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This paper is devoted to the scientific problem of improvements of the Monte Carlo Tree Search
(MCTS) method. The object of research is the process of performing a tree search using the MCTS. The
subject of research is the MCST improvement technique with control of the search tree shape by usage
of the previously proposed be the authors DWC (Depth/Width Criterion) and WDC (Width/Depth
Criterion) criteria. This technique was named Monte Carlo Tree Search with Tree Shape Control
(MCTS-TSC). The research methods are based on the theory of data structures and analysis methods.

The aim of the study is to conduct extended study of the previously proposed MCTS-TSC
technique for improvement of the MCTS method. In particular, the aim is to approve that the DWC and
WDC tree shape control criteria ensure the better move selection and increasing player strength compared
to the standard Monte Carlo Tree Search with Upper Confidence bounds applied to Trees (MCTS-UCT)
technique.

To achieve the aim, the following tasks were set: to conduct a set of experiments according to the
developed approbation methodology to approve that the WDC criterion of the MCTS-TSC technique is
able to improve the MCTS method; to conduct a set of experiments according to the developed
approbation methodology to approve that the DWC criterion of the MCTS-TSC technique is able to
improve the MCTS method.

Both WDC and DWC criteria of the MCTS-TSC technique were tested on a series of games of
Connect Four between a player, which used the MCTS-TSC technique, and a player which used the
MCTS-UCT technigue. Different parameters for tuning the formulas of the WDC and DWC criteria of
the MCTS-TSC technique were used in the experiments.

The paper describes the methodology of the approbation of the MCTS-TSC technique with usage
of the WDC and DWC criteria compared to the MCTS-UCT technigque and conducts comparative analysis
of the results of the experiments. The MCTS-TSC player won from 30% to 70% more games than the
MCTS-UCT player for some search tree shapes, when WDC criterion was used, and from 19% to 52%
more games, when DWC criterion was used. So, ability of the proposed
MCTS-TSC technique to improve the MCTS method was approved for both criteria, WDC and DWC.
Key words: depth-width type criteria, Monte Carlo tree search method, MCTS, MCTS-UCT,
MCTS-TSC, search tree shape control.

1. Introduction
This paper is devoted to the scientific problem of improvements of the Monte Carlo Tree Search
(MCTS) method [1]. This method, after its appearance, has become one of those methods for the field
of artificial intelligence, without which it is difficult to imagine the solution of many problems in this
field. The MCTS method is currently one of the most popular search methods due to the massive data
volumes and high complexity of solutions in artificial intelligence problems. MCTS relies on the
Monte Carlo method, using a stochastic search process instead of exhaustive search which is
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unsatisfactory for such large datasets due to time constraints. The MCTS method has shown high
efficiency in solving many classes of artificial intelligence problems. However, simultaneously with
the further development and emergence of new ways to improve this method, the complexity of the
tasks and the volume of data for these tasks also increase. That is why research of other new
improvement techniques of the MCTS become even more actual, now.

2. Literature review and problem statement

Since the tree search method MCTS has been known for enough long time, research on this
method has already been carried out in many works by different researchers. Good reviews of different
approaches and ways of further development of MCTS are made in works [1 — 4]. It should be noted
that MCTS researchers, as a rule, try to improve the basic UCB1 (Upper Confidence Bound) formula
of the MCTS method using, figuratively speaking, “internal” criteria. These approaches take into
account different cases of the win/loss ratio, heuristics based on knowledge of the features of the
application domain (game), specific cases of positions that may arise during the game, etc. But the
criteria that reflect, figuratively speaking, “external” abstract and identical for all games data structures
such as the search tree and its shape, were used infrequently, although such publications also exist
[5—7]. But even in these cases, authors propose mainly only such a criterion as the branching degree
of the tree vertices. This criterion well reflects the potential width of the already constructed subtree
that is directly under this vertex. However, it is insufficient to estimate both the actual width and the
actual depth of the entire subtree of this vertex. Insufficiency follows from that the criterion "branching
degree of a vertex" shows only the local width at this particular vertex. This criterion says nothing
about either the total width of the entire subtree that is under this vertex, or the shape (harrow, wide,
etc.) of this subtree. Though, this criterion effectively reflects the potential width of the constructed
subtree directly under a vertex, however, it is insufficient for estimating the actual width and depth of
the entire subtree.

