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Linear Clobber

Clobber invented in 2001 by Michael Albert et al.
Black/White stones, empty spaces: mmo_oO

Black can move to: m_m O

White can move to: mo__ O

Must clobber an opponent stone! lllegal White move: mmoo_
Breaks into subgames frequently: somc_mmo = momo + mmDo
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Conjectures

e Notation: (wo)*3 = momomo

e Albert et al. made 2 conjectures about linear Clobber:
o (mo)nis a first player win for n I= 3
m Verified for n <= 19
m  We verify for n <= 50
o (mmo)*n=1L(n+1)211
m Verified for n <= 17
m  We verify for n <= 28

e Chen et al. recently proposed a proof of (mo)*n conjecture
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Transposition Table

e 64 bit Zobrist hashes

e 4 way set associativity
o Replacement policy

e Contents of 1 entry:
o Win/loss
o Heuristic value, “best” move
o Age, depth (for replacement policy)
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Database (DB)

e Represents all games up to length 16
o Al 3M6 = 43,046,721 games
o Uses only 866,924 entries (~2% of all boards)

e Entry contents:

o Outcome class (L, R, P, N)

m >0,<0,=0,20

o Lower/upper bounds along 2 scales: [-311, 311] and [-311*, 311%]

Nondominated moves for each player
m  Among equal moves, only the “simplest” option is kept

Complexity score
Simplest (nondominated) move
Link to SEG (Simplest Equal Game)
The board itself

(@)

o O O O
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Complexity Score

@ Non-strictly-
dominated move

@ sStrictly-
dominated move

ololoNoNe
90
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CS3(G) = CS4(G)=4
e G1 may replace G2 during search if:
o G1is simpler than G2: CS(G1) < CS(G2)
o AND G1 comes before G2 in the database
m To prevent cycles
o Adatabase entry contains the simplest such game, if it exists



Sum Simplification



Sum Simplification

EEEEEEEEEEREEREREEN] (100000000000000080 A SSSSEEEEEEEEEEEn
HOECOED mEOmOomOo00odd_ mmclim mS SR EE(EEEf0tiosets



Sum Simplification

| _ Top row not
1. Set aside large subgames (those not in DB) in DB

EEEEEEEEEEREEREREEN] (100000000000000080 A SSSSEEEEEEEEEEEn <
HOECOED mEOmOomOo00odd_ mmclim mS SR EE(EEEf0tiosets



Sum Simplification

| _ Top row not
1. Set aside large subgames (those not in DB) in DB

<

EEEEEEEEEEREEREREEN] (100000000000000080 A SSSSEEEEEEEEEEEn
HOECOED mEOmOomOo00odd_ mmclim mS SR EE(EEEf0tiosets

2. Using DB, delete single P positions (= 0)



Sum Simplification

| _ Top row not
1. Set aside large subgames (those not in DB) in DB

<

EEEEEEEEEEREEREREEN] (100000000000000080 A SSSSEEEEEEEEEEEn
HOECOED mEOmOomOo00odd_ mmclim mS SR EE(EEEf0tiosets

— P position

2. Using DB, delete single P positions (= 0)



Sum Simplification

| _ Top row not
1. Set aside large subgames (those not in DB) in DB

EEEEEEEEEEREEREREEN] (100000000000000080 A SSSSEEEEEEEEEEEn -
HOECOED mEOmOomOo00odd_ mmclim mS SR EE(EEEf0tiosets

— P position
2. Using DB, delete single P positions (= 0)
ENEEEEEEEEEREREEERD] (10O0O000000000000008 SSSSEEEEEEEEEEEER
HOROEROO0O00 MECCOE EHCOE SRR EECEEEcoormcs



Sum Simplification

1. Set aside large subgames (those not in DB)

EEEEEEEEEEREEREREEN] (100000000000000080 A SSSSEEEEEEEEEEEn
HOECOED mEOmOomOo00odd_ mmclim mS SR EE(EEEf0tiosets

— P position
2. Using DB, delete single P positions (= 0)

