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B Research

= re+search

= “creative work undertaken on a systematic basis in order to increase the stock of
knowledge, including knowledge of man, culture and society, and the use of this
stock of knowledge to devise new applications” (wikipedia.org)
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Mastering the game of Go with deep
neural networks and tree search

David Sitver*, Aja Huang!*, Chris I. Maddison!, Arthur Guez!, Laurent Sifre!, George van den Driesschel,
Julian Schrittwieser!, Toannis Antonoglou!, Veda Panneershelvam!, Marc Lanctot!, Sander Dieleman!, Dominik Grewel,
John Nham?, Nal Kalchbrenner!, Ilya Sutskever?, Timothy Lillicrap!, Madeleine Leach!, Koray Kavukcuoghi!,

Thore Graepel! & Demis Hassabis!

The game of Go has long been viewed as the most challenging of classic games for artificial intelligence owing to its
enormous search space and the difficulty of evaluating board positions and moves. Here we introduce a new approach
to computer Go that uses ‘value networks’ to evaluate board positions and ‘policy networks’ to select moves. These deep
neural networks are trained by a novel combination of supervised learning from human expert games, and reinforcement
learning from games of self-play. Without any lookahead search, the neural networks play Go at the level of state-
of-the-art Monte Carlo tree search programs that simulate thousands of random games of self-play. We also introduce a
new search algorithm that combines Monte Carlo simulation with value and policy networks. Using this search algorithm,
our program AlphaGo achieved a 99.8°% winning rate against other Go programs, and defeated the human European Go
champion by 5 games to 0. This is the first time that a computer program has defeated a human professional player in the
full-sized game of Go, a feat previously thought to be at least a decade away.

All games of perfect information have an optimal value function, v'(s),
which determines the outcome of the game, from every board position
or state 5, under perfect play by all players. These games may be solved
by recursively computing the optimal value function in a search tree
containing approximately b possible sequences of moves, where b is
the game’s breadth (number of legal moves per position) and d is its
depth (game length). In large games, such as chess (b==35, d~80)" and
especially Go (=250, d== 150)", exhaustive search is infeasible>?, but
the effective search space can be reduced by two general principles.
First, the depth of the search may be reduced by position evaluation:
truncating the search tree at state s and replacing the subtree below s
by an approximate value function v(s) 2 v"(s) that predicts the outcome

NATURE | VOL 529 |

policies'*~!® or value functions'® based on a linear combination of

input features.

Recently, deep convolutional neural networks have achieved unprec-
edented performance in visual domains: for example, image classifica-
tion', face recognition'®, and playing Atari games'. They use many
layers of neurons, each arranged in overlapping tiles, to construct
increasingly abstract, localized representations of an image®®. We
employ a similar architecture for the game of Go. We pass in the board
position as a 19 > 19 image and use convolutional layers to construct a
representation of the position. We use these neural networks to reduce
the effective depth and breadth of the search tree: evaluating positions
using a value network., and sampling actions using a policy network.
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