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Abstract

The game of chess is usually divided into three distinct phases to make it more accessible:
the opening, the midgame, and the endgame. This separation reduces the game’s com-
plexity by introducing subtasks that are easier to understand. Different players excel at
different game phases, leading to specialized phase experts.

However, modern chess engines do not make such distinctions when evaluating chess
positions. We examine whether adopting the concept of phase experts can also prove
beneficial for chess engines. In addition to analyzing the intricacies of typical chess game
phase definitions and their transferability to chess engines, we propose and evaluate
multiple approaches for combining Mixture of Experts techniques with Monte Carlo Tree
Search. We show that having multiple specialized expert networks can lead to significant
performance gains compared to the typical single-network approach.

Keywords: Chess, Game Phases, Monte-Carlo Tree Search, Mixture of Experts, Deep
Learning
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Glossary

Bullet

Centipawn

Chess960

Crazyara
Cute Chess

Elo

Lichess

Bullet chess describes chess games played with a time
control of less than three minutes per player. The
most popular bullet time control is one minute for
each player without increment.

Centipawn is a unit to measure the advantage in a
specific chess position. One centipawn is equivalent
to 1% of a pawn.

Chess960, also known as Fischer random chess, is
a chess variant with 960 possible semi-randomized
starting positions.

Open-source neural network chess variant engine [2].
Library and command-line interface for playing and
simulating chess games [3].

Rating system used to measure the relative strength
of a player.

lichess.org is a free/libre, open-source chess server
powered by volunteers and donations [18].




Acronyms
EM Expectation-Maximization
GPU  Graphics processing unit
MCTS Monte Carlo Tree Search
ME Mixture of Experts

std

Standard Deviation




1 Introduction

1.1 Motivation

Chess is a very complex game that poses various challenges for both beginners and veteran
players. To make it more accessible, chess is usually divided into three distinct phases:
the opening, the midgame, and the endgame. Each phase has its own difficulties and
characteristics, which is why a plethora of theoretical literature covering specific phases
exists. Different players excel at different phases of the game, leading to specialized phase
experts. Chess engines, however, do not make such distinctions. Modern chess agents
such as AlphaZero [20] or Stockfish use a single neural network for evaluating all positions
no matter in which phase the positions appear. We suspect that dividing chess into phases
and tackling them individually by training specialized phase expert networks can also
benefit engines. Because of the division, each expert has to solve a smaller subspace of
the chess game, reducing complexity.

1.2 Problem Formulation

Since chess inherently has no game phases, meaning that there is no fundamental change
in the rules of the game after a certain point is reached, we first have to investigate how
to divide the game into phases appropriately. Our first research question, therefore, is
how to specify typical human approaches to classifying chess positions and whether these
criteria can be transferred to chess engines.

Apart from that, it is not clear how to train multiple experts and incorporate them into
the typical MCTS procedure. On the one hand, we want to encourage expert localization,
but on the other hand, we do not want the experts to overfit on their training set. Instead,
we want each expert to be robust to positions it has not seen during training.

We will investigate several approaches to tackle these problems and answer the question




of whether these approaches can achieve better performances than using a single network
for all game positions.

Of secondary importance, we want to find out whether the approaches can easily be applied
to the chess variant Chess960 that might have different characteristics and demands.

1.3 Outline

This work is structured as follows.

In Chapter 2, we first give an overview of the two relevant methods needed for the
experiments in this thesis, namely Monte Carlo Tree Search (MCTS) and Mixture of
Experts (ME). Subsequently, we cover related chess agents as well as typical criteria for
identifying chess game phases and provide other background information needed to
understand the remaining chapters.

Chapter 3 introduces the methods used for our experiments, including the used datasets,
the examined approaches, and the evaluation techniques.

In the following Chapter 4, we present the results of our experiments and point out
interesting aspects.

Chapter 5 recaps our insights, assesses their reliability, and discusses answers to our
research questions.

The final Chapter 6 concludes the thesis by adding final remarks, pointing out limitations,
and describing possible future work.




2 Background and Related Work

2.1 Monte Carlo Tree Search

Monte Carlo Tree Search (MCTS) is a search and planning algorithm for environments
with discrete action spaces. It searches through a tree of the game space, where nodes
correspond to states s, and edges correspond to possible actions a. Its goal is to determine
the best action in a given state (the root node). In the chess setting, states represent
current board positions, while an action corresponds to a chosen ply (a half move) in the
current position. MCTS, therefore, learns a so-called policy 7(a | s) = Pr(a | s) describing
the probability of taking action « in state s. It does so by approximating the expected
value for all possible actions by averaging the outcome of rollouts.

A rollout consists of the following four steps.

Selection:

Traverse the search tree using an internal strategy of choosing the actions on the path
until an unvisited node or a terminal node is reached.

Expansion:

Expand the search tree with the node reached in the previous step (if it was not a terminal
node).

Simulation:

Estimate the value v of the newly found node. In traditional MCTS, this is achieved by
doing random simulations (choosing random actions until a terminal node is reached)
from this point of the tree and averaging their outcome. Games like chess have three
possible outcomes: win (value 1), draw (value 0), or loss (value -1). The values are always
written from the perspective of the player whose turn it is in the current node. More
modern versions of MCTS (e.g., [21]) use a neural network to estimate the value of the
current node instead of doing simulations.

Backpropagation:

Propagate the found value v back along the path to the root node, updating the statistics
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of all encountered nodes. For each node, MCTS saves the Q-value (the average or rolling
average of v values propagated through the node) and the number of times n this node
has been visited.

The rollouts are repeated until the MCTS is stopped when a given maximum execution
time or a maximum number of node visits or rollouts has been reached.

A modern strategy for selecting moves during step two is the so-called Polynomial Upper
Confidence Bound for Trees (PUCT). It is defined as follows:

Zb N(S7 b)

PUCT(s,a) = Q(s,a) + U(s,a) where Uf(s,a)= cpuct P(s, a)l—kN—(sa)'

Here, @ is defined as above and represents the exploitation part (playing greedy and using
what is currently estimated as best) of the move selection, and U controls the amount of
exploration (trying new options to potentially find something better than the current best
action). N (s, a) describes the amount action a has been chosen in state s, b represents
the possible actions in state s, ¢, is @ parameter to control the amount of exploration
and P(s,a) is the prior probability of selecting action « in state s. This prior probability
can be the output of a neural network. Nodes not yet visited are treated as losses and are
given a (Q-value of -1. During the selection step, MCTS selects the action a that maximizes
PUCT(s,a).

After the MCTS is finished, we typically select the action leading to the most visited node.

An extension to MCTS is Monte-Carlo Graph Search (MCGS) [5], which reuses parts of
the tree that can be reached through multiple action paths in order to save memory and
computation time.

2.2 Mixture of Experts

The term Mixture of Experts (ME) was first introduced in [13]. It is a technique for super-
vised learning tasks that delegates a prediction to several subsystems called "experts” and
consequently aggregates the individual results to produce a final prediction. The approach
is especially beneficial if a natural task division into subtasks exists [13]. Delegation and
aggregation are carried out by a gating network denoted as g. For each input, the gating
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network decides which experts to use and to which extent each expert should contribute
to the final prediction. Weight changes are only applied to the experts used for the specific
input (and to the gating network) so that the weights of the different experts do not
interfere with each other [13]. This localization leads to experts specializing in specific
subareas of the input space. In order to further encourage localization, [13] propose to
have the gating network make ”a stochastic decision about which single expert to use on
each occasion” [13] instead of linearly combining the results of several experts as in [11].
A single prediction is then made as follows:

.@ = Zgi(x7v) ' f/z (x, wi) )

)

where § is the output, = is the input, w; are the weights for expert i, ¢, is the output of
expert i, v are the gate weights, and g; is the gate output for expert i (the probability P;
of choosing expert i) [25].

A typical mean squared error loss can then be calculated as usual over all n samples:

n

1 .
MSE = — > (e — i)’
k=1

Figure 2.1 schematically depicts the general procedure of the ME approach. Since its
introduction, the approach has been modified and extended in several ways. The experts
themselves can be any function approximator ranging from linear models to support vector
machines, Gaussian processes, or nonlinear Neural Networks. Nowadays, ME models are
usually trained in an iterative fashion using the Expectation-Maximization (EM) algorithm
[8]. This algorithm is used to find the maximum likelihood parameters in cases where
latent variables are present. Latent variables are variables that influence other variables
but are hidden. The EM algorithm consists of two steps:

1. Do an estimation of the missing variables in the dataset

2. Using the estimated values, maximize the parameters of the model

These steps are repeated until an acceptable solution is found. As an initialization, different
clustering techniques, such as kmeans [14], can be used.

If the separation into subtasks is natural, training the gating network can be omitted, as
we already know which sample to assign to which expert.
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Figure 2.1: Overview of the general Mixture of Experts (ME) structure when using three
experts (inspired by [13]). The gating network assigns probability P; to expert
1 and the selector makes a stochastic decision about which expert output to
pass through (bold) and which ones to reject (dotted).
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2.3 Chess

Chess is a deterministic, turn-based, two-player, zero-sum and fully observable board
game. A game can end in a win, a draw or a loss.

2.3.1 Neural Chess Agents

The first usage of neural networks in the context of evaluating positions for chess engines
was Giraffe [15]. However, they aided evaluation with hand-crafted features and did not
reach Grandmaster level play. DeepChess [7] extracted high-level features of positions using
unsupervised learning and used them in combination with a fully connected feed-forward
neural network.

In 2017, Google Deepmind published AlphaZero [20]. Building upon the successes in
Go [21] and [22], AlphaZero managed to achieve superhuman performance in chess and
other challenging games. It relied exclusively on experience gained from self-play without
any domain or expert knowledge.

In the following years, the ideas of AlphaZero have been replicated in several open source
projects, including Leela Chess (now LcO - one of the strongest open source chess engines
[17]) and Crazyara (see Section 2.5 for more information).

The state-of-the-art open-source chess engine Stockfish initially exclusively relied on hand-
crafted features and MiniMax search with alpha-beta pruning without using neural network
evaluations. After the introduction of Efficiently Updatable Neural Networks (NNUE) in
[19], which represent neural networks with fewer parameters that can efficiently be run
on CPUs, Stockfish was adjusted to incorporate NNUEs, increasing its strength significantly.

The Ender network [9] is specifically trained on endgame chess positions. It was originally
trained on positions containing a sum of 6, 5, 4, or 3 pieces and pawns to specialize in
endgames and surpass other engines that rely on tablebases to solve these ultra-late game
positions. They later added positions with a total piece and pawn count of 12. After
further adjustments, the engine managed to win the Queen vs Rook endgame. Even
though this endgame is theoretically solved, the technique required is very complicated,
and Ender was the first neural network to learn it. They also performed experiments where
a regular chess engine played the early parts of the game, and Ender took over when
the piece count dropped to 16 or less. This combination called Franken-Ender, achieved
notable results against other popular chess engines.
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Scorpio [24] is another strong chess engine. In its 3.0 release, it added the option of using
multiple networks that specialize in certain game phases. Because of good results, this
option became the default.

[16] try a new approach of using multiple networks during MCTS. Small networks have
faster inference times and can, therefore, lead to more possible simulations and a more
extensive tree search. Bigger networks, on the other hand, provide more accurate value
estimations. Using both types of networks and finding a balance between their advantages
can lead to overall performance gains as shown in [16].