ENEEEEEEEEEREREEERD] (10O0O000000000000008 SSSSEEEEEEEEEEEER
HOROEROO0O00 MECCOE EHCOE SRR EECEEEcoormcs

3. Sort remaining subgames in order of decreasing length

Top row not
in DB

<



Sum Simplification

1. Set aside large subgames (those not in DB)

EEEEEEEEEEREEREREEN] (100000000000000080 A SSSSEEEEEEEEEEEn
HOECOED mEOmOomOo00odd_ mmclim mS SR EE(EEEf0tiosets

— P position
2. Using DB, delete single P positions (= 0)

ENEEEEEEEEEREREEERD] (10O0O000000000000008 SSSSEEEEEEEEEEEER
HOROEROO0O00 MECCOE EHCOE SRR EECEEEcoormcs

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

Top row not
in DB
¢




Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

4. Replace sums of 3+ (using sliding window of length 16)



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

EEEEEC] EE(N NN - (EEEN
4. Replace sums of 3+ (using sliding window of length 16)



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

EEEEEC] EE(N NN - (EEEN
4. Replace sums of 3+ (using sliding window of length 16)

EENEEEEEEEREEREREEN] (10000000000000008 A SSSSEEEEEEEEEEEn
ENCEERCO0O0NCOR mOeOR0O0O0000 O-raEn



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

EEEEEC] EE(N NN - (EEEN
4. Replace sums of 3+ (using sliding window of length 16)

EENEEEEEEEREEREREEN] (10000000000000008 A SSSSEEEEEEEEEEEn
ENCEERCO0O0NCOR mOeOR0O0O0000 O-raEn

5. Replace pairs



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

EEEEEC] EE(N NN - (EEEN
4. Replace sums of 3+ (using sliding window of length 16)

EENEEEEEEEREEREREEN] (10000000000000008 A SSSSEEEEEEEEEEEn
ENCEERCO0O0NCOR mOeOR0O0O0000 O-raEn

. EORORO0000 ONEEE — E00EOSEEN
5. Replace pairs



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

EEEEEC] EE(N NN - (EEEN
4. Replace sums of 3+ (using sliding window of length 16)

EENEEEEEEEREEREREEN] (10000000000000008 A SSSSEEEEEEEEEEEn
ENCEERCO0O0NCOR mOeOR0O0O0000 O-raEn

. EORORO0000 ONEEE — E00EOSEEN
5. Replace pairs

ENEEEEEEEEEREEREEER0] (10O000000000000002 SSSSEEEEEEEEEEEER
EERCEERCO00C0NCONR EOC0ECOAEER



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

EEEEEC] EE(N NN - (EEEN
4. Replace sums of 3+ (using sliding window of length 16)

EENEEEEEEEREEREREEN] (10000000000000008 A SSSSEEEEEEEEEEEn
ENCEERCO0O0NCOR mOeOR0O0O0000 O-raEn

. EORORO0000 ONEEE — E00EOSEEN
5. Replace pairs

ENEEEEEEEEEREEREEER0] (10O000000000000002 SSSSEEEEEEEEEEEER
EERCEERCO00C0NCONR EOC0ECOAEER

6. Replace singles



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

EEEEEC] EE(N NN - (EEEN
4. Replace sums of 3+ (using sliding window of length 16)

EENEEEEEEEREEREREEN] (10000000000000008 A SSSSEEEEEEEEEEEn
ENCEERCO0O0NCOR mOeOR0O0O0000 O-raEn

. EORORO0000 ONEEE — E00EOSEEN
5. Replace pairs

ENEEEEEEEEEREEREEER0] (10O000000000000002 SSSSEEEEEEEEEEEER
EERCEERCO00C0NCONR EOC0ECOAEER

6. Replace singles ENCOEERO000RCE = OOOROEO



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

EEEEEC] EE(N NN - (EEEN
4. Replace sums of 3+ (using sliding window of length 16)

EENEEEEEEEREEREREEN] (10000000000000008 A SSSSEEEEEEEEEEEn
ENCEERCO0O0NCOR mOeOR0O0O0000 O-raEn

. EORORO0000 ONEEE — E00EOSEEN
5. Replace pairs

ENEEEEEEEEEREEREEER0] (10O000000000000002 SSSSEEEEEEEEEEEER
EERCEERCO00C0NCONR EOC0ECOAEER

6. Replace singles ERCEEEOOCCECE = OOOROEO
EEEEEEEEEEEEEEEEC] O000000000000000 SSSSSSSEEEEEEEEEE
mimiul =] s} == [s[ T 11



