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Method for Search Control Based on Information Content
— Application for Singular Extension in Chess —

SHOGO TAKEUCHI,t TOMOYUKI KANEKO' and KAZUNORI YAMAGUCHTI *

In order to perform efficient search, we have improved methods for search control. Existing methods that
use difference of evaluation values but do not use the evaluation value itself. In this paper, we present a
method for margin control based on information content. We estimate a win probability by an evaluation
value, and estimate information content by the win probability, then change the margin according to the
information content. We applied this method to Singular Extension and Futility Pruning in Chess. Improve-
ment is confirmed by solving problems and by self-play.

1. 0000

000000000000 00000000000
0000000000000 00000000000
0000000000000 0000oooooon
000000000 00D00D0000oooooan
000000000 000000oooooooon
0000000 00D000ooon

00000000000000000000000
000000000000000000000000
0000000000 Singular Extension” 000 0 0O
0D00D00000000D0000o00oo0nan
0000000000 00000000000000
000000000 Futility Pruning®, ProbCut® 0O O
0000000000000 0000oooog

000000000000000oO0ooooog
0000000000000 00000000ongn
0000000000000 D00OSingular Extension O

t00o000o0ooooooa
Department of General Systems Studies, Graduate School of Arts
and Sciences, The University of Tokyo
{takeuchi,kaneko,yamaguch } @graco.c.u-tokyo.ac.jp

goooooooo 1000000000000000
00o00o000oooooooooog 4/-1500
000000000000000000000000
0,100 00000000000000000000
(1000, 1100) 00O 000000000000 O000
0000 singular 00 00000000000000
000000000000000000000000
gl000000000000000000D0000
oon

00000000000 000DO00DO000OO
0000000000000 00000o0onononon
Evaluation curve'® 0 0 00 0 00 O O O Evaluation
carve 0000000 0000O0D0O000ODOO0O
000000000000000000000000
000000000000000000000000
000000000000000000 Singular 00
000000000000000000000000
00000000000000000

000000000000 00D000D000000
00000000000 D000D000D000000n
000000000000 Evaluation curve O O OO
000000000000000000000000

_52_


denjo
Rectangle


oooooooooooo

Singular Extension 0 0000000000000
00o0oo0o0ooo0ooO0ooooOoooooooo
OO00O0oQoOoOooOoOoSsinguar000000O0OOO
ggbooboobobobobboooobobboo
gogbooboobooboooboboobobbonb
oo00oooooo0ooooooooooooooog
ooooooo0ooooooooooooooooo
oooooooooooOoooooooooOooog
ooooooooooo

O0000O0ChessDO0OOODOODOOOOOO Sin-
gular Extension, 0 0 O 0 O Futility Pruning 0 0 OO
00o0ooo0ooooO0o0ooooooOoooooooo
oo00ooooOopoooooooooo

goooooboooooboo0obooo220000
gooboo0ooo300000b00b00boboo
oo0040000000000000S000000
ooo

2. 00000

00000000000000000000000
0000000000000000000 Evaluation
Curve 00000000

000000000000 D000D00DO0000O
000000000000 O00D000DO0ooOoo
000000000000000000000020
000000000000000000000000
0000000000000000'Y 000000
00 1000000000000000000000
000000000000000000000000
0000000000000000000

21 0000

000000000000 00000000000
0000000000000 D000D0000000O
0000000000000 D0O00D0O000oOnoO
00000000000000000

2.1.1 Futility Pruning

Futility Pruning® 0 0 0000000000000
ooooooo®oooooo

0000000 1000000 (Frontier nodes) O
00000D0000000000000000000
000000000000 000000oooon
00000000000 0000000000000
0010000000000000000000000
Min-Max 00 000000000000 00000M
000000000000000000000000

oooooo0oo
O 0O0OFrontiernode 0 1 000000 (Pre-frontier
nodes) OO O0OOOOODOOQODO Extended futility
pruningd0 00 1000000 (Pre-pre-frontier nodes)
000000000000000D0O0000 Limited
razoring 100000000