2.3.2 Game Phases of Chess

Chess inherently does not have any game phases, meaning that there are no rule changes
or other fundamental differences starting from a certain point in the game. Nevertheless,
chess is still often split up into three distinct parts to break down the game’s complexity
and make it more approachable for players and viewers. These three parts are the opening,
the midgame, and the endgame.

However, there is no clear and agreed-upon definition of when the transitions between the
phases actually happen. Instead, people attribute general ideas and plans to each phase.

The opening usually revolves around controlling the center with pawns, developing the
minor pieces from their starting squares, castling the king to safety, and connecting the
rooks. Since the start of the opening is fixed, contrary to the start of the other phases, peo-
ple have acquired heavy theoretical knowledge in terms of learning the correct responses
to the opponent’s moves as positions will naturally repeat themselves over and over again.
Especially because of the easy access to superhuman chess engines and opening databases,
people can nowadays carry out excessive preparation for the first phase of the game.

The midgame characteristics are more challenging to quantify. People will make long-term
strategic plans to improve the structure of the position, start attacks on either side of the
board, break up central tension with pawns, and try to exploit weaknesses in the position
to win material. As both the start and the end of midgames are not clearly defined, it
becomes harder to prepare for this phase in particular, as positions may vary significantly
from game to game. One way of characterizing certain midgame types is by checking the
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overall pawn structure and position imbalances.

The endgame resembles the last phase of the game. It usually involves fewer pieces and
shifts the focus to new objectives. The value of specific pieces may change during the
endgame, and pawns can become more relevant because they are closer to promotion.
The further an endgame progresses, the more likely it is that position setups that are
theoretically solved are reached, meaning that the outcome of the game is predefined
as long as the best moves are played. For these setups, so-called tablebases exist, which
are extensive position databases containing the best move and best reply in all paths the
game can take from that point on. The biggest tablebases solve all positions containing
seven or fewer pieces, including the kings and pawns.

Typical transition criteria

Move Number:

One typical way of trying to define the start of a phase is by checking the number of moves
that have been played until this point of the game. The advantage of this criterion is that
it is easy to understand and can easily be applied to both midgame and endgame starts.
The disadvantage is that it is not very precise. Games can play out in very different ways,
and a position at a specific move number might look totally different in one game than
in another. Additionally, chess includes many transpositions, meaning equivalent board
positions that can be reached via several move sequences. For example, by going back
and forth with pieces or by taking longer routes to a particular square, the same positions
can arise but with a different move number.

Materical Count:

Another criterion for game phase identification is the current material or piece count.
People usually assign specific relative values to pieces and pawns as a heuristic to judge
whether a particular combination of moves will be beneficial for them or not. The typical
values are 1 for pawns, 3 for knights and bishops, 5 for rooks, and 9 for queens. Summing
up the values of all pieces and pawns currently on the board results in the total material
count of a position. It is then possible to define phase transitions according to specific
material count thresholds that have to be reached. This criterion is more adjusted to the
actual situation in the game than using strict move numbers. However, it is not good at
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identifying phase transitions for games with few piece trades that involve long strategic
maneuvering instead.

Lichess game phase definitions

Lichess is an open-source chess server for online play, study, and analysis. State-of-the-art
chess engines power their analysis section, which is why players of all skill levels, from be-
ginner to master, use them on a daily basis. Submitting a game for engine analysis results
in getting a report of the game development, including a separation of the game in the
three typical phases to teach people where they went wrong and how they could improve.
The site uses a more sophisticated system to determine game phases by incorporating
several transition criteria.

Endgame definition:

According to the Lichess implementation, a position belongs to the endgame if the total
count of major and minor pieces (queens, rooks, bishops, and knights) is less than or equal
to 6. Note that while this resembles a material count criterion, it does not use different
relative values for the pieces and instead values them all equally as 1. A potential reason
for this approach could be that the complexity of a position is not tied to the relative value
of its pieces but rather to their total amount. Furthermore, the pawn count is irrelevant to
the decision.

Midgame definition:

A position counts towards the midgame if it does not qualify as an endgame position
and if one of the following three criteria is fulfilled. The number of major and minor
pieces is less than or equal to 10, the backrank of at least one player is sparse, or the total
mixedness score of the position is bigger than 150. Here, backrank sparseness is defined
as having less than four total pieces on rank 1 (for white) or 8 (for black), including the
king. The mixedness score describes how close black and white pieces are to each other.
It is calculated by going through all two by two squares of the chess board, starting from
the square al, b1, a2, b2 and ending at the square g7, h7, g8, h8. For each of those two
by two squares, we count the number of black and white pieces inside it and assign a
score based on the result and the square’s location. We then sum up all square scores to
get the final mixedness score of a position. The exact implementation can be found in [10].
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Opening definition:
All remaining positions are classified as opening positions.

Using the previously described phase definitions may lead to transitions to previous
phases (e.g., going back to the opening because the mixedness score has increased again).
Therefore, to do a strict separation into three sections, Lichess forbids such transitions
and only allows transitions to later phases.

2.3.3 Chess960

Chess960, also called Fischer random chess, is a popular chess variant that uses the same
board and the same pieces as regular chess. Its main difference is the randomized starting
positions. The pieces in each player’s back rank are set up in semi-random order, with the
only restriction of having one rook on each side of the king. This limitation leads to 960
possible starting positions, which gives the mode its name and makes memorizing opening
theory nearly impossible. The rules are identical to regular chess with the exception of
special castling rules.

2.4 Elo Ratings

The Elo rating system, invented by Arpad Elo, is used to measure relative skill differences
between players of a game. Everyone starts with the same arbitrary starting value, and the
ratings are adjusted from that point on based on the outcome of finished games. Winning
games increases the Elo rating, while losing decreases it. Using the rating of two players A
and B, it is possible to calculate the expected score of player A (and player B by replacing

Rp — Rp with Ry — Rp): .

Ea= 1 4+ 10(Rs—Ra)/400" (2.1)

2.5 Crazyara

Crazyara is an open-source chess engine originally trained in supervised style for the
Crazyhouse chess variant, beating the 2017 Crazyhouse world champion Justin Tan [6].
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It was later adapted to incorporate Reinforcement Learning and reimplement the ideas of
AlphaZero. The Crazyara repository now features multiple versions like ClassicAra (for
chess and Chess960) and MultiAra (for all Lichess variants). The implementation for this
thesis builds upon the ClassicAra repository to add multiple expert neural networks. If not
explicitly specified otherwise, we use the hyperparameter settings found in the repository’s
main branch as of September 2023 !.

2.6 Cute Chess

Cute Chess is a set of cross-platform tools for working with chess-engines [3]. Its command-
line interface cutechess-cli can be used to simulate chess matches between two or more
engines. Several options that specify the characteristics of the simulation exist. The
amount of time available for each engine is set via the tc parameter.

https://github.com/QueensGambit/CrazyAra/commit/b566c045a7da852d0bdbc9960225e00616fd434f
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3 Methodology

This chapter describes our experiments, including the used datasets, model architectures,
evaluation criteria, and chosen hyperparameters for both the training and the MCTS.

3.1 Chosen Game Phase Definition

We base our game phase separation on the implementation of Lichess introduced in Section
2.3.2. Their definition, in our opinion, comes closest to what players intuitively use while
judging a board position, as it incorporates several criteria for leaving the opening phase
(board mixedness, back-rank sparseness, and piece count) that all contribute to the
common interpretation of chess game phase transitions. In addition to that, the site is
used by millions of chess players every day to analyze their games, which is why this
definition is well-known and established in the chess community.

We also deliberately do not rely on the current move counter to determine the game phase
of a specific position, which makes how the position was reached irrelevant. This decision
is consistent with the commonly chosen input representation of chess boards (see Section
3.3), which also does not include the number of moves made until this point in the game,
as it should be irrelevant for evaluating a particular position.

The fact that we want to treat every position equally no matter how it was reached leads
to a slight difference in our definition compared to that of Lichess. The website does not
allow for transitions back to a previous phase in order to ensure the game can be fully
divided into three separate sections. For our purpose, we do not make such restrictions as
positions are treated independently and not in the context of the game they appeared in.
Apart from that, we closely follow the criteria introduced in Section 2.3.2.
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We assume that using these criteria splits the available positions into three approximately
equally sized buckets. We will verify the correctness of this assumption and analyze the
distribution of game phases in Section 4.1.

3.2 Dataset Preparation

Our chess datasets are built based on the Kingbase Lite 2019 database . This database
includes over one million chess games from players rated at least 2200 Elo. We filter
out all games shorter than five moves in total as these games are either quickly arranged
draws or errors in the database and, therefore, unreliable sources. In order to create
the training and evaluation data for our experiments, we build four datasets. The first
dataset, which we will refer to as "no-phases”, contains all positions left after filtering the
database as described above. For the remaining three datasets ("opening”, "midgame” and
“endgame”), we strictly split the database into one part for each of the three phases defined
in Section 3.1. This splitting is carried out by going through every game in the dataset and
removing all board positions that do not belong to the phase for which we are currently
preparing the dataset. This procedure leads to some games being completely excluded for
a specific part if they contain no position of the particular phase. For example, about 32
percent of games ended before the endgame began, therefore contributing no position for
the endgame dataset. More detailed analyses of the distribution of the different phases
and the resulting dataset sizes can be found in Section 4.1.2.

For the Chess960 datasets, we export and combine the Lichess monthly game databases
from August 2013 to July 2020. To ensure a reasonable game quality, we only include
games where both players had a rating of at least 1950. This criterion approximately
corresponds to the top ten percent of all active Chess960 players on Lichess in terms of
playing strength. As Chess960 is a much more complicated environment with a consid-
erably larger variety of positions due to the 960 different possible starting positions, we
decided to include the games of all available time controls to cover as many positions from
high-level games as possible. This decision, however, also lowers the overall quality of
moves since players make more mistakes when given less time to think. Especially Bullet
games often end in a time scramble phase where both players play extremely fast, with
the primary purpose of winning on time rather than trying to win on the board. The
four Chess960 datasets ("no-phases”, "opening”, "midgame” and “endgame”) are created
analogously to the way described in the previous paragraph. We also use the same game

'https://archive.org/details/KingBaseLite2019
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phase definitions as for regular chess, making the assumption that the chosen criteria
are still appropriate as Chess960 games play out in an approximately comparable style
to regular chess games, especially the further a game proceeds. There may, however,
be more adequate game phase definitions for Chess960 that are specially customized to
incorporate the intricacies of this variant.

We split each of the four types of datasets into a training, an evaluation, and a testing set
to be able to evaluate the models on unseen data and to monitor the amount of overfitting.
The testing and evaluation parts each contain 1000 games of one distinct month of game
data, while the training part contains the games of all remaining months. There might be
slight distribution shifts when comparing the game data of different months caused by
changes in the chess meta. Examples of this might be newly discovered opening lines or
recent successes in particular lines that lead to more players playing them in the following
month. However, we assume that these trends are too minuscule to bias the evaluation
and training sets in a meaningful way.

3.3 Model Architecture and Input Representation

We use the RISEv3.3 model architecture for all approaches, which is an improved version
of the RISEv2 architecture introduced in [6]. It is a convolutional neural network with
residual blocks and two output heads (a value head and a policy head). Compared to its
previous version, RISEv3.3 makes use of 5x5 convolutions in deeper layers and adjusts
the structure of the channels. Detailed information can be found in the CrazyAra wiki
[23]. We did not change our input representation compared to the default version 3 in
the CrazyAra repository 2, as this representation is already established and leads to good
results as examined in [4].

