb Cpa3y HECKOMbKO LIabnoHoB

Cymma TpebyeT oTAenbLHOro pasbneHnst CTOMMOCTU X040B
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TOYHASA ABCTPAKLUA

Korf: onTumanbHble peleHUus1 criy4yamHbIX KyoOnkon

Yucno 3apgay

7
B

5

16 xonos. 17 xopnoB 18 xonoBe

Sun UltraSPARC Model 1 - 10 cnyyanHbix 3agad - HTM - Korf, 1997

S LS
T LS

NNEANERN

ANEANERN

OpwvH npoxop IDA* ¢ PDB

NMpoBepka peweHun Ao 16 xonos:
MeHee 4 yacoB

NMpoBepka peweHun Ao 17 xonos:
OKOJ10 2 CYTOK

19



TOYHASA ABCTPAKLUUA

Tabnuua xpaHUT 3HaHUA, HO 3aHMMaeT NaMAThb

CunbHaa cTopoHa LleHa
To4yHoe paccTosHme noasagayu Pasmep Tabnuubl
[lokaszaHHasa gonycTUMOCTb Bbibop abcTpakymm YernoBeKom

CunbHee WwabnoH — dofblle NnaMaTu
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MOBAJIbHAA TEOMETPUA

Uncno bora: ot peweHusa K auameTpy rpada

2 O OunameTp rpacdha B HTM
diam(Cay(G,S_HTM)) = 20

1981 1995 2008 2010

52 29 22 20

CtaHpgapTHbin 3x3x3 - HTM - gokasaHHbIe BeEpXHME rpaHunLbl

A



NMOBAJIbHAA TEOMETPUA

[Touemy yncno bora paBHO gBagLaTu

HuxHaa rpaHumua 2 20

Superflip cobnpaeTtcs 3a 20 xoa08B.
Hy>XHO nckntountb 19 1 meHbLUe.

Reid, 1995: mogudmkauma Kociemba
MU COKpaLleHue crny4yaeB CUMMETPUSMM.

[ns superflip nokaszaHo, Kakue BapuaHThl
00s13aTeNbHO Ha0 NPOBEPUTD.
[lporpamma npoBepwuna nx nosIHOCTLIO:
pelueHun kopoye 20 Her.

Tabnuubl pacctosHun oo H cywectsoBanu paHbLUe.

PDB yrnos u pébep Korf — gpyrou sbibop, 1997.

BepxHasa rpaHvua < 20

B oanH knacc Hg BXoAsT COCTOSAAHUSA, Y KOTOPbIX
coBnagaloT TPU Npu3Haka:

OpueHTauum Bcex yrmnos
OpueHTaunm Bcex pedep
UeTbipe nosmummn p€bep cpegHero cnos

[Topagok oetanen MoXeT pasnmyaTtbCs.
OanHakoBble TPY NpU3Haka — OAUH Knacc.

2010: knaccbl NPoBepPSAIOT LeNIMKOM
c IDA*, PDB un Kociemba.
Kaxxgoe coctosiHue pewaeTtcs 3a < 20.
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NEPEXOL K OBYYAEMOW 3BPUCTUKE

3ayem 3gecb MalWMHHOE O0y4YeHune

Obwwmin nogxon K 06y4yeHuto n noucky - poto Gerwin Sturm - CC BY-SA 2.0

Pa3mep rpada

[Mepebop n TouHbie PDB
TPEeOYOT CNULLKOM MHOIO NamaT U BPEMEHMU

OT 3%3%x3 — K HOBbIM 3agavam

Kybukn bonbLiero pasmepa
N gpyrne rosioBOSIOMKU

ML: yunTb oLeHKY No nepexoaam
U HanpaBnATb €l NMOUCK
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OTKYOA BEPETCSA OBYYAIOLLUA CUMHA

Heun3BeCTHbIE PACCTOAHUNA. NATb MICTOYHUKOB CUINHAalla

Metoa CurHan oby4yeHus
DeepCubeA ObHoBneHne bennvaHa
EfficientCube cTopusa nepemelumBaHmns
CayleyPy Cube [ nyOuHa onyxgaHua
CayleyPy RL Harpagy + TD-oueHKu
GFlowNet BanaHc + wrtpad notoka