2.1.2 ProbCut

ProbCut’ 0000000000000 DOOO0
000000000000000000000000
000000000000000000000000
0000000000000g

ProbCut 00 0000000000000 Multi-
ProbCut 0000 O0D0OY0

2.1.3 Multi-cut alpha-beta-pruning

Multi-cut alpha-beta-pruning? 0000000000
000On0O0000D0O0000D00DOOO00 kO (O
00000000O0)000O0O0oooo0oooooon
000000000000000000000000
000000000000000000000000
000000000000000000000000
oooo

2.1.4 Null move pruning

Null move pruning® 0 0000000000000
00000000000 000D0000000000
000000O0O00ooDoO0OoD AO0OOOOOD
000000000 f00000000000000
00000000000

2.1.5 RankCut

RankCut”’ 0 0000000000000 O000O00
Move Ordering 0 00000 COOO0OOOOOOOODO
000000000000 000000000000
000000000000 000000000000
ODOMoveOrdering 0 00 000000000000
000000000000 00D000000000On
00000000000 D000D0O00DOO0DOOn
000000000000000000000000
000000000000000000000000
000000000000000000000000
ooooooo

22 0000
000D00000000000000000000
000000000000000000000000
0000000000000 000000000000
0000000000000 D0D00000DO
221 05000000000
0500000000O0"W?0o000o00o0oog

_53_


denjo
Rectangle


00000000 o050000000000000
ooo
000000000000000 YSSO 200700
0000000000000000ooooooonO
2.2.2 Singular Extension

Singular Extension” 0 0000000000000
000000000000 00D000000000
000000000000 0000D0000000
O”Singular” 00 0000000000000OOO
oo0oOooi10000000000000O0ooo
000000000000O0O0OooooooO
00000 PVODOOO Fail-high 0000000
00000O0O0PYVOOOOOOOOOOOOOOO
0000D0000000000000OFail-high OO0
Jo000000o0o00o0o0o0oOooooooog pv
00000000000 0000000000000
ooo0o0oooon
0000000000000000000000%0
2.3 Evaluation Curve

Evaluation curve®® 0 0000000000000
oooooooo

0000000000000 0000000000
000000000000000000000000
000000000000000000000000
000000000000 000000000000
ooooo

000000000000 000000D00000
0 Evaluation curve 0 O O O Evaluation curve 00 00 O
000000000 00000000D0000000
J00000000000oOoooooO
000000000000 DooooOoooooon
00000000 Evaluation curve 0 OO 00O

3. OODOoOoooDoooooo

gooooboobooooooobobooooooDoo
gooogo
goboooooooooooboooooooooboo
obobooboooooobooobooooooooo
gooooooooooboobooooooooo
gooboobooooooooooboooooooboo
goboooooooboooobooo
gobooooooooooboooooooboooooo
oobooooooooooo
gooooooooobooooooooooDooo
gooobooooooobooooooobooooboboo
OO0O0000 EvaluationCarve 00000000 OO

Entropy

Enllropy

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Win Probability
01 000

ggboobooboboobuouobuoobobboo
gobooboboboboboboboobobbob
oooooooooooobooooooobooooono
oooooooOooOooOooooooooooooboo
oooooooOooooooooooooooooo
EvaluationCurve 000000000000 DOOODOO
O000o0o0oooooOo0o000o0oooooooon
000000o00ooooooooooon

gooooo@)ooooooOdo pOOoDOOOCD
0000000000 I = —plog(p)—(1—p)log(l—
p)0000p=0500007=10000p=0,1
ooogor=o00000

goooOoooooooboOoooooboobOO00 Singu-
lar Extension[] 0 0 0 O O Futility Pruning 0 00 00O
0000o0o0oooono

Singular Extension 0 0 0000000000000
ooooooooooooOooooooooboooono
ooooOOoo0o0o0oooOooooooooobooooo
oooooOooOooooooooOoOooopoooon
goooooopooosoobOOOOoOOOoOoOOO
0000oooOoooooo 2-IH)xMOOOODOOM
ooooooooooooono

