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Maverick

e My Othello Al program, Maverick
o Based on AlphaBeta search
o Perfect end game search for final 24 layers
o  Opening book

e There is a trade-off between speed and accuracy.

AlphaBeta MCTS AlphaZero
Speed (nodes/s) 10,000,000 100,000 1,000
Accuracy Low High
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Sequential

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask
empty = ~(black | white)

t = (black >> 1) & m
t|=(t>>1)&m
t|=(t>>1) &m
t|=(t>1)&m
t|=(t>>1)&m
t|=(t>>1)&m
actions |= (t >> 1) & empty
9
Sequential
Ox7e7e7e7e7e7e7e7
-
mask = Ox7e7e7e7e7e7e7e7e (T I T T I11T1]
m = white & mask
oxeeffffffffffffoo
Ox007e7e7e7e7e7e060

VNN




Sequential

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) & m
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Sequential

L]o o

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) & m
t|=(t>>1)&m
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Sequential

oIXXXXXY

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) & m

t I= (t >> 1) &m
t|=(t>>1)&m
t|=(t>>1)&m
t|=(t>>1)&m
t|=(t>>1)&m
13
Sequential

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) &m

t>> 1) &
t>> 1) &
t>> 1) &
t>>1) &
t
s

+ A+ttt
_————
TR TR TR
333 3 3

>> 1) &

(
(
(
(
(
n = (t >> 1) & empty

actio
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Sequential

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask
empty = ~(black | white)

t = (black >> 1) & m

t|=(t>>1)&m

t|=(t>>1)&m

t|=(t>1)&m

t|=(t>>1)&m

t|=(t>>1)&m

actions |= (t >> 1) & empty
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Sequential

[Jo o

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) & m

t>> 1) &
t>> 1) &
t>> 1) &
t>> 1) &
t
s

+ A+ttt
_————
TR TR TR
3 33 3 3

>> 1) &

(
(
(
(
(
n = (t >> 1) & empty

actio
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Sequential

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) &m

t T: (t>>1) &m

t|=(t>>1) &m

t|=(t>>1)&m

t|=(t>1)&m

t|=(t>>1)&m

actions |= (t >> 1) & empty

17
Sequential
®

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
>> 1) &m

(t >>1) &
(t >>1) &
(t >> 1) &
(t >>1) &
(
n

+
|
—~
O
=
[o}]
(@]
=

33 3 3 3

t>> 1) &
s |= (t >> 1) & empty

x8 directions
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Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask
empty = ~(black | white)

t = black | ((black >> 1) & m)

m= (m>> 1) &m

t|=(t>>2)&m

m= (m>>2) &m

t |=(t>>4)&m

actions |= ((t & white) >> 1) & empty

19

Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)
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Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)

t |=(t>2)&m
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Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)

t|=(t>>2)&m

t|=(t>>4)&m

22




Kogge-Stone

oIXXXXXY

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)

t |=(t>2)&m

t|=(t>>4)&m
(t & white)
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Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)

t|=(t>>2)&m

t|=(t>>4)&m
actions |= ((t & white) >> 1) & empty
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Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)
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Kogge-Stone
Bl O

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)

t|=(t>>2)&m
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Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)
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Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)
m (m>> 1) &m
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Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

empty = ~(black | white)

t = black | ((black >> 1) & m)
m= (m>> 1) &m
t|=(t>>2)&m

29

Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask
empty = ~(black | white)

t = black | ((black >> 1) & m)
m= (m>> 1) &m
t|=(t>>2)&m
m= (m>>2) &m

30




Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty =
t

m= (m
t |= (t
m= (m
t |= (t

~(black | white)

= black | ((black >> 1) & m)

>> 1) &m
>> 2) &m
>> 2) &m
>> 4) & m
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Kogge-Stone

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask
empty = ~(black | white)

t =

m= (m
t |= (t
m= (m
t |= (t
actions

black | ((black >> 1) & m)