3.4 Experiment Types

In order to test the effectiveness of using the ME technique for MCTS, we evaluate three
main approaches on both regular chess and Chess960. We compare our approaches against
the typical setup, which we will use as a baseline and refer to as "Regular Learning”, of

2September 2023, commit: https://github.com/HelpstoneX/CrazyAra/com-
mit/b566c045a7da852d0bdbc9960225e00616fd434f
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training a single network on the full dataset of game positions and using this network for
all predictions.

3.4.1 General Mixture of Experts Procedure

For each of our approaches, explained in the following, we generally aim to have one
specialized expert for each of the three game phases defined in Section 3.1. The advantage
of choosing strict and fixed definitions for the inputs each expert belongs to prior to the
training is that we do not need to learn this delegation on the fly. Therefore, we do
not need to employ any EM techniques (compare Section 2.2) for iteratively arrowing
out, how to split the input space of game positions, and how to determine adequate
expert probabilities for a given input. Instead, the decision about which phase a game
position belongs to can be made with absolute certainty by following the chosen definition.
Therefore, our ME gate is no trained classifier but instead a deterministic algorithm that
strictly follows the game phase definitions and always assigns 100% probability to one
of the experts and 0% to the others. Note that our gate still matches the general ME
procedure introduced in Section 2.2 and Figure 2.1. We can view it as a classifier that
outputs a discrete probability distribution in its most extreme form by putting all the
probability mass on one of the experts:

1 =1
0 :i#1

where P; describes the probability of expert ¢ being used and [/ describes the phase of the
current position.

Pr=1-0u, 0dy:= {

By choosing a fixed definition of phases, we eliminate the possibility of the gate assigning
responsibility to the wrong experts. This predetermined splitting of the input space
simplifies the learning process. We do, however, in return, lose the possibility of learning
criteria for the different phases that would be even more appropriate and lead to even
better solutions.

The three approaches we will describe in the following subsections only differ in the
way they are trained and in the dataset parts they use. The general setup of having a
deterministic gate that always assigns full responsibility to a single expert stays the same.
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3.4.2 Approach 1: Separated Learning

The first approach, which we call ”Separated Learning”, refers to strictly separating the
three expert networks by only training them on positions of the specific game phase they
belong to.

The goal is to make learning easier for each expert network by reducing the whole input
space of all possible positions to a smaller subspace of positions this expert has to cover.
The drawback of this approach is that each expert network has no information about the
intricacies of the other two phases, which can lead to problems when transitioning from
one phase to another during the MCTS, as will be explained in Section 3.5.

Since we strictly split the whole dataset into distinct parts for each expert, the number of
total positions used for training remains the same compared to the "Regular Learning”
approach. The experts can be trained entirely separately, and the complete training of all
three experts takes approximately as much GPU time as training the single network for
the baseline approach.

3.4.3 Approach 2: Continual Learning

Our second approach, denoted as "Continual Learning”, describes the idea of first training
a network on the positions of one phase and then, subsequently, using the resulting
network weights as an initialization for a consecutive training run on the next phase. This
process is repeated until the network has gone through all three phases. The last phase
the network is trained on determines which expert ("opening”, "midgame” or "endgame”)
this network resembles. For example, for the endgame expert, we first train the network
on all opening positions, then use the final weights as a warm start for a training run on
all midgame positions, and then, finally, use these resulting weights for initializing a final
training run on all endgame positions. After each run, we reset the optimizer state and
only keep the network weights. Consequently, each individual run has the same learning
rate schedule, and no momentum calculations are carried over between runs. We also
execute each run for the same number of epochs (see Section 3.7 for an overview of the
most relevant chosen hyperparameters).

The general motivation behind this approach lies in feeding the experts knowledge about
the other two phases while still keeping them primarily focused on the main phase they
belong to (the last one they are trained on). Even though the training set is changed for
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expert train set 1 | train set 2 | train set 3
opening | endgame midgame | opening
midgame | opening endgame midgame
endgame | opening midgame | endgame

Table 3.1: The order in which the different experts of the Separated Learning approach
use the different phase training sets.

each run, we expect the resulting experts not to forget everything they learned in previous
runs, making them more robust to the positions of other phases.

The order in which we execute the three training runs for each expert is based on the
similarity of the three phases. We start with the phase the expert’s main phase is furthest
away from and continue with the closest phase. For opening and endgame experts, the
order of training runs is natural based on the order of the game phases (opening —>
midgame — endgame). For the midgame expert, it is not obvious whether to start
with the endgame or with the opening run. We made the assumption that endgame and
midgame positions are more similar to each other than opening and midgame positions
and, therefore, started with the opening run for the midgame expert. All three chosen
training orders can be seen in Table 3.1.

For this approach, training a single expert takes just as long as training the single baseline
network since each expert has gone through all available positions after its three training
runs are completed. Therefore, the total amount of GPU time is tripled in this approach.

3.4.4 Approach 3: Weighted Learning

Our third approach, "Weighted Learning”, is based on the idea of giving each sample a
different weight according to the phase its position belongs to. By doing so, we allow
each expert to learn based on all available positions in the dataset while still incentivizing
it to specialize in its specific phase by weighting this phase higher. We, therefore, do
not weigh a sample based on the class/output it belongs to, as it is commonly done
for class-imbalanced datasets, but rather weigh it based on its input. The weighting is
implemented by adjusting the loss of each batch based on the game phases occurring in
the batch. In particular, we multiply the individual loss of each sample with its weight
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and, subsequently, take the arithmetic mean to get the overall loss for a specific batch:

B
1
Lweighted = E § wnL($n>7
n=1

where B is the batch size, w,, is the weight of a particular sample, and L(z,,) is the regular
sample loss. Note that the regular (unweighted) batch loss of the baseline network is
essentially a specialized version of the weighted batch loss with w,, = 1.0 for all samples.

We set the weights in a way that all samples belonging to the main phase of each expert
are g times as important as the samples of the other two phases:

Wmain = @ * Wothers @ > 1.0, (3.1)

where wn,in specifies the weight of the main phase samples, and wqe; Specifies the weight
of the samples of the other two phases.

Furthermore, we normalize the phase weight values in a way that they do not significantly
alter the overall magnitude of the loss, meaning that the average sample weight should
still be about 1.0, just as for the baseline network. Assuming each phase has approximately
the same amount of samples, we only have to normalize the overall phase weights by
ensuring the following equation holds:

Wmain + 2 * Wother

3 =1.0 (3.2)

Inserting Equation 3.1 in 3.2, we get:

@ - Wother + 2 * Wother

& 3 =1.0 (3.3)

& (a+2)  Woter 2)3‘ Woher _ 4 (3.4)
3

< Wother = a+t2 (35)

and, consequently, by inserting 3.5 in 3.1
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Table 3.2: Sample weights for the Weighted Learning Approach

a | expert main phase | Wmain | Wother Wopening | Wmidgame | Wendgame
opening 2 0.5 2 0.5 0.5

4 midgame 2 0.5 0.5 2 0.5
endgame 2 0.5 0.5 0.5 2
opening 2.5 0.25 2.5 0.25 0.25

10 midgame 2.5 0.25 0.25 2.5 0.25
endgame 2.5 0.25 0.25 0.25 2.5

Winain = 5;‘2 a>1.0. (3.6)

We carry out experiments for two different a values (a € {4,10}) to see whether a big
weight difference (more expert specialization) or a small weight difference (more expert
similarity) leads to better overall performance. The values of the resulting normalized
sample weights can be found in Table 3.2.

Since the samples are shuffled, the game phase distribution differs from batch to batch.
Therefore, the average sample weight in each batch is not necessarily close to 1.0, which
could lead to losses changing significantly from batch to batch. This behavior would hinder
the learning process, e.g., by incorrectly assuming a low batch loss was caused by a good
network update, even though the actual reason was that the batch contained significantly
fewer samples of the main phase than other batches. However, we assume that due to
the chosen high batch size of 2048 (see Section 3.7), the batch phase distributions will
approximately follow the overall phase distribution so that the loss will not significantly
differ between different batches.

The weights are applied to both the training and the evaluation sets. The test set remains
unweighted to be able to compare the final performance of the trained agents with the
other approaches.

Since each expert network is trained on all samples in the dataset (albeit with different
sample weights), every expert training run takes as much time as the training of the
baseline network. Therefore, this approach triples the amount of GPU time needed.
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3.4.5 Expert Impact

In order to determine which of the three expert networks has the most impact on playing
strength, we perform additional evaluations that mix baseline and expert networks. Instead
of combining all three phase experts and comparing the resulting ME to the baseline
network, we only use a single expert and replace the other two experts with the baseline
network. For example, to test the impact of the opening expert, all opening positions
will be delegated to the opening network as usual, but all remaining positions will be
delegated to the baseline network that was trained on all phases. We, therefore, create an
ME consisting of the opening expert (for opening positions), the baseline network (for
midgame positions), and again the baseline network (for endgame positions). This ME is
then compared to the baseline approach, and the procedure is repeated accordingly for
all three phases.

3.5 Mixture of Experts in MCTS

For each of the three ME approaches described in the previous section, we end up with one
model for each of the three defined game phases. Ideally, we only query the network that
corresponds to the current position of the MCTS. This strategy, however, does not work
when using MCTS batch sizes bigger than 1, meaning that we buffer multiple positions
before doing neural network inference. The reasoning behind using bigger batch sizes is
that it improves GPU utilization. In return, it decreases the update frequency of the node
statistics. For MCTS batch sizes bigger than 1, we analyze all positions in the current
batch and determine the most occurring phase. Subsequently, we query the expert that
corresponds to this majority phase. Consequently, we do not have to adjust the general
workflow of the MCTS, but in return, it will be possible to have some positions processed
by the wrong expert network. These situations should, however, primarily occur when
the game transitions from one phase to another, meaning that these positions are at least
close to belonging to the expert they were (incorrectly) processed by.
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3.6 Evaluation

3.6.1 Training Evaluation

During training, we evaluate the model after every 500 iterations, where one iteration
describes passing one batch and doing backpropagation. In addition to an evaluation on
the evaluation dataset of the currently trained expert, we perform an additional evaluation
on all four test sets (opening, midgame, endgame, and no-phases, see Section 3.2) to see
how each expert’s expertise on the individual subsets develops during the training process.
We save a checkpoint of the current model state if the evaluation loss is better than the
best previously measured evaluation loss. Our final model corresponds to the last saved
checkpoint, i.e., the model state that performed best on the evaluation set.

We reset the model to a previous state during training if the loss on the evaluation set
increased significantly from one evaluation cycle to the next. In particular, these loss
spike recoveries are carried out if Lprey - § < Leurr, With s = 1.5 being the spike recovery
threshold, Lprey being the loss during the previous evaluation and Lcy,r being the current
loss.

3.6.2 MCTS Evaluation

After the experts have been trained, we integrate them in the MCTS as described in
the previous section. The resulting agent is then matched against the baseline "Regular
Learning” approach using the Cute Chess command-line interface (see Section 2.6). We
perform a 1000-game match and calculate the relative playing skill of the currently
evaluated approach and the baseline approach based on the resulting score of the match.
Wins award 1 point, draws are worth 0.5 points, and losses count as 0 points. By using
Formula 2.1 defined in Section 2.4, we can derive the relative Elo difference by substituting
the expected score with the actual score achieved in the match and solving for the rating
difference Rg — Ra.

We also provide 95% confidence bounds for the Elo differences based on the number of
games played and the resulting scores. The exact implementation is adapted from the
implementation used in the Cute Chess repository (see [12]).