The "branching degree of a vertex™ only indicates the local width at that vertex. But it provides
no information about the total width of the entire subtree or its overall shape, such as whether it is
narrow or wide.

In some papers from the list of references of the paper and in the content of this paper the
“strength of a player” term is used for explanations of researches. Let us give the definition how this
term is treated in the context of the MCTS method in this paper.

Strength of a player is a relative entity which is measured in numbers of wins of this player. Who
of two players have more wins in a series of games, this player has greater strength.

An interesting result was obtained in [8], in which the authors studied the MCTS method on the
Mancala game. They were able to obtain a search tree that was more complete (and therefore wider)
at the initial levels of the tree and more scattered (and therefore with narrower branches) at deeper
levels. At the initial stage of the search, the emphasis shifts toward exploration when choosing between
little-explored moves and moves which were already assessed as good. This leads to constructing a
wider tree initially. After some search time, the emphasis shifts toward using the explored good moves
and, as a result, the tree begins to grow deeper rather than wider. And as the authors of the [8] work
note, constructing a tree of such a balanced shape had a positive effect in increasing the player's
strength. This conclusion emphasizes the existence of a relationship between the shape of the MCTS
search tree and the player's strength, that is, the efficiency of this search.

Previously, the authors of this paper in [9] proposed some general depth-width (DW) type criteria
for the tree shape control. These criteria are based on calculating the ratio of the depth of subtrees to
their width for each vertex of the tree or vice versa and were taken in some way in the UCB1 formula.
Besides, a method for further development of the MCTS method, which is based on these criteria and
which was called Monte Carlo Tree Search with Tree Shape Control (MCTS-TSC) was proposed in
[9], too. After approbation the first variants of the DW type criteria, two new criteria of this type were
proposed lately at the next stage of the research in [10]. But these the last criteria were not tested deeply
yet. So, extended study of the new DWC and WDC criteria is the actual problem for the further
research.
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Let us briefly consider two new DW type criteria, which were proposed firstly in [10]. The
criteria are DWC (Depth/Width Criterion) and WDC (Width/Depth Criterion). DWC and WDC criteria
are defined as follows:

DWC = Cp X (%— CDW), (1)
WDC = —Cp X (% - CWD) = Cp X (CWD - %) )

where,

DWC — Depth/Width Criterion;

Cow — depth-width parameter (coefficient), which determines the desired (reference) shape of
the tree for the DWC criterion;

WDC — Width/Depth Criterion;

Cwp — width-depth parameter (coefficient), which determines the desired (reference) shape of
the tree for the WDC criterion;

Cr — regulation parameter (coefficient) for decrease/increase of the influence of the DW type
criteria;

ND — Node Depth, i.e. depth of a subtree of a certain vertex;

NW — Node Width, i.e. width of a subtree of a certain vertex.

The new DW type criteria (their place is marked in red in the formula (3)), are used to fine-tune
the main UCB1 formula [1] of the MCTS method by adding their values to the Cuce: parameter.
Because UCBL1 formula now depends on the DW criteria for tree shape control (TSC), it is now named
UCBl7sc:

NodeWins

2XIn(ParentPlayouts) (3)
NodePlayouts

USB]‘TSC =

+2x (CUSBl + DW) X \[ NodePlayouts
where,

NodeWins — the number of gained game wins when a given vertex was selected;

NodePlayouts — the number of times the game passed through a given vertex;

ParentPlayouts — the number of times the game passes through the parent vertex of a given
vertex;

Cucs1 — a parameter for configuring the search process;

DW — one of the DW type criteria.

These formulas (1), (2) and (3) are described in detail in [10]. Formula (3) will now take into
account not only the current probabilities of the next moves (which may not be accurate enough) in a
certain vertex, but also the current shape of the subtree of this vertex. The result is as follows. If the
shape of a certain subtree began to move away from the typical shape for a given problem in a certain
direction (for example, towards expansion), adjustments are made. The modified parameter Cucg Will
give preference to such a vertex among the next vertices with the same probability which will direct
the further construction of the tree in the opposite direction (towards deepening). In result, the tree
shape will become closer to a more typical shape for this problem (game).