>> 1) &m

>> 2

)
>> 2)
)
(

Q0 Q0 Qo
3 3 3

>> 4

|= ((t & white) >> 1) & empty

x8 directions

32




Hybrid

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) & m

t|=(t>>1)&m
m= (m>> 1) &m o
t |= (t >>2)&m x8 directions
t|=(t>>2)&m
actions |= (t >> 1) & empty
33
Hybrid

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) & m
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Hybrid

o

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) & m
t|=(t>>1)&m

35

Hybrid

Beooo

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) & m
t|=(t>>1)&m

m= (m>> 1) &m
t|=(t>>2)&m

36




Hybrid

oIXXXXXY

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) & m

t I= (t >> 1) &m
m= (m>> 1) &m
t|=(t>2)&m
t|=(t>>2)&m
37
Hybrid

mask = Ox7e7e7e7e7e7e7e7e
m = white & mask

empty = ~(black | white)
t = (black >> 1) &m

t|=(t>>1)&m
m= (m>> 1) &m
t|=(t>>2)&m
t|=(t>>2)&m

actions |= (t >> 1) & empty

38




Comparison

<Sequential> <Hybrid> <Kogge-Stone>
mask = @x7e7e7e7eTeTeTele mask = Ox7e7e7e7e7e7e7e7e mask = @x7e7e7e7e7e7e7e7e
m = white & mask m = white & mask m = white & mask
empty = ~(black | white) empty = ~(black | white) empty = ~(black | white)
t = (black >> 1) & m t = (black >> 1) &m t = black | ((black >> 1) & m)
t|=(t>1)&m t|=(t>1)&m m= (m> 1) &m
t]=(t>>1)&m m= (m> 1) &m t|=(t>>2)&m
t|=(t>1)&m t |=(t>>2)&m m= (m>2)&m
t = (t>> 1) &m t|=(t>2)&n t|=(t>4)&m
t|=(t> 1) &m actions |= (t >> 1) & empty actions |= ((t & white) >> 1) & empty
actions |= (t >> 1) & empty
Operator
Extra variables
& | >>

Sequential 7 6 7 t

Hybrid 6 4 6 t,m

Kogge-Stone 7 4 6 t, m 39

Assembly: MMX

e Generate actions in CPU without cache

40




Assembly: AV X2

Bia = AAERRRE e

e-

Emfd\ﬁ?

Eﬁ% S E AT BB AARERKZE - A2
EMEZMANATIRBRET  ATNRESFER
B UERBTHIVESHREMNCRIESERE - M
AR TMMXIES -

R FEERENSBRMNEREHNTAVXNEZE
£ - BR—EHEETintel s BN EIRRE » BK
BABHRREE () - 2R » EABE
BEBAVXIE?

bok%3A978-1-4

| GEX

BRAMESBNRA  ERNEQESE  $2573 -
BRI EHHAE L5 ERIRMMXAISSE
RRAIAVX > B R B —RIEE -

HECHEAREEEMNES > ANHREANES  FHEH
EAARE -

Bt - BT B R SIERE P A M BRI - WATGERAR
THE -

BEHNRERHNBEANESESHEITRERFE  PLESERN

B BERAFBHE -

et RETMENEMEE - BB LROESEERRBRAR
@& ror = 41
Learning...

Modern X86
Assembly
Language

Programming

32-bit, 64-bit, SSE, and AVX

Apress

685 pages

intel)

Intel® 64 and IA-32 Architectures
Software Developer’s Manual

Combined Vol
1,2A 28, 2C 3A 38 and 3C

3603 pages

42



User
矩形


Kogge-Stone with AV X2

Compute 4 directions at the same time

What is AVX27?

43

Advanced Vector Extensions (AVX)

AVX are extensions to the x86 instruction set architecture for microprocessors
from Intel and AMD.