YUTto yuum

CToumocCTb A0 uenu
[TonnTnkKy oencTemnn

[ eoOMeTpPUYECKYIO OLIEHKY
CTOMMOCTb COCTOAHUS

Monntnkm P_F/P_B

CurHan o6yqu|/|9| — Mpegcka3daHne Mmoaesin — rnoCTpoeHne nyTmn

Kak ctpoum nyTb
Batch weighted A*
Beam Search

GPU Beam Search
Beam Search

P_B + Beam Search

24



CAYLEYPY CUBE

03

CayleyPy Cube

Cny4yauHble onyxaoaHusi, ResMLP n GPU Beam Search
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FTEOMETPUSA CNYYAUHbIX BNY>XOAHUN

CayleyPy Cube: nonHbIu unkn pewarens

OGy4yeHune

bnyxaaHusa — ResMLP _, ToToBasa mopgenb

OT uenu nony4yaem MSE no rnybuHe OueHka ho(s)

napel (s, k) OOHOBNSAET Beca Beca OUKCUPOBaHbI
PeweHune Craprt ——— GPU Beam Search — [lyTb K Uenu

Moaenb BblJaET OLEHKY - MOUCK CTPOUT 1 NPOBEPSET NOCNeaoBaTeNbHOCTb X0/40B
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CAYLEYPY CUBE

Dataset n3 onyxgaHvu oT uenwu

CoxpaHsieM (sy, k)

HoBble TpaekTopun Ha KaxXgou anoxe
Non-backtracking: 6e3 HemegneHHOW OTMEHbI Xo4a

27



CAYLEYPY CUBE

[(nybuHa onyxaaHua u KpaT4yauvLluee paccTosiHue

= 2, d(Sz,@) =\

3ar|peT HeEMeOJIEHHOIo BO3BpaTa HE UCKITKOYaeT BCE LIUKIbI
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CAYLEYPY CUBE

YTOo npenckasbiBaeT perpeccusi rmyouHbl

hO(s) - E|K| S = s]

YcnoBHaga cpenHAad ITIy6VIHa NnoABIiIEHNA COCTOAHNA

3aKoH reHepaLmn AaHHbIX onpeaenseT ueneByto MYHKLUWIO; A0ONYCTUMOCTb He rapaHTUpoBaHa

AS



CAYLEYPY CUBE

ResMLP: oueHka cocTOAsHUA OOHUM YMUCITIOM

CocTtosiHue _, Linear _, Residual blocks —» OueHka
6N? uBeToB BekTtop Linear, RelLU OauH ckanap
one-hot NPU3HaKoB BatchNorm ho(s)

MSE: npeackasaHue conocrtaBnsieTcs ¢ rnyoumHom k

Inference ncnonb3yeTcs MHOFOKPaTHO - ANs APYyroro pasMmepa ody4yaeTcsi oTAeNbHas ceTb
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CAYLEYPY CUBE

GPU: coceau n inference uensim batch

Ilyy B; _, FeHepaTOpbI _, Batch inference
W cocTosiHum Oo W-|S| YaaneHue noBTOpoB
B TEH30pE KaHOMOaToB oueHKku ho

Mpn W = 2?* paxxe oANH ypoBeHb — O60NblUOE BbIYUCIIEeHNe

[MamMaTb: COCTOSAHUSA, KaHAMOAaTbl, OLlEeHKWU, POAUTENW - HE TONbKO Beca Moaenu

. Top-W

Cnegyrowmn nyy
n parent pointers
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CAYLEYPY CUBE

Beam Search: octaButb W ny4wimnx npoaonKeHmmn

Tekywum nyq: W = 2 ho = KaHamaaTtbl nocne oueHKu

Q —»G OcTtaBuTb
@ OTbpocUTh

Q %a OcTaBuUTb
@ OTbpocuTb

OcTatoTcst OLEeHKN 4 1 5 - NoTepsiHHble anbTEPHATMBbLI HE BXOAAT B CreAYOLLNIA nyy
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CAYLEYPY CUBE

AHcaMOnb: He3aBMCNMbIEe OLIEHKM U pa3Hble NyTH

26 xogoB
ArenT 1
23 xopa
‘ AreHT 2
25 xonoB
AreHrt 3

Bbibupaem kpaTyanLLmnm

[Mpnmep onuvH 9 .
N3 HANOEHHbIX I'IyTeI/I
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CAYLEYPY CUBE

KayecTBO 3aBUCUT OT LWIMPUHDBbI N YAUCTIA alF€eHTOB

dona onTuMmanbHbIX peLueHuun

100%

B0

B0

40%

20

e
1 mopgsnb 1 mogenn EEl.-u,qE.rEH
W= 28 W= 2% W =22

1000 3apadv - knaccuyeckas QTM - 26 mogenen npu W = 2%
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CAYLEYPY CUBE