The first approbation of the MSTC-TSC technique with usage of the new DWC and WDC criteria
[10] showed their good results in certain cases. But then only some simple experiments of the criteria
evaluation were conducted and additional experiments were needed. So, the paper is devoted to more
strong approbation of these criteria usage under more systematic methodology of conducting
experiments.

3. The aim and objective of the study
The aim of the study is to conduct extended study of the previously proposed MCTS-TSC
technique for improvement of the MCTS method. In particular, the aim is to approve that the DWC
and WDC tree shape control criteria ensure the better move selection and increasing player strength
compared to the standard MCTS-UCT technique.
To achieve the aim, the following tasks were set:
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— to conduct a set of experiments according to the developed approbation methodology to
approve that the WDC criterion of the MCTS-TSC technique is able to improve the MCTS method;

— to conduct a set of experiments according to the developed approbation methodology to
approve that the DWC criterion of the MCTS-TSC technique is able to improve the MCTS method.

4. Methodology of the DWC and WDC criteria study
4.1. Important notes from previous investigations

Let us consider an experimental approbation of the MCTS-TSC technique which uses the
proposed DWC and WDC criteria. The approbation was conducted for the MCTS-TSC search tree
shape control method compared to the standard MCTS-UCT (Monte-Carlo Tree Search with Upper
Confidence bounds applied to Trees) technique of implementing MCTS search method. The
experimental verification was performed on the Connect Four game, the branching degree of which is
B="7.

Let us note a few important points for this study and analysis.

In early studies of the MCTS method [1], it was found that the ability of the MCTS search in
finding the best subsequent solutions (moves) depends on the value of the Cuce:1 parameter. Besides,
these studies also found that although for many application tasks (games) one of the best values of this
parameter is Cuce1 = 1/3/2 = 0.707, this is not the case for all tasks. In general, for different problems
the best value of Cuce: may be different and is determined experimentally.

During the first series of MCTS research experiments an important fact which had to be taken
into account for the next experiments was established by the authors of this paper. The fact concerns
implementation of the Connect Four game players which use MCTS search. If both players have the
same value of the Cucs1 parameter, the 2™ player (i.e. the one who starts the game second) in the vast
majority of cases wins over the 1% player. I.e. in the Connect Four game between two players playing
by the using the MCTS search, the second player has a certain advantage and turns out to be stronger.

4.2. Methodology of the preliminary stage of the study

Taking into account the above, the preliminary stage of testing was first performed. At this stage,
the following was done:

— for the Connect Four game the best value of the Cuce: parameter was determined for
implementing the strongest player of this game; the above-mentioned fact of a certain advantage of
the second player was taken into account;

— typical shapes of the search trees (NW/ND and ND/NW ratios) for the Connect Four game were
determined; these tree shapes were obtained at different set computational budgets using the standard
MCTS-UCT technique of the MCTS search method;

— for each set computational budget, intermediate shapes (NW/ND and ND/NW ratios) were
determined; these shapes were fixed for the search trees built after performing each 10% of the budget
iterations.

To determine the best value of the Cucs: parameter, both players played according to the
standard MCTS-UCT technique with different values of the Cuce1 parameter from 0.3 to 1.4 with the
step of 0.05. The games were played alternately as the 1% player and as the 2" player. The general
scheme of conducting the games of the preliminary stage of the study was as follows:

— the 1% player played with some parameter value, for example Cuce: = 0.7, and the 2" player
played with another value, for example Cucg1 = 0.5;

— then, on the contrary, the 1% player played with the parameter value of Cuce: = 0.5, and the 2"
player played with the value of Cycg1 = 0.7,

— for each value of the Cucs: parameter, the sum of winnings was calculated when both the 1*
and 2" players played with such a Cucs: value; the same sums were calculated for losses and draws.

As a result of this preliminary stage of the research, it was found that the best value of the Cuce1
parameter for the Connect Four game is Cucg1 = 0.55.

Therefore, the main stage of the approbation on the Connect Four game was performed precisely
at the set value of the main parameter Cucs: = 0.55 for both of these players in all cases. This value
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was used by each player when it played the game as the 1% player and when as the 2™ player. This
allowed to achieve equivalent comparing the strength of the MCTS-TSC player with control of the
search tree shape, and the standard MCTS-UCT player.