Futility Pruning 0 0 0 0000000000000
oooboooooooooooOoboOoooooooon
oooooooooooobooOooboOooooobooooo
Oo0o0o0ooooooCoco0o0oooooooobo MO
oooI1oooobO0 IxMOOODODOOOOOO
0.5000000000000000000

J00000000D0OO000 Singular Extension, Fu-
tility Pruning 00 0000000000000 1,2,3
ggooxgoboobyboobooboboboo
oooog

_54_


denjo
Rectangle


Entropy

Entropy

2 - Entropy
18 | g

16 1

14 4

12 1

0.8 | 1

0.6 -

04 | 1

02 -

0 1 1 1 1

0 0.2 0.4 0.6 0.8 1

Win Probability
0 2 Singular Extension 0 0 0000

Enltropy

0 1 1 1 1

0 0.2 0.4 0.6 0.8 1

Win Probability
0 3 Futility Pruning 0 00000

4. O U

gooooooooooooboOooooooobooo
ooooooo

goooooooooooooooooooooo
gooooooOoOoooooooooooOooooo
gooooOoOoOoOoooooOooooooooooo
ooooooooooono

gooboooooooooooboooobooooboo
ooooooooono

0000000000 Singular Extension O Fautility
Pruning000O0DODOOOOOO

oo0o0oooooooooooooooooon
Crafty® (version. 20.14,19.9) 0 0 0 O O O Singular Ex-
tension(SE) 00 O 00O 00O OO Singular Extension [
0oo0D0O00 version 19.9 O OFutility Pruning(FP) O

O000000000D0000 version20.140000
0 00 O OSingular Extension O Fautility Pruning O 0O O
0000000000 (SE+FP) O 0O OFutility Pruning
OO000000D0 version 20.14 O Singular Extension
ggobooboooobobood

obooooOoocoooood CPU opteron 2.4GHz,
ooog8GBOOOO

41 Crafty0O0 QO Q00O

Crafty 0 O O O Singular extension, Futility pruning,
o0oooooooooooooon

Singular extension D 0000 « 0O0OO0OO0ODOO
a—MOOOODOODOOOOO null-window O 0O 0O
O00a—MOOOOOO 10000 singular 00
OO0000000O0Osingular00000COOOO
goboobooooobooooboob7s0bboO0oooOon

0 O O Fatility pruning O O O O O O Extended futility
pruning, Limited razoring 0 O 0O 0 O O O Crafty O O
Futility pruning, Extended futility pruning 1 0 0 00O O
Bishop OO OOODO 150 00000 0ODOOExtended
futility pruning 0 0 000000000 O0OCODOO
0000000 Limited razoring O 00 0 OO Queen
ooooOOoOo4so000000OD0O0000D0OODO
ooooo

00 0OCrafty 0 0 000 Futility Pruning J Extended
Futility Pruning 0 0 00000000000 0DODODO
00000000 Futility Pruning 00000000
Extended Futility Pruning O O OO0 OO0

goooooooooooooboOoooboobooooboon
oooooooooooooOoOoOoOoooooooon
O0OO0OO0OO0000Futlity Pruning000000O00OO
0O WAC-080 2981 00000000000CO0OOO
oopooobO30210000000000000000
oooooooo

4.2 Evaluation Curve

J000000000DO0O0D0ODO0OEvaluation
curve 1O OO0

Crafty 000 O0OOOOOOOO Evaluation curve
00400000000 International Correspondence
Chess Federation ICCF?0) 000 4595500000
ooooooooooooOOoOoOoboOoooooooo
00000o0oO0o0oooooooo 1000 Pawn1 O
00o0oooooo

gooooooOoooooogo2wCc0o0ooo
—2000000C0000000000000000

o ftp://ftp.cis.uab.edu/pub/hyatt/

no http:/iccf.com/

_55_


denjo
Rectangle


Win Probability

Crafty =—
Estimated =====-
0.5 -

08

0.6 |

0.4

02

0 L L L L L L

-800 -600 -400 -200 0 200 400 600 800

Evaluation Value
0 4 Crafty 0 Evaluationcurve, X 00000, YOOOOOOO
gooooooooooboooo

goboobobooobooboobobboboo
0o0ooooooooooooooo
goooooooooooopoOooooooooOo
OO0 vVoOoO 1/(14exp(—axV))DOooooag
a = 0.007434035 U 0 O 0O O O O O Evaluation Curve
o0ooooooo0ooOoooooooooooooo
oood