CayleyPy Cube Ha 4x4x4 n 5x5x5

(a) Kybuk 3x3x3 (6) Kybuk 4x4x4 () Kybuk 5x5x5

® ® ®
I I I
s = s
= = =
=i S i
xR "N ON
x "N o8
I T I
= =i =i
(] o (O]
o o o
O O O

4 6
Yucno moagenen Yucno mogeneun Yucno moaenen

4x4x4: 53,5 — 46,5 5%x5%5: 96,6 — 92,2

CnnowHas: cnyyYyanHbli aHcamOnb - MYHKTUP: AyYLWNiA - TeHb: £1 cTaHgapTHasa owmnbka
4x4x4 [ 5x5x5: UQTM - W = 224 - oby4yeHo 29 / 69 mopaenen
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CAYLEYPY CUBE

Oowunn nutepdgenc gna pasHbix rpacgos

Kyoukm OnucaHue cpepbl
LRX u Pancake BekTop cocToaHUS

[ eHepaTopbl-NepecTaHOBKA
Opyrvue nepectaHOBOYHbLIE [poBepsemas uenb
royioBOJIOMKU

Dataset — ResMLP — Beam Search

[lepeHocUTCa anropuTMUYECKU LIKKI - Beca U BomkeT noaduparoTca Ana Kaxaon cpeabl
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MOU UCCJIEOOBAHUA

04

Mou nccneanosBaHus

Dataset, mogens n mogudumkaumm Beam Search
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MOU UCCJIEOOBAHUA

Llenb paboTbl U Tpu nccrneaoBaTenbCcKkue 3agavn

[MoBbICUTbL success rate Nnpu MeHbLUen WWUpPUHe nyya

[laHHbIe [ eHepaTop train dataset n cormacoBaHHOCTbL METOK
Mopaenb KauecTBo oLeHKkM 1 ueHa inference
[Mouck Local cycle prevention, retries n backtracking

Baseline Ha cTteHae: HoBble random walks + ogHa MLP + obbidyHbIn Beam Search
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MOU UCCIIEOOBAHUA

Tpu pasmepa Kyouka, oauH CTeHA

Kybuk

3%x3%3

Axdxd

9%X5%5

Santa 2023 - A10040 1B -

3agaun

82

43

19

EPYC 7742 - xoabl OTOENBbHbLIX CPE3OB

daueTsbl

54

96

150

eHepaToOpbLI

18

24

30
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OAHHBIE: COFMMACOBAHHOCTb METOK

OpaHa BePLWNHA MOXEeT MMeTb Pa3Hblé MEeTKHA

3

[

[1B€ MeTKM OgHOro s

40



AOAHHBIE: COFMACOBAHHOCTb METOK

Cb, Cb-K n ¢pukcupoBaHHbIn dataset b1

04 =3 HoBble random walks Ha kaxxgoun anoxe

OanH s MOXeT Nony4nTb pasHble kK

CB-K 3anpeT NOBTOPOB B npeAaenax anoxu

KoHTponb 0OHOBRSIETCA MeXay anoxamm

B OaovH conkcnpoBaHHbIN dataset

[ mobanbHbIN KOHTPOJIb MOBTOPOB

B: okono 128 mnH nap - 64 anoxn - T=26/45/65

41



OAHHBIE: TEHEPALUA DATASET

bonbwoun dataset: CPU, GPU u Tynuku Tpaektopun

[NamAaTb Tynukun reHepauum

GPU reHepupyert batch Bce coceau yxxe noceLlueHbl
CPU xpanut bornbluon dataset TpaeKkTopus ocTaHaBNMBaETCS
[lepeHOC roToBbIX COCTOAHUNU [lpooorkaem gpyrue
ocBoboxgaet namatb GPU OOCTYIMHbIe TPpaeKTopun

OpfHa BepLUMHa rnosiydaeT OfHY METKY - 9TO ELLE HE TOYHOE KpaTyanllee paccTosiHMe

42



OAHHbIE: COFMMACOBAHHOCTb METOK

Ha y3kom nyJe pa3Huua gaHHbIX OCOOEHHO BenukKa

[Jonsa pelweHHbIX 3aga4
100%

03%
Bl
65%
B0t
0%
20%
. 1%
N CE CE-H GO

3x3x3 - 82 3agaum - W =128 - MLP



OAHHBIE: COFMMACOBAHHOCTb METOK

Ha 4x4x4 paHHble TOXXe MeHAKT ycnex noucka

=
tn

=
FN

e

S
o

=2
®
=
<
lan]
E
-
=
=
>
=
@
=¥
=
=
=
=

S
[

S
=

4096 8192
Hlupuna ayuya

43 3apaun - MLP
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MOLEJIb: KAMECTBO U CTOMMOCTb