To determine the typical shape of the search tree for the Connect Four game, it was necessary to
take into account the fact that trees built for different numbers of search iterations (different
computational search budgets) will have different numbers of tree vertices. Usually, number of tree
vertices equals to the number of search iterations, if one vertex is added at each iteration. Besides,
when different computational budgets are set, different tree shapes, i.e. the width-to-depth ratio
NW/ND and the depth-to-width ratio ND/NW, will be obtained as a rule, too. Therefore, in order to
obtain more reliable statistics for the comparison of the MCTS search by the MCTS-TSC and
MCTS-UCT techniques, a set of games between them was conducted with different computational
budgets. The typical shape of the search tree was determined separately for each of these budgets.

Further, using the standard MCTS-UCT technique, the tree shapes (NW/ND and ND/NW ratios)
were also determined after performing each 10% of iterations of a set budget. These intermediate
shapes were fixed during construction search trees for each of the computational budget values used
in the experiments.

All the tree shapes determined at this preliminary stage were taken to conduct a set of games in
the main stage of the experiments.

4.3. Methodology of the main stage of the study

At the main stage of experimental verification of the proposed theoretical developments, the
following cases were considered:

— testing the efficiency of a player which used MCTS-TSC technique with control of the search
tree shape by the WDC criterion, compared to a player which used the standard MCTS-UCT search
technique;

— testing the efficiency of a player which used MCTS-TSC technique with control of the search
tree shape by the DWC criterion, compared to a player which used the standard MCTS-UCT search
technique.

The games between the MCTS-TSC and MCTS-UCT players for each of these cases were
performed according to the following general scheme:

1. First, the best value of the Cr parameter was determined for a given value of the desired tree
shape parameter Cpw or Cwp for the MCTS-TSC player, i.e. the value at which the MCTS-TSC player
played the strongest in this case. This value was determined separately for each of the WDC and DWC
criteria. Since the Cr parameter has a similar regulatory nature as the Cucei parameter, the
determination of the best value of the Cr parameter for the MCTS-TSC player was performed
experimentally in a similar way to the determination of the Cucg1 parameter value.

2. For each partial case of the study, 20 games of the Connect Four game were conducted: 10
games were conducted when the MCTS-TSC player played first and 10 games were conducted when
the MCTS-UCT player played first. After that, the number of wins of each player when he started the
game first and when he started the game second was summed up. The number of draws were also
summed up.

3. A set of experimental games of the Connect Four game was conducted for the following
research parameters, combining these parameters according to the principle of “each with each” (each
such combination of parameters gave a partial case of the study):

— the 1% parameter which set the shape control criterion, WDC or DWC;

—the 2" parameter Iter which set the computational budget in the form of the number of
iterations of the search execution;

— the 3" parameter which set the desired (typical) shape of the search tree: Cwp or Cow;

—the 4™ parameter PB (Part of Budget) which set percentage (in fractions of a unit) of the number
of iterations of the set budget, after execution of which the desired tree shape parameter (Cwp or Cpw)
for this budget was determined.

Let us consider these parameters in more detail.
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The 1% shape control criterion parameter, WDC or DWC, set the formula, (1) or (2), by which
the shape of the tree will be controlled.

The 2" Iter parameter set the computational budget (number of search iterations) that was
allocated to making a decision about each player's next move. Our study was carried out for the
following computational budget cases:

— 50000 iterations;

— 100000 iterations;

— 150000 iterations;

— 200000 iterations;

— 250000 iterations;

— 300000 iterations.

The 3 parameter of the desired shape of the search tree Cwp (for the WDC criterion) or Cpw
(for the DWC criterion) set the ratio of the desired width of the search tree to the desired depth of the
search tree, or vice versa:

Cwp = DSW/DSD,

Cow = DSD/DSW,
where,

DSW — desired (reference) shape width of the search tree,

DSD - desired (reference) shape depth of the search tree.

The 4™ parameter PB set the percentage (in fractions of a unit) of the number of iterations of the
computational budget (Iter parameter) for each partial case of the approbation. The shape of the search
tree that the tree obtained after executing this percentage of the budget was set as the desired tree shape
(Cwp = DSW/DSD or Cpw = DSD/DSW) for this partial case study.