29



Opening suites: In order to provide a diversified playing ground, the games do not
start with the initial board position of chess. Instead, we make use of an opening suite
containing 31526 chess positions that feature positions appearing after the first several
moves have already been played. These positions are intentionally chosen in a way that
each position is imbalanced, with a slight edge for either side to reduce the amount of
resulting draws.

For each match, we randomly sample 500 opening positions from this opening suite and
let our agents play against each other starting from there. In order to take the imbalances
of the positions into account, we use each starting position twice so that each agent is
playing once as white and once as black.

For the Chess960 experiments, we use an opening suite that consists of all 960 possible
starting positions. We again randomly sample 500 positions and assign both colors to
each agent, resulting in 1000 games per match.

Game endings: A game can end in several different ways. Games result in a draw
or win/loss according to the regular chess rules. Checkmates and illegal moves lead
to a win/loss, while draws are caused by 3-fold repetition, insufficient mating material,
stalemate, or the fifty-move rule. Additionally, a game is counted as a draw if each engine’s
evaluation of the position is within 20 Centipawns from zero for at least four consecutive
moves. The consecutive move counter is reset after each capture or pawn move. This
rule only applies after at least 30 moves have been made. Losses are also awarded if an
engine’s position evaluation is at least 600 Centipawns below zero for five consecutive
moves. As our MCTS outputs resemble expected scores rather than Centipawn advantages,
we convert them as follows:

v 1 —|v]

CP:_W' 8 log\’

where A = 1.2 [6].

Time control: The available time for both agents is not limited via the Cute Chess tc (time
control) parameter but instead managed by explicitly specifying either a fixed available
move time per move or by specifying the number of nodes that can be visited before a
move has to be made. We test our agents with different move times and node values (see
Section 3.8).

30



Misc:
We do not give our agents access to any tablebases to also test their strength in theoretically
solved endgames.

All experiments are executed on a Tesla V100 GPU.

3.7 Training Configuration

To provide a fair comparison, we train our models for seven epochs (20 epochs for
chess960) regardless of their phase. We use a batch size of 2048 and randomize the
order of our samples. Our model weights are updated via stochastic gradient descent with
Nesterov momentum [1]. All remaining hyperparameters are set to their default values in
the train_cnn notebook of the Crazyara repository in September 2023 3.

3.8 MCTS Configuration

We disable reinforcement learning to examine the direct impact of our ME approaches for
the supervised learning part. We evaluate our approaches with different values for the
following parameters. The Batch_Size parameter (explained in Section 3.5) is set to 1, 8,
16, 32, and 64. The Nodes parameter (values of 0, 100, 200, 400, 800, 1600, 3200) limits
the number of nodes that the MCTS can visit per move during its search. The Simulations
parameter describes the number of simulations per move and is set to double the Nodes
value. When the Nodes parameter is 0, we instead limit the extent of the search by a fixed
move time in milliseconds (Fixed Movetime values of 100, 200, 400, 800, 1600). The
Search_Type is set to mcts.

3https://github.com/QueensGambit/CrazyAra/commit/b566c045a7da852d0bdbc9960225e00616fd434f
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4 Experimental Results

4.1 Dataset and Game Phase Analysis

4.1.1 Game Phase Statistics

This section analyses the different phase transition criteria and evaluates the resulting
game phase distribution. All Figures are based on the data in the chess test set.

Figure 4.1 shows the development of the mixedness score throughout a game. The data
resembles all games in the chess test set, and the positions are aggregated every five moves.
As defined in Section 2.3.2, the mixedness score measures how close black and white
pieces are in all two by two subareas of the chess board: the more intertwining, the higher
the resulting mixedness score. We see that the average mixedness quickly ramps up during
the first 15 moves of the game, which is what we expect from a typical game where people
develop their pieces and try to control the center with pawns. This increase continues
until around move 30 and then slowly declines, which can be attributed to the fact that
the players will trade more and more pieces and pawns, which leaves less material on the
board. Notably, the variance of the mixedness score is very high throughout the game,
and many outlier positions exist. This problem becomes irrelevant in the game’s later
stages as the phase transition most likely already happened. Nevertheless, we conclude
that this score alone, due to its variance, would not be a good indicator for transitioning
to the midgame. However, we think that mixedness is a reasonable inclusion in cases
where the other two phase transition criteria (pieces left and backrank sparseness) fail
to detect that the game is not in the opening anymore. Examples would be very closed
and strategic positions where few pieces have been traded, and the back rank might not
be sparse yet. By common judgment, these positions also count as midgames, which the
mixedness criterion ensures.
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Figure 4.1: The mixedness scores (according to the definition in Section 2.3.2) of chess
game aggregated by move number. The data is based on all positions of the
chess test set.

Similar conclusions can be drawn by looking at the second phase transition criterion:
Figure 4.2 depicts the progression of major and minor piece counts throughout a chess
game. The positions stem from the chess test dataset and are aggregated every five moves.
As expected, the median piece count monotonically decreases as the game processes.
Contrary to the mixedness score, the variance of this criterion does not continuously
increase with higher move numbers but instead decreases again during the game’s later
stages. Nevertheless, the overall variance is still high apart from the first move bucket.
Consequently, there is a substantial amount of positions with 15 to 25 moves played where
no or nearly no pieces have been exchanged. According to this criterion alone, these
positions would still count as opening positions, which is not sensible. Apart from that,
we believe this criterion is a meaningful first indicator to judge a position’s game phase as
it is closely tied to the human judgment of positions and is much less complicated than
the mixedness score.

As explained in Section 2.3.2, the last midgame transitioning criterion, backrank sparse-
ness, is of boolean nature. We iterate over all move numbers and calculate the percentage
of positions where the backrank of at least one player is sparse. Figure 4.3 shows the re-
sulting graph. We can see that the chance of backrank sparseness monotonically increases
as a chess game progresses. There are zero positions with a sparse backrank from move
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Figure 4.2: The average number of major and minor pieces left aggregated by move
number. The data is based on all positions of the chess test set.

zero to move eight. Consequently, these positions would never be classified as midgames
if only the backrank criterion was used. There are, however, famous opening variants that
involve heavy piece trades before move eight like the Berlin endgame. Thus, this criterion
should also not be used in isolation.

Figure 4.4 shows the distribution of starting moves of each phase according to our chosen
phase definitions (see Section 3.1). The opening always starts on move zero by default,
so it is excluded. The data emphasizes that hard move cutoffs for phase separations
would lead to a much more superficial and less sophisticated splitting of the game. In our
case, the starting moves for a midgame range from move 6 to move 22, and the starting
endgame moves range from 11 to 60, which shows how diversely chess games can play
out. The average move number of all midgame starts is 11.89, with a standard deviation
of 2.966. For the endgame starts, the average is 28.15, with a standard deviation of 7.441.

The distribution of all positions by phase is depicted in Figure 4.5a. We display the
histograms for all opening (blue), midgame (orange), and endgame (green) positions
separately to show the amount of overlap between the different phases for specific move
counts. We can again see that a strict separation by move number would lead to a very
different sample distribution for the three phases, no matter how the move cutoffs would
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Figure 4.4: The distribution of starting moves of each phase aggregated by move number.
The average starting moves of the midgame (11.89 with an std of 2.966) and
the endgame (29.15 with an std of 7.441) are added as vertical lines. The data

is based on all games of the chess test set.
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be chosen. The overlap is especially significant between midgames and endgames, with
nearly 50 different move numbers (move 11 to move 60) contributing positions for both
the mid- and the endgame. Since endgame starts are decided by the number of major
and minor pieces left, it is natural that the variance of this transition is very high as the
piece trading behavior can differ considerably from game to game. This discrepancy is
caused not only by different middle game plans of different openings but also by varying
playstyles. Some players intentionally keep the tension and leave many pieces on the
board to make the game more complicated, while others often try to trade down to an
endgame, maybe because they excel in this phase. Notably, opening moves appear for
a much smaller range of move numbers than the other two phases. The relevant move
numbers are even less when excluding the first several moves, which are often irrelevant
in benchmark games if an opening suite is used. Even though midgames form the vast
majority of positions around move 18, no move number exclusively belongs to them,
as even the opening and endgame histograms overlap. Therefore, some move numbers
contain positions of all three phases (e.g., move 18).

Figure 4.5b shows the same data in a single stacked histogram. Naturally, the number of
positions strictly monotonically decreases with higher move numbers. The naive approach
of splitting the game purely by equidistant move number values would, therefore, lead to
many more positions in the opening phase than in the other phases. An example of this
would be using move 0 as the opening start, move 20 as the midgame start, and move 40
as the endgame start, assuming a typical game does not last longer than 60 moves. In
our case, the decreasing sample size by move number is counteracted by a shorter overall
move span of the opening.

One last thing to examine is the number of jumps back to a previous phase during a game.
As explained before, the common interpretation of game phases, as well as the Lichess
definition, enforce strictly splitting the game into three distinct sections. In order to always
treat the same position equally no matter at which point in the game it appeared, we get rid
of this restriction. Consequently, there may be cases where a game transitions from a more
advanced phase back to a previous one. We assumed that the number of these transitions
is relatively small and, therefore, negligible. The distribution of jumps to previous phases
in the chess test set is shown in Figure 4.6. We see that 71.6% of games contain no such
jumps, 20.4% of games have exactly one jump, and the percentages quickly decrease from
there. There were no games with more than five jumps in the test set, and the average
jump count per game was 0.38. 28.4% of all games had at least one jump, 28% of which
were jumps from midgame to opening. Interestingly, there even was a game transitioning
from an endgame to a midgame. This scenario can only happen if the number of major
and minor pieces increases again to a value of more than 6. The way this can be achieved
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Figure 4.5: The distribution of the number of positions for the three game phases aggre-
gated by move number. Phase separated histograms in Fig. 4.5a and stacked
histogram in Fig. 4.5b. The average starting moves of the midgame (11.89
with an std of 2.966) and the endgame (29.15 with an std of 7.441) are added
as vertical lines. The data is based on all positions of the chess test set.

is through promoting a pawn. The following Lichess study shows an exemplary game
with many transitions to previous phases: https://lichess.org/study/3rI5SJXi.
There are annotations for the phase transitions, and the mixedness score is also added for
the early game transitions. This game is an extreme case and was not part of our dataset.

4.1.2 Resulting Dataset Statistics

Following our game phase definitions described in Section 3.1, we can analyze the input
and output distributions of the resulting datasets of each phase.

Figure 4.7 illustrates our training set’s relative game outcome distributions. A game counts
towards the data of a specific phase if it contributes at least one position of that phase.
Consequently, the bars representing the opening phase (blue) are equivalent to bars
representing all games in the dataset since every game has at least one opening position.
White wins in 34.42% of all games, 40.36% of games end in a draw, and the remaining
25.22% are wins for black. We can detect that games that reach the midgame are less
likely to end up as draws (38.51%). This trend continues and is even more apparent for
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Figure 4.6: The distribution of transitions to previous game phases. The average number
of such transitions per game was 0.38.

games that reach the endgame (36.09%). Conversely, the percentage of black and white
wins increases in the later phases.

The game phase distributions in our training set are depicted in Figure 4.8. Almost all
games (96.81%) reach the midgame for at least a single move. For the endgame, however,
this number is much smaller. There are 357716 games (32.15%) with no endgame
move. This imbalance is, however, counteracted by the fact that endgames usually last
substantially longer than the other two phases. As a result (see Fig. 4.8b), the training set
even contains more endgame than opening positions, with 31.63% compared to 28.67%.
The midgame stands out with 36 287 651 total positions, which corresponds to 39.7%.