Tpun apXUTeKTypbl BUAAT PAa3HYI0 CTPYKTYPY

MLP GNN / RGCN SA

[1Tnocknn BeKTOp CocTodaHue + coceau ToKeHbl paLeToB

= 4 MIH NapamMeTpoB = 3 MITH NapamMeTpoB = 1 MIH NapaMeTpoB

Bo Bcex cpaBHEHUAX apXUTEKTYp ucnonb3yeTtcs oanH dataset b/
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MOLEJIb: KAMECTBO U CTOMMOCTb

Self-attention cBsA3biBaeT haueTbl pa3HbIX FPaHEW

KoanposaHue

)
-8

KoanposaHue
nos3numm
Epos

4 ronosbl - d_model = 192 - okono 1 MnH napamMmeTpoB

Self-Attention Block

LayerNorm
EEE @Em-> +
LN MLP
Self-Attention Block
LayerNorm
> +
MLP
Self-Attention Block

7 LayerNorm
R EEn- ¢
MLP

Beam Search
no oueHke h(g)

' » —>h(g)

h(g)
OueHka

paccTosHUsA
[0 uenu
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MOLEJIb: KAMECTBO U CTOMMOCTb

Ha 4x4x4 BHnMmaHue noBbIlLaeT AOJI0 ycnexa

dona pelweéHHbIX 3aaav

100%

Bl 7%,

e

4o

203

O

Sk

43 3apaum - W = 8192



MOLEJIb: KAMECTBO U CTOMMOCTb

3a 3TOoT BbIUTPbIW NMPUXoaAnTCAHd NNatTnTb BpeMeHemMm

CpeaHee Bpems Ha 3apady, C

250

204,29

58.30

hALF 55

4x4x4 - 43 3apaun - W = 8192



MOLEJIb: KAMECTBO U CTOMMOCTb

BoicTpbin MLP octaBnseT 6rogxeT camoMy NMOUCKY

MLP n GNN: oguHakoBbIN ycnex, pasHoe BpeMs

ApxuTexTypa 3x:ix3 3x:ix3 4x41x4 4x41x4

W =128 W =1024 W = 4096 W = 8192
MLP 93% /0,04 100% / 0,16 51% /2,3 56% / 58,3
GNN 93% /1,3 100% / 5,31 — —
SA 98% / 0,21 100% / 0,96 53% / 3,97 74% | 204,29

B suenkax: gonsa peweHHbIX 3aga4 / cpegHee Bpems, C
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MOQAEJIb: KAHECTBO U CTOMMOCTb

Y SA meHblLUe cpeaHAasa AnHa pelleHuns

CpenHsas onnHa HaWnAEeHHOro peLleHus
RO SE.00

B 5 & & & B8 3

=i

MLP

4x4x4 - W = 8192 - oToenbHada aKkcnepuMmeHTanbHas cepus
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NMOUCK: MEPEXUBATb OLLUMBKU OLIEHKWU

Beam Search: noyemy oLeHKM HeAOCTAaTOYHO?

KoHe4HbIN nyy4 Llnknbl n nOBTOPbLI

Owmnbo4Has oLeHKa BbITECHSAET BETBb Mogenb cHoBa BblOMpaeT 3HaKomMoe

[loTepsiHHasA BETBb HE BO3BpallaeTcs BrogxeT TpaTtutcs 6e3 nporpecca
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NMOUCK: MEPEXUBATb OLLUMBKU OLIEHKWU

[lepBOE M3MEHEeHMe NoOMUCKa: NOMHUTb HEOAABHUM NYTb

s2 » 83 »

s0 > 81

Bo3BpaThbl 3anpeLleHbl

3anpeTt NoBTOPOB BOOMb TEKYLLIEN TPAEKTOPMM 3a nocriegHue k waros
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NMOUCK: MEPEXUBATb OLLUMBKU OLIEHKWU

BTopoe uameHeHue: BEpPHYTbLCA NOCIie Heyaauun

O
mobGanbHbIN 3anpeT
O O
CoxpaHEHHasa YyacTb aepesa O
O
\ o |
> OTKaT K ypOBHHK i’
\> »@

n=20

[[moGanbHbI 3anpeT XBOCcTa — OTKaT K PaHHEMY 3aTPOHYTOMY YPOBHIO — MEPECYET
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NMOUCK: MEPEXUBATb OLLUMBKU OLIEHKWU