Let us consider the meaning of the PB parameter from the point of view of the process of
constructing an MCTS search tree with tree shape control using the MCTS-TSC technique. Recall that
at the beginning of tree construction, the shape of this tree is relatively narrow. Then during the
construction, it is quickly stretched in width, since the branching degree of the Connect Four game is
7. The PB parameter value, for example PB = 0.3, means that the reference desired shape of the search
tree is set to the shape that the tree has after executing 30% of the specified iteration budget. This is
just the shape, which MCTS-TSC will try to direct the tree construction process to. As a result, the
effect of controlling and correcting the shape of the search tree will be as follows. During the first 30%
of tree construction iterations (i.e., when the current tree shape is narrower than desired), the use of
the WDC and DWC criteria will direct the tree construction towards its additional expansion compared
to how the standard MCTS-UCT technique does it. And during all subsequent iterations of tree
construction from 30% onwards (i.e. when the current shape of the tree becomes wider than desired),
the use of the WDC and DWC criteria will, on the contrary, direct the tree construction towards its
additional deepening compared to MCTS-UCT.

5. Results of the experiments of the DWC and WDC criteria study
5.1. Results of the experiments of the WDC criterion

A sets of Connect Four games was played to test the MCTS-TSC technique compared to the
standard MCTS-UCT technique when the WDC tree shape control criteria was used.

Each partial set of games was played both when the MCTS-TSC player made the first move (10
games) and when the MCTS-UCT player made the first move (10 games) for each of the computational
budget cases (6 cases). Thus, for each partial study, when changing the parameter PB from 0.1 to 1
with a step of 0.1, (10 + 10) * 6 = 120 games were played.

After that, for each value of the parameter PB, the total number of wins of each player, as well
as the number of draws, was summed up. The obtained values were used to construct a summary
comparative diagram of the results shown in the Figure Ne 1.

The symbols and colors in the FigureNe 1 have the following meaning:

— the abscissa axis shows the values of the parameter PB;

—the ordinate axis shows number of wins of each player, MCTS-TSC (blue color) and
MCTS-UCT (orange color) as well as number of draws (gray color).
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Fig. 1. Results of playing a set of games of the MCTS-TSC and MCTS-UCT players when
MCTS-TSC used tree shape controlling by the WDC criterion

According to the results shown in the diagram in Fig. 1, the following observations can be made:

1. A significant positive effect was obtained in increasing the “strength” of the MCTS-TSC
player compared to the MCTS-UCT player in some cases. This effect is observed when the
MCTS-TSC player was given a predefined desired (reference) tree shape, which the tree takes after
executing 10%, 20%, and 30% (PB = 0.1, 0.2, 0.3) of the computational budget. That approved an
increase in search efficiency when using the WDC criterion for controlling the shape of the search tree.
Also, a good positive effect was obtained with the parameter values PB = 0.6 and PB = 1.

2. The best positive effect was observed in the following cases. During a non-big initial part
(10%—30%) of the search iteration budget, tree construction process was directed to building a wider
shape of the search tree. Next the process was directed towards deepening the tree shape compared to
the tree built by the standard MCTS-UCT technique. When setting the parameter value PB = 0.1
(10%), the MCTS-TSC player won 33.3% more games than the MCTS-UCT player. At PB = 0.2
(20%) — 30.4% more games won, and the largest positive effect was obtained at PB = 0.3 (30%) — 70%
more games won.

3. Besides, MCTS-TSC player won 22.9% more games at PB = 0.6 and 25% more games at
PB =1. Obtaining such a good positive effect also with these desired shapes of the search tree indicates
the next: for a certain application task (in this case, the Connect Four game) there may be not only one,
but also several typical shapes of the search tree, setting of which increases the search efficiency.

As conclusion to this part of the experiments it might be noted that there were obtained new
results, which approve that MCTS-TSC technique with usage of the WDC criterion is able to overcome
the MCTS method. That is to increase strength of the MCTS-TSC player comparing to the
MCTS-UCT for some shapes of the search tree.

5.2. Results of the experiments of the DWC criterion

A sets of Connect Four games was played to test the MCTS-TSC technique compared to the
standard MCTS-UCT technique when the DWC tree shape control criteria was used.