For example,
{ 11 +43 =54
63 + 36 = 99

&

1163 + 4336 = 5499

44




Kogge-

Stone with AV X2

Compute 4 directions at the same time

mask = (0x007e7e7e7e7e7e00, 0x007e7e7e7e7e7€00,
Oxoffffffffffffoo, Ox7e7e7e7e7e7e7e7e)

shiftl = (9, 7, 8, 1)

shift2 = (18, 14, 16, 2)

shift4 = (36, 28, 32, 4)

empty = ~(black | white)

black = (black, black, black, black)

white = (white, white, white, white)

m = white & mask

t = black | ((black >> shift1) & m)

m= (m > shift1) & m

t |= (t >> shift2) & m

m = Em >> shiftzg & m x2 for <<and >>

t |= (t >> shift4) & m

actions |= ((t & white) >> shift1) & empty 45

Reverse

Other othello programs

46




Reverse

Other othello programs

Look up a table: 64 * 4 * 378

47

Reverse

mx

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask

t = black | ((black >> 1) & m)
mr = (mr>> 1) & mr

t |= (t >>2) &mr

mr = (mr>> 2) & mr

t |=(t >> 4) &mr

a = action | ((action << 1) & m)

ml = (ml<< 1) & ml
a |=(a=<<2)&ml
ml = (ml<< 2) & ml

a |=(a<<4) &ml

48




Reverse

mask = Ox7e7e7e7e7e7e7e7e

m = white & mask
t = black | ((black >> 1) & m) a = action | ((action << 1) & m)
mr = (mr>> 1) & mr ml = (ml<< 1) & ml
t |=(t > 2) &mr a |=(a<<2)&ml
mr = (mr>> 2) & mr ml = (ml<< 2) & ml
t |= (t >> 4) &mr a |= (a<<4) &ml
reverse |= t & a
49
Speed test
Method Speed (nodes/s)
WZebra. Edax. Logistello 6,000,000 ~ 20,000,000
Sequential 58,783,372
Normal Hybrid 71,008,942
Kogge-Stone 74,270,662
Sequential 107,426,824
AVX2 Hybrid 130,786,882
Kogge-Stone 139,810,153

50
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Position value + stability

+
N
w

100 (50| 10 | 0 o0 o0 0 @
+70 +10 +20
%70 -5 | -10
10| 5
0
00 00
[ M 0o
.. +90 2%
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General Linear Evaluation Model (GLEM)

A pattern-based model

diag4 diagh diag6 diag7
0 3 3 3
> 0 5 3
O Ol O O
3 3 3 3
5 (S S
3 3]
>
diag8 s hor./vert.2 hor./vert.3 hor./vert.4
3L [OIORRI0R0
3 BIOIOOOIOI0R
3] OO0
)
>
5
3

e({&e -2X 2x5—corner JIx3—corner
DIOR0] (OO S[OI0]
O Ol ORI OO0
SO0

53

GLEM

(01222200), = 1449

if s matches p, i pattern

Fpa(s) = {(1)

: otherwise
e.g. f13,1449(5) =1
Np
v(s) = Z Wp,i fp,i(s)
PEP i=0

TD Learning: v(s) = v(s) + a(r + yv(s') —_ U(S))
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Minimax

max

min

max

56




NegaMax

NegaMax(state, depth)
If depth == 0 then
max return evaluate(state)
best = -«
3 4

for each child of state

value = -NegaMax(child, depth-1)
best = max(best, value)
return best

DB o

1 -3 -5 -1 6 4 0 -9

max

max

57

Alpha-Beta pruning

AlphaBeta(state, q, 3, depth)
- if depth == 0 then
max <4 return evaluate(state)
for each child of state
3 >

value = -AlphaBeta(child, -B, -, depth-1)
4 iif value >= @ then!