Ha 3x3x3 nomoraroT o6a naMmeHeHuUA noumcka

JIII-BII BN JIII-BI1+1T

JIN — Beam Search

&
e

M JIlN-BI'N — nokanbHbIM 3anpeT NOBTOPOB
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32 128
HlIupuna 1yua

82 3agaun - MLP + b/
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NMOUCK: MEPEXUBATb OLLUMBKU OLIEHKWU

Ha 4x4x4 0ocob0eHHO BaXHbl MOBTOPHbLIE MOMNbLITKU

JIIN — Beam Search
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NMOUCK: MEPEXUBATb OLLUMBKU OLIEHKWU

Ha 5x5x5 cHoBa nomMmoraroT ooa mMmexaHuima

JIII-BII BN JIII-BII+HI
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32768 653536
HIupuna ayuya

JIN — Beam Search JIMN-BI'N — nokanbHbIW 3anpeT NOBTOPOB JIMN-BI+I1 — 3anpeT 1 NOBTOPHbIE MOMNbITKA
19 3apay - MLP + B[l
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PE3YJIbTAT BCEA CUCTEMbI

ECayleyPy coeanHsaeT AaHHble, MOoaesfib U MOUCK

[1aHHbIEe . Mopaenb . [Touck
b: dunkcmpoBaHHbIN dataset MLP: 6bicTpas oueHka JlokanbHaga uctopus
C corflacoBaHHbLIMW MEeTKaMU COCTOSAHUSA N NMOBTOPHbIE NOMNbITKU C
OTKaToM

basoBas koHdurypaums: ogHa MLP + HoBble bnyxgaHus + obblvHbIM Beam Search
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PE3YJIbTAT BCEA CUCTEMbI

[lons ycnexa pacTeT Ha BCeX TPEX pa3mMepax

Jonsa peweHHbIX 3aga4
120%

100%

100%

89%

Bl

0%

2%

RN Gl wd CowGuk
WwW=1024 W= 8192 W=85536

B CayleyPy (6a3oBasi KoHUrypaLms) B ECayleyPy




PE3YJIbTAT BCEA CUCTEMbI

YCTONYMBOCTb MMEET LeHY B ANNHE NYyTW

Cpe.EI,HFIFI AJIMHa pelleHuns, xoaoB
184

164

144
120

103
- 76.17 80.17

&

21.82 23.67
- I
K

LR Smefmi GmGxh

B CayleyPy (6a3oBasi KoHUrypaLms) B ECayleyPy

CpenHee no 3agavam, peLléHHbIM 0bonmMn meTogamu




OANbHEALWME METOObI U 3A0AYM

05

NanbHenwune metoabl
N 3a4auu

CayleyPy RL, GFlowNet u crneayowmnn macwitab
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OANbHEALWWE METOAbI

CayleyPy RL: oT rmyOuHbI K CTOMMOCTU NYTH

Warm-up —, ID-uenb —_, Jooby4yeHune
Random walks 1 + min hB(s’) Llenb orpaHnyeHa
MeTKa rnyouHbl k no cocegam anana3soHom [0, k]
CTOMMOCTb A0 Lenu h(e) =0 h(s) =1 + min h(s’)

[Mocne oby4yeHus nyTb cTpouT Beam Search - TOYHOCTb M JONYCTUMOCTb HE FrapaHTUPOBaHbI
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OANbHEALWWE METOAbI

CayleyPy RL: yTo paet nooby4yeHue

LRX Ha S,5: oauH ANUHHBIN anemeHT, 10 He3aBUCMMbIX 3aMyCKOB

Anoxu warm-up Anoxu DQN Hdonsa ycnexa Nyywwun nyTo
30 0 70 % 464
100 0 70 % 436
30 200 80 % 382
0 230 20 % 434

DQN nocne warm-up: 8 ycnexoB u3 10, meguaHa 402 smecto 650

Chervov n gp., CayleyPy RL - Tabnuua 6 - oguH anemMeHT S, - 10 3anyckoB Ha CTPOKY

MeaunaHa AnuvHbI

650

516

402

471
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OANbHEALWWE METOAbI

GFlowNet: cornacoBatb BEpOATHOCTU TPAEKTOPUMN

P_F: oT uenu P B: o6paTHO K Lenu

BbanaHc BeposiTHOCTEMU Perynapusauusa noTtoka
CornacoBaTb OAVH NyTb [lpeanovecTb MeHbLLE NoceLleHnn
B ABYX HanpaBneHnsx Teopema OTHOCUTCA K TOYHOMY ONTUMYMY