The games with usage of the DWC criterion were done according to the same scheme as with
usage of the WDC criterion. The obtained values were used to construct a summary comparative
diagram of the results shown in the Figure Ne 2.

The symbols and colors in the FigureNe 2 have the same meaning as in the Figure Ne 1.

According to the results shown in the diagram in Fig. 2, the following observations can be made:

1. The general picture of the results of the execution of the same set of experimental games when
using the DWC search tree shape control criterion turned out to be similar.

2. In contrast to the application of the WDC criterion, when using the DWC criterion, the greatest
positive effect of tree shape control was observed at values of the PB parameter by 0.1 larger
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(PB =0.2,0.3, 0.4, 0.7). But the greatest positive effect was obtained in the same way as for the WDC
criterion, at the value PB = 0.3 (30%). Also, in the same way as for the WDC criterion, the positive
effect was observed at PB = 1.

3. The first and the widest range of the MCTS-TSC efficiency was obtained at PB values from
0.2 to 0.4. When setting the parameter value PB = 0.2 (20%), the MCTS-TSC player won 19.2% more
games than the MCTS-UCT player, at PB = 0.3 (30%) — 52.3% more games won, at PB = 0.4 (40%) —
24% more games won.

4. Positive effect was obtained in two cases more. At the parameter value PB = 0.7, the
MCTS-TSC player won 29.2% more games, and at PB = 1, the games won were 26.5% more.
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Fig. 2. Results of playing a set of games of the MCTS-TSC and MCTS-UCT players when
MCTS-TSC used tree shape controlling by the DWC criterion

As conclusion to this part of the experiments it might be noted that there were obtained new
results, which approve that MCTS-TSC technique with usage of the DWC criterion is able to overcome
the MCTS method. That is to increase strength of the MCTS-TSC player comparing to the
MCTS-UCT for some shapes of the search tree.

6. Discussion of the DWC and WDC criteria study

The following should be noted:

1. The results of the experiments confirmed the hypothesis of the proposed MCTS-TSC
technique for further development of the MCTS search method. The hypothesis is that controlling the
process of constructing the MCTS tree and directing this process to construct a tree with a more typical
shape for a particular applied task (game) increases the efficiency of the MCTS search method. That
means the strength of the player using the MCTS-TSC technique with control of the search tree shape
increases as well.

2. For the Connect Four game it turned out that the shape with setting parameter PB = 0.3 was
the best desired (typical) shape of the search tree. If MCTS-TSC will try to direct the tree construction
process to this shape (first expand, then deepen) then search efficiency and strength of the player is
improved. l.e. this is the shape which the search tree has after executing 30% of the budget of iterations.

3. Influence of the parameters values of the WDC and DWC criteria formulas on the search
efficiency depend to some extent on the specific application task (game). This means that for different
application tasks the values of the Cwp and Cpw parameters, at which a positive effect of the
MCTS-TSC technique is observed, may also differ. For example, these values may differ from values
that were determined for the Connect Four game. In addition, the values of the efficiency ranges of
other search tuning parameters of the MCTS-TSC with tree shape control may also differ, as well as
the width of these ranges.
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4. Experimental verification of the proposed criteria and the MCTS-TSC technique on other
applied tasks and games may be proposed as the direction for further research.

7. Conclusion

When WDC criterion was used, the MCTS-TSC player won from 30% to 70% more games than
the MCTS-UCT player for some search tree shapes.

When DWC criterion was used, the MCTS-TSC player won from 19% to 52% more games than
the MCTS-UCT player for some search tree shapes.

I.e., when establishing certain desired (reference) tree shapes, the use of both criteria for
controlling the search tree shape (WDC and DWC) increased the efficiency of searching for the best
further game moves. That means that both of these criteria increased the strength of the player, which
used the proposed MCTS-TSC search technique with control of the tree shape, compared to the player
using the standard MCTS-UCT search technique.