Table 4.1 shows a comprehensive overview of the size of all phase datasets we used
for our experiments. The full dataset contains 1,112,647 games leading to 91,413,951
positions. Table 4.2 summarizes the number of games that contributed to the samples of
the particular datasets (at least one sample).

38



0.40 1 I opening games
[ midgame games

B endgame games

0.35 1

0.30 1

0.25 1

0.20 -

0.15 1

0.10 1

0.05 -

White win Draw Black win

Figure 4.7: Relative distribution of game outcomes in the chess training set. The percent-
ages are calculated based on all games with at least one move of the specific
phase.
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Figure 4.8: Game phase distribution in the chess training set. Total games by game
phase in Fig. 4.8a and total positions by game phase in Fig. 4.8b.
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dataset/ phase | no-phases | opening | midgame | endgame
train chess 91413951 | 26212273 | 36287651 | 28914027
val chess 79042 24566 29333 25143
test chess 85114 24938 31364 28812
train Chess960 | 22383691 | 7213158 | 8479268 | 6691265
val Chess960 71412 22540 26200 22672
test Chess960 68770 22628 26377 19765

Table 4.1: Overview of all dataset sizes used for our experiments. The values correspond

to the number of positions in a particular dataset.

dataset/ phase | no-phases | opening | midgame | endgame
train chess 1112647 | 1112647 | 1077136 | 754899
val chess 1000 1000 947 647
test chess 1000 1000 971 717
train chess960 317417 317417 | 306838 195374
val chess960 1000 1000 970 621
test chess960 1000 1000 961 594

Table 4.2: Overview of all dataset sizes used for our experiments. The values correspond
to the number of games in a particular dataset that contributed at least one

position of the specific phase.
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4.2 Chess Results

In this section, we examine the effectiveness of the three approaches for chess. We show
how the evaluation metrics develop over the course of the training process and how much
relative Elo gain each approach achieves. The Elo gains are derived based on the results of
1000 game matches against the baseline approach. We use five different batch sizes and
eleven values to control the search length, leading to 55 matches in total. Additionally, we
analyze each expert’s impact during the MCTS and examine the stability of the training
across different random seeds.

4.2.1 Baseline Approach: Regular Learning

Our "Regular Learning” approach forms the baseline for our experiments. Figure 4.9a
shows the development of the model’s loss during training. The loss on the "no-phases”
test set (black) starts at a value of around 4.0. Even though there are some loss spikes,
the model always recovers from them and reaches its lowest test loss of 1.2872 near the
end of the training at iteration 505. The training loss (grey) follows a similar trend and is
only slightly lower throughout the training, indicating that the amount of overfitting is
relatively low.

Looking at the loss curves for the test sets of the three game phases (opening (blue),
midgame (orange), and endgame (green)), we see that the midgame loss is significantly
higher than the losses of the other two phases. This observation can be attributed to
midgames usually being more complicated than the other game phases. They include
positions with more possible moves, and the position diversity is higher, making midgames
harder to learn. In contrast, the opening diversity is comparatively low, with most high-
level players following theoretical lines. Consequently, the loss on the opening test set is
substantially lower than the other losses.

As the overall loss is primarily impacted by the policy loss, we can make the same observa-
tions when looking at the policy accuracy in Figure 4.9b. The model is considerably more
accurate on opening positions, and midgame positions lead to the lowest policy accuracies.
The final model checkpoint has a policy accuracy of 0.558 on the no-phases test set.

In order to allow for a better comparison between the different approaches, we add
dashed lines in the metric overview figures of the following sections corresponding to the
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test losses and policy accuracies of the final model checkpoint of the "Regular Learning”
approach.
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Figure 4.9: The loss (Fig. 4.9a) and policy accuracy (Fig. 4.9b) over the course of the train-
ing process for the Regular Learning approach. The metrics were evaluated
on the opening (blue), midgame (orange), endgame (green) and no-phases
(black) test set. The evaluation on the train set is shown in the background
in grey. The values on the x-axis represent iterations, where one iteration is
defined as doing backpropagation on one batch of training data.

4.2.2 Approach 1: Separated Learning

The ”Separated Learning” approach splits the experts strictly and only trains them on
their specific subset of the dataset. In Figure 4.10a, we see the course of the different
test losses for the opening expert. It clearly shows that the expert’s knowledge about the
opening is far superior to its knowledge about the other phases, judging by the distance
to the corresponding reference losses of the baseline model. This distance is especially
considerable for the endgame test loss, indicating that opening positions provide less
knowledge about endgames than midgames, which intuitively makes sense.
Nevertheless, it is also apparent that the phases are not completely without any common
factors as the midgame and endgame test loss both steadily decline during training.
The opening test loss of the final model checkpoint is 0.9169, which is lower than the
reference of the baseline model (0.9269) but not by much. Figure 4.10b depicts similar
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trends for the development of the opening expert’s policy accuracy.
Both figures show that the amount of overfitting is insignificant for the opening expert as
its train and test metrics are very similar.
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Figure 4.10: The opening expert’s loss (Fig. 4.10a) and policy accuracy (Fig. 4.10b) over
the course of the training process for the Separated Learning approach. The
metrics were evaluated on the opening (blue), midgame (orange), endgame
(green) and no-phases (black) test set. The evaluation on the train set
is shown in the background in grey. The values on the x-axis represent
iterations, where one iteration is defined as doing backpropagation on one
batch of training data. The metric values of the final model checkpoint of
the Regular Learning approach are added as dashed reference lines (same
colors represent the same test set).

The loss curves for the midgame expert (see Fig. 4.11a) look very similar for all test
sets. However, this fact can be misleading as it does not mean that the midgame expert
excels at all phases equally. The opening test loss being as high as the midgame test loss
indicates that the opening knowledge is far inferior, which is supported by the distance to
the dashed reference line. This discrepancy does not exist to this extent for the endgame
test loss. While it does not reach the reference loss, it still comes decently close to it,
indicating that midgame positions convey much information that is also useful for the
endgame.

The amount of overfitting is more extensive than for the opening expert, which is clearly
visible in Figure 4.11b. The train policy accuracy reaches a value of 0.538, while the final
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(midgame) test policy accuracy is only 0.5106.
The test loss of the final model checkpoint is 1.4371, which is a significant improvement
compared to the reference midgame test loss of the baseline model (1.5043).
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Figure 4.11: The midgame expert’s loss (Fig. 4.11a) and policy accuracy (Fig. 4.11b) over
the course of the training process for the Separated Learning approach. The
metrics were evaluated on the opening (blue), midgame (orange), endgame
(green) and no-phases (black) test set. The evaluation on the train set is
shown in the background in grey. The values on the x-axis represent itera-
tions, where one iteration is defined as doing backpropagation on one batch
of training data. The metric values of the final model checkpoint of the Reg-
ular Learning approach are added as dashed reference lines (same colors
represent the same test set).

Figure 4.11 shows the evaluation metrics for the endgame expert. It supports the claim
that midgame and endgame benefit the most from each other during the learning process
because the test midgame loss and test midgame policy accuracy reach values that come
close to the reference lines without the endgame expert having seen any midgame posi-
tions during training.

In contrast, the metrics for the opening test set are hugely inferior compared to the baseline
model, indicating that endgames and openings have the least in common of all three
phases.

The endgame test loss of the final model checkpoint is 1.2594, outclassing the reference
endgame test loss of 1.3523.
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Figure 4.12: The endgame expert’s loss (Fig. 4.12a) and policy accuracy (Fig. 4.12b) over
the course of the training process for the Separated Learning approach. The
metrics were evaluated on the opening (blue), midgame (orange), endgame
(green) and no-phases (black) test set. The evaluation on the train set
is shown in the background in grey. The values on the x-axis represent
iterations, where one iteration is defined as doing backpropagation on one
batch of training data. The metric values of the final model checkpoint of
the Regular Learning approach are added as dashed reference lines (same
colors represent the same test set).

By combining the three trained experts and performing an evaluation on the resulting
ME model, where each sample is evaluated by its corresponding expert, we get a loss of
1.2245 on the complete no-phases dataset. The policy accuracy for this case is 0.5755.
Both values are significantly better than the counterparts of the Regular learning approach
(loss of 1.2897, policy acc of 0.558).

The relative Elo gains of the Separated Learning approach based on the 1000 simulated
matches against the baseline method are shown in Figure 4.13. We plot the gain compared
to the baseline approach with 95% confidence bounds for different batch sizes where
brighter colors correspond to larger batch sizes. Even though higher batch sizes generally
increase the Elo gain on average, this trend is not significant and varies for different nodes
and move times. There is, however, an outlier with batch size 1, which generally leads to
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the lowest gains (mean of 106.89, std of 18.29).

The most decisive benchmark match occurred for batch size 64 with a move time of 200m:s.
Here, the Separated Learning approach achieved a score of 714.5, winning 562 games,
drawing 305 games, and losing only 133 games, which leads to an Elo gain of 159.36
(+18.87).

The improvement over the baseline approach generally increases with a higher number of
nodes. The same can not be said when looking at the different move times, where the
gain is relatively steady.

Overall, the Separated Learning approach is about 122.2 (std of 22.54) Elo stronger than
the Regular Learning approach when averaging over all 55 experimental outcomes.
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Figure 4.13: Relative Elo gain of the Separated Learning approach for different batch
sizes. Node values of 100, 200, 400, 800, 1600 and 3200 in Fig. 4.13a. Move
time values of 100, 200, 400, 800 and 1600 in Fig. 4.13b

4.2.3 Approach 2: Continual Learning

The Continual Learning approach splits the training process into three parts and always
uses the resulting model parameters of the previous part as an initialization for the next
part. Each part corresponds to training on a different phase dataset. We separate the
following figures into three sections according to the black vertical lines to illustrate the
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points at which the training set was changed to a different phase.

Figure 4.14a shows the losses for the opening expert of the Continual Learning approach.
The sections correspond to training on the endgame dataset, followed by the midgame
dataset and the opening dataset in the final section. As expected, we see that the losses at
the start of each section are lower than those at the first iterations of the run because of
the warm starts. However, for the phases not currently used for training, the loss quickly
deteriorates shortly after the start of each section, indicating that most of the previously
gained knowledge is quickly forgotten. Nonetheless, the training on the other phases was
not entirely useless for the opening expert. This conclusion can be drawn by looking at
the midgame and endgame test set losses of the final model checkpoint. With a loss of
1.8775 on the midgame test set and 2.5501 on the endgame test set the opening expert
shows a substantially better understanding of these two phases than its counterpart of the
Separated Learning approach (loss of 2.403 for test midgame, 3.2433 for test endgame).
The final loss on the opening test set has also improved from 0.9169 (Separated Learning)
to 0.87864.

Similar observations can be made for the development of the policy accuracy in Figure
4.14b. On the midgame test set, the policy accuracy improves from 0.3329 (Separated
Learning) to 0.4204, and on the endgame test set, we see an increase from 0.19228 to
0.29043. The final policy accuracy on the opening test set is 0.6914 instead of 0.6803.

For the midgame expert, the catastrophic forgetting is very severe for the transition
between the first two sections (see Fig. 4.14). The loss of the opening test set jumps
to a higher value than during the first iterations of the run, indicating that all previ-
ously learned knowledge about the opening was immediately forgotten. Comparing the
final losses on the opening and endgame test datasets to their counterparts in the Sep-
arated Learning approach, we also see that only very minor improvements were made
(from 1.6064 to 1.59659 on the opening test set and from 1.5494 to 1.5293 on the
endgame test set). The final midgame test loss even slightly increased compared to the
midgame expert of the Separated Learning approach (from 1.4371 to 1.4437). Never-
theless, it is still significantly better than the midgame test loss of the baseline network
(1.5043). The policy accuracies in Figure 4.15b support the previous findings, with no
major improvements being made for the other two phases and the policy accuracy on
the midgame test set slightly decreasing (from 0.5106 to 0.5088) compared to approach 1.