PelwleHune: obpaTtHas nonutuka + Beam Search - TecTbl cTatbn: Ao 3x3%3
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OANbHEALWWE METOAbI

GFlowNet: cpaBHeHue ¢ CayleyPy Cube

3%3%3: Npu Y3KOM nyde NonuTuKa Yaile npuBoAUT K Lienu

Winpuna W HNons ycnexa Hdonsa ycnexa CpenoHasa gnvHa CpeaHAsa AonuvHa
CayleyPy Cube GFlowNet CayleyPy Cube GFlowNet

1 0 % 47,1 % — —

8 0,1 % 98,4 % — —

64 68,7 % 100 % —_ 25,33

912 100 % 100 % 24,34 23,49
4096 100 % 100 % 22,44 22,42

262 144 100 % 100 % 21,15 21,24

[Mpn W = 262 144 Ha H200: GFlowNet 1,74 c; CayleyPy Cube 6,19 c
Morozov n ap., 2026 - Tabnuua 1, ctpokn ana 3x3x3 - QTM - 1000 3agay - numut 100 waros



OANbHENLUME 3A0AYU

YTO nccnepoBartb aanblLue

HoBble cpeabl

N2

Kybuku 6onbLiero pasmepa

6

ChnoO)XHbl€ rofTOBOJTIOMKHN
n gpyrme rpadbl Kanu

bonbLie pewweHUn 3a TO Xe Bpems

bornblie daueToB 1 reHepaTopoB

_ OpguHakoBoe BpeMs 1 MIMMUT NaMATH.
CnoxHee namaTb U inference

CpaBHUTb OO0 PELLUEHHbIX 3aaau
N ONWHbI HAWOEHHbIX NYTEW.

rlpOBepI/ITb oonbLIMe 3agavn, HOBbIE cpenbl N Ka4eCTBO peLueHvuZ npn O ANMHAKOBbLIX OrpaHN4YEeHUNAX
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UTOIrM

Oby4yaemasn aBpuUCTUKa U YCTONYNBBLIN NOUCK

e [HaHHbIe ) | ~@®

|
YactnyHaa nHpopmaumg

O reoMeTpun rpada

e Mopenb

OueHka coCToAHMUS,
KOTOPY MOXHO ObICTPO BbIYUCIUTD

e llouck

KOHKpEeTHbIN NyTb

N3 HECOBEPLLEHHbIX OLIeHOK 9 y
HanpgeHHbIN NyTb
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MeToabl 3BPUCTUYECKOro noncka n MallMHHOrIO
o0y4yeHuns Ans peLeHnsa roraoBosIOMOK

[Tpo Sokoban n Pushworld

AHaHUKSH A.
NNabopatopua MapkoBa



Sokoban

Hiroyuki Imabayashi, 1981
Thinking Rabbit, 1982
B Hayane — napa gecAaTkoB 3agav
Cenvac

O [OECSTKM TbICAY PYYHbIX

O MMWIINOHbI CrTEHEPUPOBAHHbIX
NP-TtpygHbin, 1996; Dor & Zwick
PSPACE-nonHbin, 1997; Culberson
[1Ba OCHOBHbIX HarnpaBneHus ans
pPeLLEHNA KOMMBOTEPOM
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Sokoban: anroputmbi

=~ 2003
@

Ken’ichiro Takahashi
starts Takaken

December 2016
o

Sokolution introduced
to the community

2007
®

Takaken —
among the leaders

November 2017
°

Sokolution
surpasses Takaken

January 2013
®

Florent Diedler
starts Sokolution

Summer 2020
°

Yaron Shoham: Festival
becomes the leader
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Sokoban: anroputmbi

=~ 2003
@

Ken’ichiro Takahashi
starts Takaken

December 2016
o

Sokolution introduced
to the community

2007
®

Takaken —
among the leaders

November 2017
°

Sokolution
surpasses Takaken

January 2013
®

Florent Diedler
starts Sokolution

Summer 2020
°

Yaron Shoham: Festival
becomes the leader

Conclusion

| worked on Sokolution
since January 2013, the
project is almost finished
because | don't want to
have a burn-out. It was
really hard to be focused
on it during the last 5
years working sometimes
until 3 a.m to debug a

new feature or waiting for

thecahpleasusetevarkyas this subject and exchange information
with Brian and Matthias.

Even if | have a lack of self-confidence, | really don't realize that |
have created the best solver of the world in the Sokoban world. |
think | am proud of me even if very few people know this domain.