43 0 OOODO
joooo0oooooooooooooooooo
goooooooboooobobog

431 0 0O O
gooooooOooooooooOooOoooooo
oooopoUoOooopooooooooooooooo
ooooO0oO0oOoUo0ooooUoUoooooooooo
ooooOooooUooooooOoooooooooo
0oooOoOoOooOooooooooOoooooooo
O0o0ooooooooOooooooooooooo
oooogd

oooog

e Encyclopedia of Chess Middlegames (ECM, 879 O )
e Win At Chess (WAC, 300 O)

e 1001 Winning Chess Sacrifices (WCS, 1001 O)
030000000000000oo g, 1012000
000000000000 000000O0O0 Extended
Futility Pruning, RankCut 0O 0000000 0O0OO
ood

w, w/o 0 with,without 0 0 00000000000
0000000000000 00000000OEn-
tropy 00000000000 ODOOODOOOOOO
ggoboooobooobboobo

01 00000000: Singular Extension (w/o SE - SE)

Test w/o SE w SE
Suite #Nodes #Solved ANodes ASolved
ECM-08 1,390,338,123 475/ 879 +11.60% 0.00%
ECM-10 11,340,788,040 529/879 +20.71% +0.95%
ECM-12 37,575,128,546 560 /879 +11.86% -0.71%
WAC-08 175,954,826 288 /300 +14.74% 0.00%
WAC-10 1,352,623,681 294 /300 +23.42% -0.34%
WAC-12 6,906,672,553 297 /300 +22.90% -1.01%
WCS-08 1,021,967,599 | 698 /1001 +11.55% +0.14%
WCS-10 8,663,084,038 | 712/1001 +18.80% 0.00%
WCS-12 31,959,667,685 | 719/1001 +14.71% -0.56%
Sum-08 2,588,260,548 1461/218 +11.79% +0.07%
Sum-10 | 21,356,495,759 | 1535/218 +20.11% +0.26%
Sum-12 76,441,468,784 | 1576/218 +14.05% -0.70%

02 0000000O00O0: Singular Extension(w SE - Entropy)

Test w SE Entropy

Suite #Nodes #Solved ANodes | ASolved
ECM-08 1,551,587,534 47517879 -6.38% 0.00%
ECM-10 13,689,686,672 5347879 -12.57% -1.12%
ECM-12 42,032,576,831 556/879 -5.58% +0.36%
WAC-08 201,896,436 288 /300 -5.77% 0.00%
WAC-10 1,669,473,552 293 /300 -11.32% +0.34%
WAC-12 8,488,615,843 294 /300 -12.14% +0.68%
WCS-08 1,139,972,611 699 /1001 -6.78% -0.29%
WCS-10 10,291,408,740 712 /1001 -11.16% -0.14%
WCS-12 36,661,180,592 71571001 -7.36% +0.42%
Sum-08 2,893,456,581 1462 /2180 -6.50% -0.14%
Sum-10 || 25,650,568,964 | 1539/2180 -11.92% -0.39%
Sum-12 87,182,373,266 | 1565/2180 -6.97% +0.45%
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[1 3 [O0000: Singular Extension
w/o SE w SE
w SE 24-17-59 -
Entropy 36-7-57 29-9-62

06 [ILILICL: Futility Pruning
w FP
Entropy 19-26-55

04 000000O0QDO: Futility Pruning (w/o FP - FP)

07 000O0D0OO0O:SE+FP(w/oSE+FP-wSE +FP)