The metrics of the endgame expert show no improvement compared to their corresponding
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Figure 4.14: The opening expert's loss (Fig. 4.14a) and policy accuracy (Fig. 4.14b) over
the course of the training process for the Continual Learning approach. The
metrics were evaluated on the opening (blue), midgame (orange), endgame
(green) and no-phases (black) test set. The evaluation on the train set is
shown in the background. The values on the x-axis represent iterations,
where one iteration is defined as doing backpropagation on one batch of
training data. The vertical lines indicate the points at which the training
on a new dataset started (initialized with the parameters of the last model
checkpoint of the previous training stage).
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Figure 4.15: The midgame expert’s loss (Fig. 4.15a) and policy accuracy (Fig. 4.15b) over
the course of the training process for the Continual Learning approach. The
metrics were evaluated on the opening (blue), midgame (orange), endgame
(green) and no-phases (black) test set. The evaluation on the train set is
shown in the background. The values on the x-axis represent iterations,
where one iteration is defined as doing backpropagation on one batch of
training data. The vertical lines indicate the points at which the training
on a new dataset started (initialized with the parameters of the last model
checkpoint of the previous training stage).
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values of the endgame expert in the previous section. The losses and policy accuracies (see
Fig. 4.16) show the same catastrophic forgetting behavior as the ones for the midgame
expert. Their final values on the endgame test set are 1.2774 (loss) and 0.55019 (policy
accuracy), which is slightly worse than the values of the endgame expert of approach 1
(1.259362 and 0.5557).

4.0

T
—— test opening
test midgame
—— test endgame
—— test no-phases
train

3.51

3.04

2.51

loss
policy acc

2.04

151

1.0

0.5

T T T T T T 0.1 -— T T T T T
0 100 200 300 400 500 0 100 200 300 400 500

Iterations Iterations
(a) Loss (b) Policy Accuracy

Figure 4.16: The endgame expert’s loss (Fig. 4.16a) and policy accuracy (Fig. 4.16b) over
the course of the training process for the Continual Learning approach. The
metrics were evaluated on the opening (blue), midgame (orange), endgame
(green) and no-phases (black) test set. The evaluation on the train set is
shown in the background. The values on the x-axis represent iterations,
where one iteration is defined as doing backpropagation on one batch of
training data. The vertical lines indicate the points at which the training
on a new dataset started (initialized with the parameters of the last model
checkpoint of the previous training stage).

The ME model using all three Continual Learning experts achieves a loss of 1.2218 on
the complete no-phases dataset. The policy accuracy for this case is 0.5763. Both values
are significantly better than the counterparts of the Regular learning approach (loss of
1.2897, policy acc of 0.558) but similar to the ones of approach 1 (1.2245 and 0.5755).

Figure 4.17 shows the resulting Elo gains of the Continual Learning approach compared
to the baseline method. Averaged over all node and move time values, larger batch sizes
lead to higher gains in relative Elo. The differences are very subtle, though, and only
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batch size 1 stands out with a mean Elo gain of 111.7 and a standard deviation of 20.5.
The overall best Elo gain of 161.92 (4-17.89) was achieved with batch size 64 and move
time 400. The match ended with 539 wins, 357 draws, and 104 losses for the Continual
Learning approach (score of 717.5).

Averaging over all batch sizes, the improvement over the baseline approach monotonically
increases with a higher number of nodes. Although not as severe, a similar trend is
observable for increasing move times.

Overall, the Continual Learning approach is about 121.11 (std of 25.68) Elo stronger than
the Regular Learning approach when averaging over all 55 experimental outcomes.
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Figure 4.17: Relative Elo gain of the Continual Learning approach for different batch sizes.
Node values of 100, 200, 400, 800, 1600 and 3200 in Fig. 4.17a. Move time
values of 100, 200, 400, 800 and 1600 in Fig. 4.17b

4.2.4 Approach 3: Weighted Learning

The "Weighted Learning” approach trains each expert on all available positions and uses
different sample weights depending on the game phase to which the samples belong.
It has to be stated that, contrary to the train set, the test sets use no weighting, so the
evaluation metrics are comparable to the ones of the other approaches.

Figure 4.18 shows the losses and policy accuracies for the opening expert and different
a values throughout the training. For a = 4, we see that both the loss and the policy
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accuracy curves look almost identical to the ones of the Regular Learning approach. The
approach reaches nearly the same final losses as the baseline model, indicating that the
sample weighting had almost no impact. Setting a to 10 increases the specialization
because the samples of the other phases are now only 10% as impactful as the samples
of the expert’s main phase. We can directly see the impact of this change by looking at
the final metric values of the other phases. They significantly lag behind compared to the
dashed baseline metric values (e.g., final endgame test loss of 1.5389 instead of 1.3523
for the baseline network). In return, the final opening test loss decreased by a decent
amount compared to the baseline model (0.8887 instead of 0.9268).

The test set metrics for the midgame expert (Fig. 4.19) depict the same tendency as the
ones for the opening expert. For a = 4, the specialization is negligible (final midgame
test set loss of 1.5055 instead of 1.5043 for the baseline model). In return, this expert
performs better on the opening and endgame test set than its counterpart with a = 10.
The midgame expert with a = 10 specializes enough in its own phase to outdo the baseline
model on the test set of that phase (final midgame test loss of 1.4834 compared to 1.5043
for the Regular Learning approach). In return, the metrics for the other phases’ test sets
worsened. Note that the training loss is higher than the corresponding test loss, which
can be explained by the fact that the training loss is weighted, whereas the test loss is not,
as mentioned before.

The metric development for the endgame expert is shown in Figure 4.20. Surprisingly,
the expert trained with a = 4 achieves a better final loss on the endgame test set (1.2864)
than the one trained with a = 10 (loss of 1.3036). Similarly remarkable is that the experts
for both a values do not perform worse on the midgame test set than the baseline model
even though midgame samples had lower weight during their training.

The ME model using all three Weighted Learning experts achieves a loss of 1.2432 (for
a = 4) and 1.248 (for a = 10) on the complete no-phases dataset. The policy accuracies
are 0.5713 (a = 4) and 0.5697 (a = 10). The values are better than the counterparts of
the Regular learning approach (loss of 1.2897, policy acc of 0.558) but worse than the
ones of approach 1 (1.2245 and 0.5755) and approach 2 (1.2218 and 0.5763).

Figure 4.21 shows the relative Elo gains of the Weighted Learning approach for both «
values. Overall, no specific batch size performs considerably better or worse than the
others, apart from batch size 1 for a = 10, which performs worse when limiting the tree
search by move time instead of by nodes. Increasing the number of nodes or increasing
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Figure 4.18: The opening expert’s loss (Fig. 4.18a and Fig. 4.18c) and policy accuracy (Fig.
4.18b and Fig. 4.18d) over the course of the training process for the Weighted
Learning approach with different a values. The metrics were evaluated on
the unweighted opening (blue), midgame (orange), endgame (green) and no-
phases (black) test set. The evaluation on the train set (weighted) is shown
in the background. The values on the x-axis represent iterations, where one
iteration is defined as doing backpropagation on one batch of training data.
The metric values of the final model checkpoint of the Regular Learning
approach are added as dashed reference lines (same colors represent the
same test set).
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Figure 4.19: The midgame expert’s loss (Fig. 4.19a and Fig. 4.19¢) and policy accuracy
(Fig. 4.19b and Fig. 4.19d) over the course of the training process for the
Weighted Learning approach with different a values. The metrics were
evaluated on the unweighted opening (blue), midgame (orange), endgame
(green) and no-phases (black) test set. The evaluation on the train set
(weighted) is shown in the background. The values on the x-axis represent
iterations, where one iteration is defined as doing backpropagation on one
batch of training data. The metric values of the final model checkpoint of
the Regular Learning approach are added as dashed reference lines (same
colors represent the same test set).
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Figure 4.20: The endgame expert’s loss (Fig. 4.20a and Fig. 4.20c) and policy accu-

racy (Fig. 4.20b and 4.20d) over the course of the training process for the
Weighted Learning approach with different a values. The metrics were evalu-
ated on the unweighted opening (blue), midgame (orange), endgame (green)
and no-phases (black) test set. The evaluation on the train set (weighted)
is shown in the background. The values on the x-axis represent iterations,
where one iteration is defined as doing backpropagation on one batch of
training data. The metric values of the final model checkpoint of the Regu-
lar Learning approach are added as dashed reference lines (same colors
represent the same test set).
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the move time raises the resulting relative Elo gain (for both a values) when averaging
over the results of all batch sizes.

For a = 4, the overall best Elo gain of 42.95 (+16.08) was achieved with batch size 32
and move time 800. The match ended with 340 wins, 443 draws, and 217 losses for the
Weighted Learning approach (score of 561.5).

The agent using the models trained with a = 10 achieved its most decisive result for batch
size 32 and move time 400. The match ended in 434 wins, 403 draws, and 163 draws
(score of 635.5), corresponding to an Elo gain of 96.57 (+16.8).

Overall, the Weighted Learning approach is about 23.18 (std of 11.95, a = 4), respectively
55.84 (std of 19.57, a = 10), Elo stronger than the Regular Learning approach when
averaging over all 55 experimental outcomes.

4.2.5 Expert Impact

In order to estimate which phase expert has the most impact on the Elo gain, we perform
1000 game matches using ME models that only use one specific phase expert and use the
baseline model for the other two phases (see Section 3.4.5 for a more detailed explana-
tion). The single expert models are taken from the Separated Learning approach, and the
batch size is set to 64 for all experiments.

Figure 4.22 shows the resulting relative Elo gains for different node and move time values.
Using only the opening expert (blue) does not lead to any improvement over the baseline
approach (average Elo gain of -3.82 with an std of 5.67724).

Looking at the performance gains for different node values in 4.22a, we see that only
using the single midgame (orange) or the single endgame expert (green) already leads to
notable and mostly similar Elo improvements. The skill gap to the full baseline approach
increases with more nodes. For the endgame expert, the improvement is even more
substantial when limiting the MCTS by move time instead of by nodes. The same can not
be said for the midgame expert.

On average, the single midgame expert achieves a relative Elo gain of 65.71 with an std
of 8.31. For the single endgame expert, the average improvement is 73.34 Elo (std of
22.95).
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Figure 4.21: Relative Elo gain of the Weighted Learning approach for different batch sizes
and a values of 4 and 10. Node values of 100, 200, 400, 800, 1600 and 3200
in Fig. 4.21a and Fig. 4.21c. Move time values of 100, 200, 400, 800 and
1600 in Fig. 4.21b and 4.21d
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Figure 4.22: Relative Elo gain of using only one specific phase expert in the MCTS and
using the baseline network for all remaining predictions. The used experts
are taken from the Separated Learning approach for chess and the batch
size was set to 64 for all matches. Node values of 100, 200, 400, 800, 1600
and 3200 in Fig. 4.22a. Move time values of 100, 200, 400, 800 and 1600 in

Fig. 4.22b
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seed
1 2 3 4 5 avg
opening | 0.9269 | 0.8905 | 0.9091 | 0.9080 | 0.8859 | 0.9041
midgame | 1.5043 | 1.4643 | 1.5074 | 1.4857 | 1.4656 | 1.4855

metric test set

loss endgame | 1.3523 | 1.3234 | 1.3556 | 1.3432 | 1.3101 | 1.3369
no-phases | 1.2897 | 1.2547 | 1.2873 | 1.2731 | 1.2490 | 1.2707

opening | 0.6793 | 0.6853 | 0.6806 | 0.6812 | 0.6855 | 0.6824

solicy acc | Midgame | 0.4905 | 0.5013 | 0.4930 | 0.4982 | 0.5035 | 0.4973

endgame | 0.5265 | 0.5361 | 0.5267 | 0.5310 | 0.5376 | 0.5316
no-phases | 0.5580 | 0.5670 | 0.5593 | 0.5629 | 0.5683 | 0.5631

Table 4.3: Evaluation metric values on all tests for different random seeds of the Regular
Learning approach. Seed 1 was used as the baseline model in all chess
experiments in this thesis.