return value

h a'=max(a, value)
return a
F 9
R bd - 0 bd/z
- 0f) (b/2)
1 _3 ..... 0 ..... -9

58




Move ordering

1. Ordering in advance i Tslala
[A1, A8, H1, HS, 2 91716
C1, F1, H3, H6, F8, C8, A6, A3, 3 3| 5
C3, F3, F6, C6,
D1, E1, H4, H5, E8, D8, A5, A4, 4
D3, E3, F4, F5, E6, D6, C5, C4,
D2, E2, G4, G5, E7, D7, B5, B4, 5
c2, F2, G3, G6, F7, C7, B6, B3,
B1, G1, H2, H7, G8, B8, A7, A2, 6
B2, G2, G7, B7]
7
2. Previous search result 8
59
Principal Variation Search (like NegaScout)
PVS(state, a, B, depth)
if depth == 0 then
max return ev_aluate(state)
for each child of state
if child is first child then
-3 24 value = -PVS(child, -B, -a, depth-1)
max else wnull window
value = -PVS(child, -a-1, -a, depth-1)
if a < value < B then
° -:" 9 f; value = -PVS(child, -B, -a, depth-1)
' if value >= 3 then
max return value
~ a=max(a, value)
_________________ Fetirn a
1 -3 6 4 0 -9

60




Narrow window

Score
e  #winner - #loser
Final score: -64, -63, ..., -2,-1,0,1, 2, ..., 63, 64 (integer)

[a, B] : [-64, 64]

61

Narrow window

Score
e  #winner - #loser
Final score: -64, -63, ..., -2,-1,0, 1, 2, ..., 63, 64 (integer)

[0, B] : [-1, 1] get 1 — [0, 2] or [1, 3]?

62




Narrow window

Score

#winner - #loser
Final score: -64, -63, ..., -2,-1,0,1, 2, ..., 63, 64 (integer)
[o,B] : [1, 1] get 1 — [0, 2] or [1, 3]?

#winner + #empty - #loser

Final score: -64, -62, ..., -4,-2,0, 2, 4, ..., 62, 64 (even number)

[o, B] : [-1, 1] get 1 —[1, 3]...

A B C D E F G H

Stability

stability = #my_stability - (64 - #my_stability)

PVS(state, a, B, depth)
if depth == 0 then
return evaluate(state)
stable_value = stability(state)
if stable_value >= 3 then
return stable_value
for each child of state
if child is first child then
value = -PVS(child, -B, -a, depth-1)
else
value = -PVS(child, -a-1, -a, depth-1)
if a < value <3 then
value = -PVS(child, -3, -a, depth-1)
if value >= 3 then
return value
a = max(a, value)
return a

18 -46 =-28

64




ProbCut

Just use a little math...

65

Linear Regression

20 -10 10 20 30 40 50 60

66




Normal distribution

PDF
1 _1.
X)) = —e 2
Pl =
CDF
1 (* 2
d(x) = —f e 2" dt
‘VZT[ —00

Density

0.1+

00

Distribution Plot
Normal, Mean=0, StDev=1

67

Linear Regression with game

v=av' +b+e it
e~N'(0,02) 5°°
depth(v) > depth(v') .

0 200 400 600 800
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Beta cut

v=av' +b+e

1000

500 +
e~N(0,0%)
404 -
depth(v) > depth(v") . beta
& 0
If we have -
e VvV =400
e a=1.01,b=0,0=200 -500
e beta=100
Thenv =404 +e
-800 -600 -400 -200 0 200 400 600 800
v', depth 4
69
Alpha cut
/
v=av +b+e o0
500 +
e~ (0, 02)
’
depth(v) > depth(v'") -
fs:: o .alpha
If we have 404+
e Vv =-400
e a=101,b=0,0=200 -500 f
e alpha=-100
Thenv=-404 + e 13
-800 600 -400 200 0 200 400 600 800
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ProbCut

vy = B // beta cut
SaXvg+b+e=>f

< (aXvg+b—pB)/oc = —e/o
& (axvg +b—B)/o = P 1(p)
S vy = (P Y(p)xa+ B —b)/a

vy, < a // alpha cut
S vy < (-2 Y (p)xo+a—b)/a

A

71

ProbCut pseudocode
int PC(int a, int B, int depth) {

const float T = 1.5;

const int
t

const int
if (depth == 8) return evaluate();
if (depth == D) {
int bound;
bound = round((T*o+B-b)/a);
if (PC(bound-1, bound, DP) >= bound)
return B;
bound = round((-T*oc+a-b)/a);
if (PC(bound, bound+1l, DP) <= bound)
return a;