That's all ! | revealed all features inside Sokolution. | hope it will
help other solvers to be more powerful and beat Sokolution :) 70
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Sokoban: anroputmbi

=~ 20N 2007 Jannarv 2012

Showing 1-1 of 1 results for author: Shoham, Yaron

Search v0.5.6 released 2020-02-24

Searching in archive cs. Search in all archives.

k Shoham, Yaron Author(s) w

© Show abstracts  Hide abstracts

Advanced Search

50w results per page. Sortresults by Announcement date (newest first) w

1. arXiv:2105.01904 [pdf, other] cs Al

Solving Sokoban with forward-backward reinforcement learning

Authors: Yaron Shoham, Gal Elidan

Abstract: Despite seminal advances in reinforcement learning in recent years, many domains where the rewards are sparse,

e.g. given only at task completion, remain quite challenging. In such cases, it can be beneficial to tackle the task both from its

beginning and end, and make the two ends meet. Existing approaches that do so, however, are not effective in the common
cenario where the strategy needed nea... ¥ More

Submitted 22 May, 2021; v1 submitted 5 May, 2021; originally announced May 2021.

Comments: To be published in SoCS 2021

ACM Class: 1.2.6;1.2.8

® ® ®
Sokolution introduced Sokolution Yaron Shoham: Festival
to the community surpasses Takaken becomes the leader

Conference on Games

Conclusion

| worked on Sokolution
since January 2013, the
project is almost finished
because | don't want to
have a burn-out. It was
really hard to be focused
on it during the last 5
years working sometimes
until 3 a.m to debug a

new feature or waiting for
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with Brian and Matthias.
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Sokoban: ML

Ynydwmm SeeA*!

e PesynbTaTbhl HE BOCNPOMN3BOOAATCS
2018 2019 2020 e Mbl Takoro He bonmca. Yo Tam ¢ kogom?

def get_f cost(self, child, g, predicted_h):

® ® o if self._use_learned_heuristic and self._use_heuristic:
) ) _ return self._w * max(predicted_h, child.heuristic_value()) + g
LTS / LevinTS DeepCubeA Curriculum-driven RL if self._use_learned_heuristic:
) . return self._w * predicted_h + g
Orseau et al. Agostinelli et al. Feng et al. if self._use_heuristic:
return self._w * child.heuristic_value() * g
return g
2023 2023 2024
L o @
LTS+CM HIPS-¢ SeeA*

Orseau et al. Kujanpéé et al. Zhao et al.
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Conclusion

| worked on Sokoban
since September 2025,
the project is almost
finished because | don't
want to have a burn-out.
It was really hard to be
focused on it during the
last 12 weeks working
sometimes until 3 a.m to

fix one more A* et
reERRpleaBIr@dRiMeReon this subject and exchange information
MEhdaariebashiSRNRtAREN.

Even if | lack self-confidence, | am now confident that removing ML
makes a Sokoban solver twenty times faster. | think | am proud of
myself, even if the other solvers remain undefeated because they
never ran.

That's all ! | revealed all features inside Sokoban ML-solvers. |

hope it will help other solvers to be more powerful and beat
CAlLAhAanrn -\
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since September 2025,
the project is almost
finished because | don't
want to have a burn-out.
It was really hard to be
focused on it during the
last 12 weeks working
sometimes until 3 a.m to

fix one more A*
reERRpleaBIr@dRiMeReon this subject and exchange information
WiheAariebanshbRNRtAIEN.-

Even if | lack self-confidence, | am now confident that removing ML
makes a Sokoban solver twenty times faster. | think | am proud of
myself, even if the other solvers remain undefeated because they
never ran.

That's all ! | revealed all features inside Sokoban ML-solvers. |

hope it will help other solvers to be more powerful and beat
CAlLAhAanrn -\



PushWorld

Google DeepMind, 2023; Kansky et al.

5 HabopoB 3agau:
o Level 0 (15.4k)
o Level 1-4 (68/74/67/14)

CornacHo DeepMind, ny4dwe Sokoban:

O pa3Hble PopMbl OOBHLEKTOB

O MOABWXHblIE NPENATCTBUSA

O nnaHupoBaHue OeUCTBUA
AcuMmnToTn4yeckn — Bce ewe Sokoban
Te ke gBa HanpaBneHus, HO HeT
cdhopMUPOBAHHbLIX COODLLECTB
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IlntepatypHbIn 0630p

e 1 article®, kak oanH n3 beHumapkon (ICML 2026)
e 2 preprints. B Deepmind doopmynunpyeTca 3agada, npoBOOATCH
aKcnepumMeHThl ¢ peluatensmm Ha C/C++ n RL-areHTamn. BTopas
cogepxunt PushWorld kak oguH n3 6eH4mapkos.
e 1 bachelor . YnyJuwatoTcd pesynbtathl RL-areHTOB.
e 1 master . Oby4yaeTca moaernb, 1 NPOU3BOAUTCS CPaBHEHUE C
ogHUM n3 C-peluatenen ns opurmHansbHom pabotsl Deepmind.