Test w/o FP w FP Test w/o SE + FP w SE + FP
Suite #Nodes #Solved ANodes ASolved Suite #Nodes #Solved ANodes ASolved
ECM-08 632,190,700 501/879 -29.78% -1.42% ECM-08 632,190,700 501/879 -3.86% -0.80%
ECM-10 4,500,660,999 596 /879 -29.04% -0.51% ECM-10 4,500,660,999 596 /879 +5.58% -0.50%
ECM-12 22,895,014,278 651/879 -21.97% +0.61% ECM-12 22,895,014,278 651/879 +13.90% -0.31%
WAC-08 109,534,425 280 /300 -26.11% -0.36% WAC-08 109,534,425 280 /300 -0.72% +0.71%
WAC-10 835,304,414 292 /300 -39.16% +0.34% WAC-10 835,304,414 292 /300 -2.67% +0.34%
WAC-12 3,786,819,695 293 /300 -17.85% 0.00% WAC-12 3,786,819,695 293 /300 +29.87% -0.34%
WCS-08 558,172,051 840 /1001 -24.03% -0.24% WCS-08 558,172,051 840 /1001 +9.32% 0.00%
WCS-10 4,459,338,290 854 /1001 -28.37% +0.12% WCS-10 4,459,338,290 854 /1001 +2.33% +0.70%
WCS-12 18,900,396,508 862 /1001 -16.90% +0.46% WCS-12 18,900,396,508 862 /1001 +14.98% +0.81%
Sum-08 1,299,897,176 1621/2180 -26.94% -0.62% Sum-08 1,299,897,176 | 1621/2180 +2.06% -0.12%
Sum-10 9,795,303,703 1742 /2180 -29.53% -0.06% Sum-10 9,795,303,703 1742 /2180 +3.40% +0.23%
Sum-12 45,582,230,481 1806 /2180 -19.48% +0.44% Sum-12 45,582,230,481 1806 /2180 +15.68% +0.22%

0 5 00000000: Futility Pruning (FP - Entropy)

Test w FP Entropy
Suite #Nodes #Solved ANodes | ASolved
ECM-08 487,116,160 494 /879 -0.53% +0.61%
ECM-10 3,487,887,652 593 /879 -1.64% -1.01%
ECM-12 18,770,555,896 6557879 -9.73% -1.07%
WAC-08 86,857,841 279 /300 -0.83% 0.00%
WAC-10 600,246,973 293 /300 -1.27% 0.00%
WAC-12 3,213,249,623 293 /300 -10.86% 0.00%
WCS-08 450,039,990 838 /1001 -0.72% -0.12%
WCS-10 3,473,919,274 855/1001 -2.48% +0.23%
WCS-12 16,167,663,022 866 /1001 -12.87% -0.35%
Sum-08 1,024,013,991 1611/2180 -0.64% +0.12%
Sum-10 7,562,053,899 1741 /2180 -1.99% -0.23%
Sum-12 38,151,468,541 1814 /2180 -11.15% -0.55%
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0O000000D0: SE+FP (w SE + FP - Entropy)

Test w SE + FP Entropy
Suite #Nodes #Solved ANodes ASolved
ECM-08 607,806,892 497/ 879 -2.69% +1.41%
ECM-10 4,751,758,956 593/879 -3.63% -0.84%
ECM-12 26,078,173,367 649 /879 -16.24% -0.92%
WAC-08 108,743,461 282 /300 -1.08% 0.00%
WAC-10 813,012,471 293 /300 -1.65% -0.68%
WAC-12 4,917,978,022 292 /300 -17.02% -0.34%
WCS-08 610,173,398 840/ 1001 -5.44% +0.36%
WCS-10 4,563,162,991 860/ 1001 -8.64% -0.12%
WCS-12 21,731,433,547 869 /1001 -14.78% -0.46%
Sum-08 1,326,724,251 1619/2180 -3.83% +0.62%
Sum-10 10,127,934,418 | 1746/2180 -5.73% -0.46%
Sum-12 52,727,584,936 | 1810/2180 -15.71% -0.61%
09 OO00:.SE+FP
w/o SE w FP w SE+ FP
Entropy 26 -35-39 22-26-52
ooooooa
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