Sum Simplification (Continued)

3. Sort remaining subgames in order of decreasing length

EEEEEEEEEEEEREREEND] (10O000000000000000 SSSSEEEEEEEEEEEEn
ENCEERCO0O0NCOR mOEORO0000 SEEEE0] EECO0O8 =m0

CS4: 5409 -> 8

EEEEEC] EE(N NN - (EEEN
4. Replace sums of 3+ (using sliding window of length 16)

EENEEEEEEEREEREREEN] (10000000000000008 A SSSSEEEEEEEEEEEn
ENCEERCO0O0NCOR mOeOR0O0O0000 O-raEn

CS4: 52434 -> 80

EORORO0000 ONEEE — E00EOSEEN

5. Replace pairs

ENEEEEEEEEEREEREEER0] (10O000000000000002 SSSSEEEEEEEEEEEER
EERCEERCO00C0NCONR EOC0ECOAEER

CS4: 32747 -> 16

6. Replace singles ERCEEEOOCCECE = OOOROEO
EEEEEEEEEEEEEEEEC] O000000000000000 SSSSSSSEEEEEEEEEE
mimiul =] s} == [s[ T 11



Sum Simplification (Continued)
6. Replace singles

ENEEEEEEEEEREREEERD] (1O000000000000008 SSSSEEEEEEEEEEEER
mimim) |m} |mgy [mim] s ]} |



Sum Simplification (Continued)
6. Replace singles

ENEEEEEEEEEREREEERD] (1O000000000000008 SSSSEEEEEEEEEEEER
mimim) |m} |mgy [mim] s ]} |

/. Now also consider previously set aside games.



Sum Simplification (Continued) Resume

: considering
6. Replace singles top row
ENEEEEEEEEEREREEERD] (1O000000000000008 SSSSEEEEEEEEEEEER 4‘

mimim) |m} |mgy [mim] s ]} |

/. Now also consider previously set aside games.



Resume
considering
top row

Sum Simplification (Continued)
6. Replace singles

ENEEEEEEEEEREREEERD] (1O000000000000008 SSSSEEEEEEEEEEEER 4
mimim) |m} |mgy [mim] s ]} |

/. Now also consider previously set aside games.