*Bblpocsia 3 master thesis
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https://arxiv.org/abs/2301.10289
https://arxiv.org/html/2511.12677v1
https://ml.rwth-aachen.de/theses/stante2024.pdf
https://ml.rwth-aachen.de/theses/hesse2025.pdf

Best-first search
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Best-first search
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Best-first search
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Best-first search
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Best-first search

S



Best-first search: root distance
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Best-first search: root distance
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Best-first search: goal distance

/
o C
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Best-first search: goal distance
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Best-first search: balance
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Best-first search: balance

S
® ©0C
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B untore

1. Dijkstra: Ha ouyepeagHoOM Liare
1. BbIDOpP argmin g(n) cpeau NMUCTLEB.
Ecnn 31O t, TO 3aKOHYUNW.
2. pobaBrneHme noToOMKOB-ITUCTBLEB N

2. A*: Ha o4yepenHowm wware /-/, HO argmin f(n).

OTkyna bepetca h?
3. WA* — Bapunauua A*, roe
f(n) :=g(n) + w * h(n)

max manh heuristic
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Mopenb

e Bxoa: mHorokaHanbHoe (C x H x W) ] ]
npeacrasrieHne coctodaHua 3agadm PushWorld

e 4 cBepToYHbIX cnoda: C—64—64—128—128, ]
aapa 3x3, aktnBauna RelLU

e = 280K napameTpoB

e Softplus ana HeoTpuuaTernbHOro npeackasaHug
4ymcna LiaroB

e (OOy4yeHme Ha aBTOpckoM gaTacete Level 0.

3agaHuga Level O
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Level 0

Algorithm Solved (13 1400) |Avg exp Avg time, s |Avg Len
A* + max 1386 960.96 0.055 11.40
A* + sum 1392 644.96 0.033 11.40
A* + nn 1380 147.82 0.126 M. 56
WA*(5) + max |1398 292.63 0.016 11.68
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Level 1

Algorithm Solved (n3 68) |Avg exp Avg time, s |Avg Len
A* + max 50 2685.51 0.172 21.10
A* + sum 53 2424.05 0.159 21.10
A* + nn 39 1059.23 0.826 21.51
WA*(5) + max |56 1861.28 0.097 22.74
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Yny4ywaem patacet
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Level 1. HanomMmuHaHue

Algorithm Solved (13 68) |Avg exp Avg time, s |Avg Len
A* + sum 53 2424.05 0.159 21.10
WA*(5) + max |56 1861.28 0.097 22.74
A* + nn 39 1059.23 0.826 21.51
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Level 1. new nn

Algorithm Solved (n3 68) |Avg exp Avg time, s |Avg Len
A* + sum 53 2433.39 0.160 20.97
WA*(5) + max |56 1595.31 0.080 22.13
A* + nn 39 1019.63 0.762 21.39
A* + new nn |45 675.42 0.583 21.21
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Qnn: manhattan exploration
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Qnn: manhattan exploration
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Qnn: manhattan exploration
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Qnn: manhattan exploration
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Qnn: manhattan exploration
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Qnn: manhattan exploration
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Qnn: manhattan exploration
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Qnn: neural exploitation
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Qnn: neural exploitation

o

SO
o
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Qnn: neural exploitation
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Level 1. Qnn u Bce-Bce-Bce

PushWorld Levell (Hesse63): solved vs. time budget

=®= QNN burst-heavy-nn - 61
601 == WA*(w=5), sum h - -l
—h— AV ; 55
- LAMA
e A* 4+ NN
50 1
O 40
@)
c
©
et
w0
£
T 301
@
>
o)
n
20 1 18
10
0
0- T T T T T T
0.01 0.05 0.25 1.25 6.25 31.25 156.25

Time budget (s)
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BbiBOAbLI

e C ML-pewaTtenamm Sokoban He Bce B nopsaake

e EcTb onaceHusa, yto PushWorld Toxe dbyaet “koHdepeHUNOHHON
nasenkon”

o [uKM pynaT
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