4.2.6 Baseline Stability

In order to test the stability of the baseline model performance, we trained it five times
in an identical fashion, only changing the random seed. The resulting values of losses
and policy accuracies on all test sets are shown in Table 4.3. The model we used for all
experiments in the previous sections was trained using seed 1 (first column). The average
loss over all five random seeds on the no-phases dataset is 1.2707 (+0.0185), which is
slightly lower than that of our baseline model but still considerably higher than the losses
of the ME models of our evaluated approaches.

The average policy accuracy for the five random seeds does not change significantly.

4.3 Chess960 Results

This section serves as an exemplary showcase of the results of our Chess960 experiments.
We show the evaluation metrics during the training and give an overview of the final
losses of each approach for all test sets. The Elo gains are derived based on the results of
1000 game matches against the baseline approach. We use three different batch sizes and
eleven values to control the search length, leading to 33 matches in total. Additionally,
we analyze each expert’s impact during the MCTS for the Separated Learning approach.
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4.3.1 Training Performance

Figure 4.23 shows the evaluation metrics for our baseline approach during training.
Contrary to regular chess, for Chess960, the opening phase leads to the biggest losses and
lowest policy accuracies. This change can be attributed to the fact that Chess960 has 960
different starting positions, which is why nearly no opening theory exists. Consequently,
the variety of positions and moves in the opening is substantially higher than for regular
chess.

4.0 0.6
—— test opening
test midgame
3.5 —— test endgame 0.51
—— test no-phases
train no-phases

policy acc

0.2+

T T T T T 0.1+ T T T T
0 100 200 300 400 0 100 200 300 400

Iterations Iterations
(a) Loss (b) Policy Accuracy

Figure 4.23: The loss (Fig. 4.23a) and policy accuracy (Fig. 4.23b) over the course of
the training process for the Regular Learning approach for Chess960. The
metrics were evaluated on the opening (blue), midgame (orange), endgame
(green) and no-phases (black) test set. The evaluation on the train set
is shown in the background in grey. The values on the x-axis represent
iterations, where one iteration is defined as doing backpropagation on one
batch of training data.

As an exemplary insight into the metrics of our ME approaches for Chess960, Figure 4.24
shows the losses and policy accuracies of all phase experts for the Separated Learning
approach. We immediately see that the experts perform considerably worse than the
baseline model (final metric values added as dashed lines), even on the phase they
were trained on. Even though the specialization of each expert is easily recognizable
by comparing the test losses for the different phases, the experts overall have higher
losses than the Regular Learning approach. Note that each expert was only trained on
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test set
approach expert opening | midgame | endgame | no-phases
Regular Learning - 1.544521 | 1.37247 | 1.208817 | 1.382707
opening | 1.639244 | 1.818238 | 2.547496 1.970087
Separated Learning midgame | 1.694583 | 1.460292 | 1.536295 | 1.561291
endgame | 2.367885 | 1.720483 | 1.285305 | 1.808829
mixture | 1.63924 | 1.46029 | 1.28530 | 1.46888
opening | 1.592808 | 1.617218 | 2.104227 | 1.750602
Continual Learning midgame | 1.686303 | 1.423646 | 1.438175 | 1.517366
endgame | 2.155602 | 1.685057 | 1.293216 | 1.729787
mixture | 1.59281 1.42365 1.29322 1.44182
Weighted Learning opening | 1.566103 | 1.447515 | 1.298218 | 1.444093
midgame | 1.581337 | 1.393878 @ 1.267132 | 1.420311
(@ = 10) endgame | 1.607898 | 1.444763 | 1.223375 | 1.435811
mixture | 1.56610 | 1.39388 | 1.22338 | 1.40154

Table 4.4: Overview of all losses of each expert’s final model checkpoint for all ap-
proaches for Chess960. The losses are shown for the opening, midgame,
endgame, and no-phases test sets. In addition to the specific expert’s losses,
we added a row for the loss of the resulting mixture model that uses all three
experts. The mixture models choose which expert to use based on the phase
of the current position in the test set (i.e., the opening expert evaluates all
opening positions, the midgame expert evaluates all midgame positions, etc.).
We color-coded each column individually from high loss (dark red) to low loss
(dark green).

about a third of all available Chess960 positions, which might not have been enough to
learn general chess concepts sufficiently, especially given that the Chess960 datasets are
substantially smaller and of lower quality than the chess datasets.

Table 4.4 depicts the final losses of all approaches on all test sets for Chess960. The
“mixture” expert corresponds to the ME model that uses all three experts. We see that all
approaches perform significantly worse than the baseline, which has a final loss of 1.382
compared to 1.4688 (Separated Learning), 1.44182 (Continual Learning), and 1.40154
(Weighted Learning with « = 10). The Weighted Learning approach comes closest in
performance but also uses the complete dataset (in weighted form) for all its experts,
increasing the training time.
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approach batch size
1 16 64 avg
Separated Learning -175.67 | -184.05 | -190.51 | -183.41
Continual Learning -130.25 | -132.84 | -134.96 | -132.68
Weighted Learning (a« = 10) | -152.65 | -151.76 | -158.51 | -154.31

Table 4.5: Overview about the relative Elo gains of the different approaches (compared
to the baseline approach) for different batch sizes for Chess960. The values
resemble the average Elo gain of all node and move time configurations for
the particular batch size. The cells are color-coded from best (dark green) to
worst (dark red). The last column displays the overall average Elo gain for all
33 performed experiments of each approach.

4.3.2 Elo Gain

The relative Elo gains for Chess960 can be seen in Figure 4.25. All approaches perform
significantly worse than the baseline, as expected, given the higher losses. Table 4.5
summarizes the results by averaging over all node and move time values. Bigger batch
sizes lead to more decisive results.

4.3.3 Expert Impact

Figure 4.26 shows the impact of the three experts for the Separated Learning approach
with batch size 64. Similar to regular chess, the opening expert has the smallest influence
on overall Elo, indicating that the inaccuracies and mistakes of the ME approaches happen
in the later game phases of the matches. Especially the midgame expert, leads to immense
performance drops. Changing the number of nodes or the move time does not influence
the results significantly.
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Figure 4.25: Relative Elo gain of all approaches for different batch sizes for Chess960.
Node values of 100, 200, 400, 800, 1600 and 3200. Move time values of 100,
200, 400, 800 and 1600.
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Fig. 4.26b
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5 Discussion

In this chapter, we evaluate and interpret the most relevant results of the previous chap-
ter, assess their reliability, and point out their consequences. In particular, we discuss
the validity of our chosen game phase definition and point out possible improvements.
Furthermore, we compare our selected approaches and point out their advantages and
disadvantages with respect to their performance. We also examine potential reasons why
the approaches failed to deliver similar results for Chess960.

5.1 Game Phase Definitions

Section 4.1 clarifies that finding an appropriate definition for chess game phase transitions
is not trivial. We see that the mixedness score has a very high variance and, on its own, is
not suited for games with many piece trades in the early game because those never get to a
position where the board is sufficiently mixed for the mixedness criterion to reach a value
of 150. Similar things can be said about the backrank sparseness criterion, which also will
not detect the transition to the midgame as early as would be needed for variations like
the Berlin endgame. Nevertheless, it is essential to include these criteria as they, in return,
are relevant to capture midgame transitions for slow maneuvering games with closed
positions and nearly no piece trades. In these strategic cases, the piece count criterion
fails, showing that it is also unsuited as a sole indicator for game phases.

In combination, however, the chosen criteria form a good baseline for phase separation,
as shown through Figures 4.7 and 4.8b. Not only do they lead to a relatively balanced
position count distribution for the three phases, but they also offer a nearly uniform game
outcome distribution.

In order to balance the number of positions for each phase even more, it would be possible
to adjust the criteria in a way that leads to later transitions to the midgame so that a
portion of the positions are shifted from the midgame dataset to the opening dataset.
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This change could be executed by investigating ways of combining the current criteria in
conjunctive or other more sophisticated forms instead of just using a strict disjunction.
An example would be requiring both a particular piece count and a minimum mixedness
score simultaneously.

An adjustment like this would also be in line with our findings for the losses of the different
phases. The test set losses of the Regular Learning approach in Figure 4.9a clearly show
that midgames form by far the most challenging phase of the game. Their great variety and
high piece counts lead to difficult policy predictions and, consequently, to a substantially
higher loss than the other phases. Limiting the number of positions that count toward
the midgame would mitigate this issue and delegate more responsibility to the opening
expert.

A change like this could also counteract the fact that the opening expert currently provides
no relevant improvement compared to the baseline network, as shown when analyzing the
expert importance in Section 4.2.5. A criterion that is currently not included but would
help in this regard is whether the players have already castled their king to safety. This
criterion is also often intuitively used to judge chess positions but should probably not
be added in isolation but instead be tied to fulfilling other criteria simultaneously in a
weaker form (e.g., both players having castled + mixedness score of more than 130). The
same can be said about a move counter criterion, which also is not reliable on its own but
might be worth considering when tied to additional constraints.

The drawback of such adjustments to the definition is that they would require much
manual work to find a fitting configuration without guaranteeing improvement for the
resulting experts.

Another thing worth pointing out is that the number of jumps back to previous phases
during a game would most likely increase the more sophisticated the transition criteria
become. Figure 4.6 shows that more than 20% of our games had at least one such transition,
which is already higher than we expected but should not lead to major problems for the
proposed approaches.

The fact that the opening expert is not relevant in terms of Elo gain can also be attributed
to the fact that we used an opening suite for our experiments to ensure game variety. This
inclusion leads to a shorter opening phase and, therefore, fewer decisions for the opening
experts as several moves have already been made. It also shifts the distribution of opening
positions compared to the training data. In the training set, the positions are provided by
games of high-level players, which leads to little variety in the opening as these players
usually follow known theoretical lines. In contrast, the chosen opening suite consists of
automatically generated, randomized positions that are only restricted to not favor the
black or the white side too heavily. These positions, therefore, form out-of-distribution
samples for the opening expert. It can even be argued that these positions are more similar
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to typical midgame positions than to regular opening positions, as they often include
early-game tactics and major structural imbalances. Consequently, it might be beneficial
to have some midgame knowledge in these positions, which the opening expert does not
have. Using a different opening suite with theoretical lines similar to those played by
humans could, therefore, increase the impact of the opening expert.

In addition to that, it is generally harder for experts to excel in openings than in other
phases, as openings are more trivial to learn and also often include many possible moves
that are interchangeably playable, so different policy decisions are less impactful than in
other phases. One could argue that decisions in the opening carry through to the other
phases and, therefore, impact the whole game rather than only their phase. While this
statement is generally true, Figure 4.22 clearly shows that this does not lead to the earlier
phases being more impactful, with the endgame expert providing the highest relative Elo
gain on average.