So, ability of the both proposed WDC and DWC criteria of the proposed MCTS-TSC technique
to improve the MCTS method was approved. That means that with a successful selection of the WDC
and DWC formula’s parameters for selecting the next branch of the search tree MCTS-TSC technique
allows to bring positive effect.
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s cTaTTs mpucBsiueHa HAYKOBINH MpoOJieMi BIOCKOHAJICHHS IMOIIYKY IO JEPEBY METOJIOM
Mownrte-Kapio (Monte Carlo Tree Search, MCTS). O6’ekToM JOCIIDKEHHS € TPOIEC BUKOHAHHS
MoIyKYy 1o iepeBy 3a pornomoroto MCTS. TIpenmerom nocmimkeHHs € criocio Barockonanenas MCST
3 KepyBaHHSM (DOPMOIO JiepeBa MONIYKY MUISIXOM BUKOPUCTAHHS PaHille 3aIpOTIOHOBAHUX aBTOPaMHU
kpurepiie DWC (Depth/Width Criterion) Ta WDC (Width/Depth Criterion). Ileit croci6 otpuman
nazsy MCTS-TSC (Monte Carlo Tree Search with Tree Shape Control). Metoau mocmimkeHHS
0a3yl0ThCsl Ha TEOPIi CTPYKTYP JAaHUX 1 METOJAX aHAJI3Y.

Metoo poOOTH € TNpPOBEACHHS PO3LIMPEHOI eKCIepUMEHTaabHOi arpoOalii crnocoly
MCTS-TSC, mo Baockonamoe metonx MCTS. 3okpema, Meta mojsirae y miATBEPIKEHH] TOTO, IO
kputepii koHTpoto hopmu nepesa DWC 1 WDC 3a6e3neuyroTs BUOIp Kpamoro Xoxy Ta 30 UTbIIICHHS
CHUJTH TPaBIIS MOPIBHSAHO 31 CTaHAApPTHUM criocoboM peanizarii metogy MCTS — MCTS-UCT (Monte
Carlo Tree Search with Upper Confidence bounds applied to Trees).

Jlnst mocsarHeHHs MeTH Oyiau TIOCTaBJEHI HACTYIHI 3aBAaHHS: 3TiAHO 3 PO3pOOJIEHOIO
METOJIMKOIO0 ampoOarii TpoOBECTH CEpil0 eKCIIEPUMEHTIB I MIATBEp KEHHs, 1o kputepin WDC
cnoco0y MCTS-TSC 3pmaren BmockoHamutu momyk Merogom MCTS; 3rigHO 3 po3poOiieHOr0
METOJIMKOI0 ampoOarii IpoOBECTH CEpil0 €KCIIEPUMEHTIB Ul MiATBEpUKEHHs, 1o Kputepii DWC
cnnoco0y MCTS-TSC 3nmaten BnockoHanuTH nomyk metogom MCTS.

Oo6wuaga kpurepii, WDC ta DWC, ciocooy MCTS-TSC Gynu npotectoBani Ha cepii maptiii rpu
Connect Four wmix rpaBmem, sikuii BukopuctoByBaB crocio MCTS-TSC, 1 rpaBuem, skuii
BukopuctoByBaB crnocido MCTS-UCT. B ekcnepumeHTax Oyjid BHKOPHCTaHI pi3HI HapameTpu
HanamrtyBanHs ¢opmyn kputepiiB WDC 1 DWC cniocoby MCTS-TSC.

Y crarti omucana Meroauka ampooOanii cmocody MCTS-TSC mopiBHsSHO 31 crocobom
MCTS-UCT, a Takox BUKOHAaHUI MOPIBHSJIBHUI aHAMI3 pe3yabTaTiB €KCIIepUMEHTIB. J[1s meskux
dbopMm aepeBa moiyky, y Bunajaky sukopucranus kputepito WDC, rpaseus MCTS-TSC Burpas Bin
30% no 70% Oinbuie irop, Hixk rpaBeub MCTS-UCT, i Burpas Big 19% mo 52% Oinblie irop y
BUMAAKy BuKopuctanHs kputepiro DWC. Orxe, edeKTUBHICTH 3ampONOHOBAHOIO CHOCOO0Y
MCTS-TSC nmns Bnockonanenust merony MCTS Oyna minTBepmxkena st 06ox kputepiis WDC i
DwC.

KnrouoBsi cnosa: kpurepii TUITy ITMOWHA-IINPUHA, TOLIYK B iepeBi MmeTogoM MonTe-Kapio, MCTS,
MCTS-UCT, MCTS-TSC, koHTpoiib popMH JiepeBa MOIIYKY.