8. Delete subgames with no moves, and pairs of visually identifiable inverses



Resume
considering
top row

Sum Simplification (Continued)
6. Replace singles

ENEEEEEEEEEREREEERD] (1O000000000000008 SSSSEEEEEEEEEEEER 4

mimim) |m} |mgy [mim] s ]} | \

/. Now also consider previously set aside games. No moves

8. Delete subgames with no moves, and pairs of visually identifiable inverses



Resume
considering
top row

Sum Simplification (Continued)
6. Replace singles

ENEEEEEEEEEREREEERD] (1O000000000000008 SSSSEEEEEEEEEEEER 4

mimim) |m} |mgy [mim] s ]} | g + (_g) =0 \

/. Now also consider previously set aside games. No moves

8. Delete subgames with no moves, and pairs of visually identifiable inverses



Resume
considering
top row

Sum Simplification (Continued)
6. Replace singles

ENEEEEEEEEEREREEERD] (1O000000000000008 SSSSEEEEEEEEEEEER 4

mimim) |m} |mgy [mim] s ]} | g + (_g) =0 \

/. Now also consider previously set aside games. No moves

8. Delete subgames with no moves, and pairs of visually identifiable inverses
OO00OmOEd0 _m0O0ECEEEn



Resume
considering
top row

Sum Simplification (Continued)
6. Replace singles

ENEEEEEEEEEREREEERD] (1O000000000000008 SSSSEEEEEEEEEEEER 4

mimim) |m} |mgy [mim] s ]} | g + (_g) =0 \

/. Now also consider previously set aside games. No moves

8. Delete subgames with no moves, and pairs of visually identifiable inverses
OO00OmOEd0 _m0O0ECEEEn

9. Convert to normal form



Resume
considering
top row

Sum Simplification (Continued)
6. Replace singles

ENEEEEEEEEEREREEERD] (1O000000000000008 SSSSEEEEEEEEEEEER 4

mimim) |m} |mgy [mim] s ]} | g + (_g) =0 \

/. Now also consider previously set aside games. No moves

8. Delete subgames with no moves, and pairs of visually identifiable inverses
OO00OmOEd0 _m0O0ECEEEn

9. Convert to normal form
IDDIDIIII_DDDIDID



Search Algorithm



Search Algorithm

1.  Simplify board



Search Algorithm

1.  Simplify board
2. Check database, then transposition table



Search Algorithm

1.  Simplify board
2. Check database, then transposition table
3. Try outcome class and bounds to solve



Search Algorithm

Simplify board

Check database, then transposition table
Try outcome class and bounds to solve
Speculative subgame removal

A\



Search Algorithm

Simplify board
Check database, then transposition table
Try outcome class and bounds to solve

Speculative subgame removal
o For subgame Gi with certain known outcome classes, try to solve G - Gi instead

A\



Search Algorithm

Simplify board
Check database, then transposition table
Try outcome class and bounds to solve

Speculative subgame removal
o For subgame Gi with certain known outcome classes, try to solve G - Gi instead

5. Generate and play moves

A\



Search Algorithm

Simplify board
Check database, then transposition table
Try outcome class and bounds to solve

Speculative subgame removal
o For subgame Gi with certain known outcome classes, try to solve G - Gi instead

5. Generate and play moves
o Move ordering informed by:

A\



Search Algorithm

Simplify board
Check database, then transposition table
Try outcome class and bounds to solve

Speculative subgame removal
o For subgame Gi with certain known outcome classes, try to solve G - Gi instead

5. Generate and play moves
o Move ordering informed by:
m  Outcome classes

A\



Search Algorithm

Simplify board
Check database, then transposition table
Try outcome class and bounds to solve
Speculative subgame removal
o For subgame Gi with certain known outcome classes, try to solve G - Gi instead

5. Generate and play moves
o Move ordering informed by:

m  Outcome classes
m DB “simplest moves”

A\



Search Algorithm

Simplify board
Check database, then transposition table
Try outcome class and bounds to solve

Speculative subgame removal
o For subgame Gi with certain known outcome classes, try to solve G - Gi instead

5. Generate and play moves
o Move ordering informed by:
m Outcome classes
m DB “simplest moves”
m Heuristic “best moves”

A\



Search Algorithm

Simplify board
Check database, then transposition table
Try outcome class and bounds to solve

Speculative subgame removal
o For subgame Gi with certain known outcome classes, try to solve G - Gi instead

5. Generate and play moves
o Move ordering informed by:
m Outcome classes
m DB “simplest moves”
m Heuristic “best moves”
m Middle of subgames

A\



Ablation: Substitution

Time vs Test Number

1001 + Default A**
4 No Substitute ):*
80 1 A
A
w
©
5 60 g
9 f*‘
Q 40 X
E o
I—
o
20 -
y Yo
0 mmmmvw e
20 40 60 80 100

Test Number (sorted by increasing max time)
length=58



Ablation: Complexity Score (CS4 vs CS3)
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Ablation: Prune Dominated Moves
Time vs Test Number
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Ablation: Iterative Deepening
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13 -> right
e Fromnton+1->~1.6xtime
e Solve only for Black

(mo)*9 = previous record

EOROECOROROECONCORORCONCORORONCORORORCORORORCO

0.084 seconds on clean start!

(mo)*50 = new record

Log time (seconds)

XO solve time vs pair count

10 20 30 40
# pairs

50




XO solve time vs pair count

Verifying (mo)*n Conjecture
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Verifying (mo)*n Conjecture
41 o
e Transposition table not cleared &
between runs 5 2
e 4*2/29 table entries &
e Root node plays hardcoded move: £ ° . G0
13 -> right 3, 5 A
e Fromnton+1->~1.6xtime "o
e Solve only for Black —a ® e’ |
0 10 20 i pairs30 40 50
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Verifying (mmo)*n Conjecture

Transposition table not cleared
between runs
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XXO solve time vs XXO group count

s A : .
Verifying (mmo)*n Conjecture
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SEGClobber Download

e https://qithub.com/tfolkersen/SEGClobber
e MIT license
e Thanks for listening!
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