5.2 Approach Validity

Table 5.1 contains an overview of the test set losses for all approaches and all experts
used for our experiments. The values are color-coded from high loss (red) to low loss
(dark green). The resulting ME model of combining all three phase experts is denoted as
“mixture”. The ME model detects the current game phase and only queries the correct
expert when making a prediction. The resulting loss of each approach on the complete
no-phases test set is shown in the last column (underlined). As mentioned before, all
approaches achieve significantly better combined losses than the baseline model of the
Regular Learning approach. Most improvements in terms of loss were made on the
midgame and endgame test sets, which is in line with our results about expert impact
3.4.5. Our unweighted approaches 1 and 2 achieve lower losses than those with weighted
datasets. The difference is not as easily noticeable for the final no-phases test set policy
accuracies, with all approaches hovering around 0.57 accuracy as shown in Table 5.2.

The Separated Learning and Continual Learning approaches significantly outperforming
the Weighted Learning approach becomes even more apparent when looking at the relative
Elo gain overview in Table 5.3. The values are averaged over all node and move time
values and shown for all used batch sizes. No chosen batch size performs clearly better
than the others, but a batch size of 1 leads to significantly worse gains in terms of Elo for
approaches 1 and 2.
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approach expert - : test set
opening | midgame | endgame | no-phases

Regular Learning - 0.9269 1.5043 1.3523 1.2897
opening | 0.9169 2.4030 3.2433 2.2587
Separated Learning midgame | 1.6064 1.4371 1.5494 1.5260
endgame | 2.0097 1.6605 1.2594 1.6293
mixture | 0.9169 1.4371 1.2594 1.2245
opening | 0.8786 1.8775 2.5501 1.8153
Continual Learning midgame | 1.5966 1.4437 1.5293 1.5203
endgame | 2.0281 1.6748 1.2774 1.6458
mixture | 0.8786 1.4437 1.2774 1.2218
. . opening | 0.8636 1.5125 1.3780 1.2820
Weighted Learning -7 o 00661 | 1.5055 | 1.4207 | 1.3248
(a=4) endgame | 0.9339 1.5041 1.2864 1.2695
mixture | 0.8636 1.5055 1.2864 1.2433
. . opening | 0.8887 1.6600 1.5389 1.3995
Weighted Learning - L7 00955 | 14834 | 14470 | 1.3346
(a = 10) endgame | 1.0334 1.5547 1.3036 1.3241
mixture | 0.8886 1.4834 1.3036 1.2483

Table 5.1: Overview of all losses of each expert’s final model checkpoint for all ap-
proaches. The losses are shown for the opening, midgame, endgame, and
no-phases test sets. In addition to the specific expert’s losses, we added a

row for the loss of the resulting mixture model that uses all three experts. The

mixture models choose which expert to use based on the phase of the current
position in the test set (i.e., the opening expert evaluates all opening positions,
the midgame expert evaluates all midgame positions, etc.). We color-coded
each column individually from high loss (dark red) to low loss (dark green).
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approach expert test set
PP P opening | midgame | endgame | no-phases
Regular Learning - 0.6793 0.4905 0.5265 0.5580

opening | 0.6803 0.3329 0.1923 0.3871
midgame | 0.4210 0.5106 0.4713 0.4711
endgame | 0.3337 0.4544 0.5557 0.4533
mixture | 0.6803 0.5106 0.5557 0.5756

opening | 0.6914 0.4204 0.2904 0.4558
midgame | 0.4580 0.5088 0.4725 0.4816
endgame | 0.3312 0.4509 0.5502 0.4495
mixture | 0.6914 0.5088 0.5502 0.5763

opening | 0.6955 0.4915 0.5245 0.5624
midgame | 0.6665 0.4938 0.5044 0.5480
endgame | 0.6764 0.4927 0.5484 0.5654

Separated Learning

Continual Learning

Weighted Learning

(=4 mixture [10:69550 0.4938 | 0.5484 | 0.5714

] . opening | 0.6890 | 0.4554 0.4771 0.5312
Weighted Learning midgame | 0.6558 0.5002 0.4979 0.5450
(a=10) endgame | 0.6446 0.4800 0.5423 0.5493

mixture | 0.6890 0.5002 0.5423 0.5698

Table 5.2: Overview of all policy accuracies of each expert’s final model checkpoint for
all approaches. The values are shown for the opening, midgame, endgame,
and no-phases test sets. In addition to the specific expert’s policy accuracies,
we added a row for the loss of the resulting mixture model that uses all three
experts. The mixture models choose which expert to use based on the phase
of the current position in the test set (i.e., the opening expert evaluates all
opening positions, the midgame expert evaluates all midgame positions, etc.).
We color-coded each column individually from low policy accuracy (dark red)
to high policy accuracy (dark green).
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Surprisingly, using a = 10 for our Weighted Learning approach leads to substantially
higher Elo gains than using a = 4, even though the overall loss was the same for both «
values. We conclude that the actual expert impacts in some scenarios will only be visible
after performing benchmark matches and that only comparing the achieved losses is insuf-
ficient. The fact that the higher a value performs better shows that more specialization is
beneficial as the samples of the other phases are weighted less the higher a gets. Therefore,
the Weighted Learning approach may achieve similar results as the other approaches when
increasing a even further. There might even be an a value that corresponds to a better
tradeoff than not using the other phases at all (like in approaches 1 and 2). However,
we have to keep in mind that using all samples for training, as in approach 3, triples the
training time compared to approach 1, where each expert is only trained on about a third
of the entire dataset.

In theory, the Continual Learning approach should be strictly superior to the Separated
Learning approach. Its final training stage is exactly equivalent to the overall training of a
Separated Learning expert, the only difference being the network initialization. Conse-
quently, we expected the approach to perform better as it had access to the samples of
the other phases during the first two training stages. However, due to the catastrophic
forgetting behavior, nearly no previously learned knowledge was still present at the start
of the final stage, and the learned starting weights achieved about the same final losses as
random starting weights. We still think the approach can be beneficial when carefully
adjusting the learning rate and momentum schedule for the different stages in order to
limit the amount of forgetting. However, restricting the parameter updates in this manner
during the final stage may lead to fewer specialization opportunities for the expert so that
the final network will be too similar to the baseline network.

Overall, we are confident that an ME approach for MCTS can be beneficial for chess as the
shown experimental improvements are significant, not only because of their magnitude
but also because of the high amount of games used per match, leading to reliable results.
However, the Elo gains might not be as drastic as our results show because the baseline
model corresponds to the weakest of all seeds tested in Section 4.2.6.
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approach batch size
1 8 16 32 64 avg
Separated Learning 106.89 | 123.45 | 126.81 | 124.36 | 129.49  122.20
Continual Learning 111.68 | 120.81 | 122.49 | 125.00 | 125.55 | 121.11
Weighted Learning (¢« = 4) | 25.61 | 23.20 | 23.52 | 22.28 | 21.31 | 23.18
Weighted Learning (¢ = 10) | 50.41 | 52.42 | 56.33 | 63.55 | 56.51 | 55.84

Table 5.3: Overview about the relative Elo gains of the different approaches (compared
to the baseline approach) for different batch sizes. The values resemble the
average Elo gain of all node and move time configurations for the particular
batch size. The cells are color-coded from best (dark green) to worst (dark
red). The last column displays the overall average Elo gain for all 55 performed
experiments of each approach.

5.3 Chess960 Problems

All our tested approaches lead to a significant performance decrease for Chess960. The
increased loss on the opening test set for Chess960 does not indicate that the opening is
the deciding factor for the poor performance of our approaches, as the opening loss also
increased for the baseline model compared to regular chess. The comparison of expert
impacts for Chess960 in Figure 4.26 supports that claim, showing that the opening expert
was not particularly relevant for the Elo differences.

Instead, possible reasons for the poor results might be that the game phases are not
suitable for the new environment (Chess960), the increased complexity of the game, or
the used dataset. We assume that the chosen game phase definitions are still appropriate
for Chess960 as the nature of the game does not change dramatically apart from the first
few moves. Additionally, Table 4.1 shows that the chosen definitions still split the input
space into three approximately equally sized subspaces for Chess960.

We suspect the main reason for the performance decrease is the dataset’s nature. It being
significantly smaller than the chess dataset is exacerbated by the fact that each expert
is only trained on about one-third of the available samples. The resulting datasets for
each expert might not contain enough information to adequately learn the intricacies of
Chess960. Additionally, the quality of the samples was worse as the average player skill
was considerably lower, and low time control games were included.
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As a result, using an ME approach for MCTS is not always beneficial, and the success
depends on the environment, the chosen game phases, and especially the quality and size
of the underlying training sets.
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6 Conclusion

In this thesis, we analyzed how chess can be split into three phases and whether the
resulting subspaces are appropriate for an ME approach to MCTS.

We conclude that the rules for transitioning between game phases should be sophisticated
and carefully chosen instead of simply using a criterion such as the current move number.
The Lichess game phase definitions form a solid baseline for further adjustments in this
area.

Recapping the results of our experiments, we conclude that using ME approaches can lead
to significant performance increases for chess. Strictly splitting the input space, as in the
Separated and Continual Learning approaches, lead to the best results.

Our Chess960 experiments show that only choosing appropriate game phase criteria does
not necessarily lead to improvements. The quality and size of the underlying dataset
have a substantial impact on the applicability of ME approaches and should be carefully
chosen.

6.1 Future Work

In order to test our hypothesis that the dataset quality was the reason for the performance
decreases in Chess960, the experiments should be repeated using a bigger and maybe also
more robust dataset without low time control games. Additionally, slight adjustments to
the phase definitions could be made that increase the opening length to raise the impact of
the opening expert. In return, the subspace for the midgame expert is decreased, reducing
the complexity of this phase.

Because the amount of overfitting was relatively low for all experts, increasing the num-
ber of epochs might be beneficial and might lead to the experts specializing even more.
Similarly, the model architecture could be specially chosen for different experts. For
example, the endgame typically features fewer pieces, so different input representations
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and customized convolutional blocks could prove beneficial. We also did not tune any
hyperparameters specifically for certain experts, which can be investigated in future work
as well. Especially for the Continual Learning approach, changes in this regard could lead
to significant improvements if the amount of catastrophic forgetting can be limited.

A different approach to finding suitable separations of the game would be clustering. Even
though we lose interpretability, clustering might find better alternatives for grouping
certain positions, leading to more localized experts. The resulting clusters could either
be used as fixed phase criteria or adapted during the learning process using expectation-
maximization techniques. In addition to that, the impact of using more than three experts
can easily be investigated by using more clusters.

There are also alternative approaches for integrating ME in MCTS that could be analyzed.
It is possible to use one common network stem sharing the parameters for each expert and
only finetune specific expert heads. Furthermore, instead of using the majority phase in a
batch during MCTS, we could query multiple networks and weigh the outcome based on
the batch phase distribution. Another approach would be to fill separate clean batches for
each expert and only query the expert once its batch is full so that no positions are passed
through the wrong expert. It is also possible to adjust our Weighted Learning approach
so that each sample is not given a fixed weight according to its phase. Instead, a sample
would be weighted according to some heuristic that describes how close it is to the phase
of the currently trained expert.

Future work should also examine the impact of using reinforcement learning. Through
self-play, the experts could get even more specialized, which might lead to better results.
Finally, it has to be examined whether the proposed approaches can also work for envi-
ronments that can not easily be divided into natural phases.
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