72




Multi-ProbCut

Let’s play ProbCut anywhere!

e Situation (occupy the corner?)
e Progression
e ProbCut depth

73
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Root parallel

Thread 1 Thread 3

75

Root parallel issue

max

max

max

1 3 5 4 |6 4 o 9

0(b%2) = 0(b)/n 7




Root parallel issue

max

max

1 3 5 4 |6 4 0 9

0(b%/2) » 0(b%)/n ,

Principal Variation Splitting

78




Principal Variation Splitting

79

Principal Variation Splitting

80




Pseudocode (using openmp)

AlphaBeta — Principal Variation Splitting

AlphaBeta(state, a, B, depth)

if depth == 0 then
return evaluate(state)

for each child of state
value = -AlphaBeta(child, -B, -a, depth-1)
if value >= 3 then

return value

a = max(a, value)

return a

Command: g++ main.cpp -fopenmp

#include "omp.h"
PVS(state, a, B, depth)
if depth == 0 then
return evaluate(state)
children = child_list(state)
n = len(children)
value = -PVS(children[0], -B, -a, depth-1)
a = max(a, value)
values = [None] * n

#pragma omp parallel for
for(i=1;i<n;it+){
values]i] = -AlphaBeta(childrenli], -8, -a, depth-1)
}

fori=1..n
value = valuesi]
if value >= 3 then
return value
a = max(a, value)
return a

81

Principal Variation Splitting issue

1. When branches are not enough
2. Bad load balancing

82




Young Brothers Wait Concept

e Split point
o The search for first child has been
completed

e Highest split point
o Idle processor finds the highest split
point to search

e Example
o Thread 1
o Thread 2 (idle)
o Thread 3 (idle)
o Thread 4 (idle)

83

Young Brothers Wait Concept

e Split point To
o The search for first child has been
completed

e Highest split point
o Idle processor finds the highest split
point to search

e Example
o Thread 1
o Thread 2
Thread 3 (idle)
o Thread 4 (idle)
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Young Brothers Wait Concept

e Split point

O

e Highest split point

o

e Example

O

@)

o

O

The search for first child has been
completed

Idle processor finds the highest split
point to search

Thread 1
Thread 2
Thread 3
Thread 4 (idle)
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Young Brothers Wait Concept

e Split point

O

e Highest split point

O

e Example

The search for first child has been
completed

Idle processor finds the highest split
point to search

Thread 1
Thread 2
Thread 3
Thread 4
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Benchmark

Method Speed (nodes/s) Ratio
Single Thread 140,000,000 1.00
PVS (16 threads) 540,000,000 3.85
PVS (32 threads) 750,000,000 5.35
YBWC (16 threads) 1,250,000,000 8.92
YBWC (32 threads) 2,230,000,000 | 15.92
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Opening book

Store the search result in advance

e Required
o A Search Engine which can evaluate given states
m  GLEM + alphabeta
m policy-value network + MCTS (i.e. AlphaZero)
e Optional
o Expert games
o  Other strong engines
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Opening book

Method

1. Select
o Minimax, MCTS or Game Trajectory

2. Expand all children
Search for all children
4. Save

.
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My big opening book

e Width: [-5, 5]
e Depth: 36

o My program, Maverick, can search the remaining 24 layers of the game tree in 1 second.

[-5, 3]

36 layers
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BEARBE-T

o FELAR

o Kogge-Stone + AVX2:#3140000000 nodes/s
o (HIEEEK

o GLEM:EE#, RENEEMIFHERG &
o HiEfE(E

o Null window

o Narrow window

o MPC:EREEHMIER, 97 5%NELERBRIVEZZFEE
o ZHITH

o HHFHIMIE % Root Parallel & PVS = YBWC
o FRE

o KBEE F#iAlphaZero
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Thanks for your attention
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