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Abstract

Combinatorial game theory has many ways of measuring game complexity. This study presents
several measures of complexity for the card game Daihinmin to obtain some of its characteristics.
Through computer experiments using programs playing Daihinmin, we collect data on the av-
erage number of possible moves and the average length of game in the case of the standard rules
and in that of the rules including some local rules such as 11-Back. Then, we calculate some
indicators such as the strategic complexity of the game and investigate the characteristics of these
indicators. Furthermore, a questionnaire survey is conducted to find out which move a human
will play from the initial hand in the specified situation. From moves made by various computer
programs in the same situation, we show the difference in playing styles between humans and
computers.
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1 Introduction

People tend to use different criteria when defining a good card game. Some people find that a
game that has simple mechanics can quickly become boring, while others argue that the com-
plexity of a game’s mechanics creates great strategic potential.

Combinatorial game theory measures game complexity in several ways. For example, a game
tree size is the total number of possible games that can be played. In this case, it is the number of
leaf nodes in the game tree rooted at the game’s initial position. The game tree is typically sig-
nificantly larger than the state space because the same positions can occur in many games by
making moves in a different order. The indicators including the game tree size for representative
games with perfect information, such as Chess and Shogi, are relatively easy to analyze and are
well known [9]. In contrast, there is a lack of research on how to analyze the indicators for mul-
tiplayer imperfect information games, such as card games. In this study, we focus on a card game
called Daihinmin. Programs that play Daihinmin on a computer include those that use heuristics
based on human thinking to determine the next hand [12, 13] and those that use machine learning
such as the Monte Carlo method [6, 11]. Other studies of computer Daihinmin include the
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analysis of the behavior of programs using decision trees [3, 4], the extraction of the character-
istics of programs using n-gram and classify them [7, 8], the characteristics of Daihinmin from
program logs [9], and the investigation of the effect of evaluation values in the Monte Carlo
method [10, 15]. This study presents several measures of the complexity of the card game
Daihinmin for the first time to obtain several of its characteristics.

On the other hand, for people to play card games on a computer without getting bored, it is
necessary to develop a game program close to human thinking. Are the playing styles of card
game engines similar to those of humans at present? It would appear that humans impose un-
written rules on card games. The Daihinmin program kou [12, 13] uses a heuristic approach
based on human thinking. Using Marvin Minsky’s Society of Mind theory [5], we constructed a
model of the minds of game players [14]. In this study, for that purpose, we present the differ-
ences in playing styles of Daihinmin between humans and computers.

2 Preliminaries

2.1 Computer Daihinmin

Daihinmin (Grand Pauper), which is also called Daifugo (Grand Millionaire) [1], is a card game
mainly played in Japan, although similar games are played around the world. It is a multiplayer
game of imperfect information that has been extensively studied in recent years. Computer
Daihinmin refers to playing the game on a computer. The UEC Computer Daihinmin Conven-
tion (UECda) [2] is an annual competition for Daihinmin computer programs. Several thousand
games are played in the competition annually by computers with extreme computational capa-
bilities. The competing algorithms seek to win over the course of many games, without the in-
fluence of an initial hand.

This study adopts the framework utilized by the UECda. While there are numerous sets of
localized Daihinmin rules, the UECda implements the specific rules outlined in Okubo et al. [9].
We also use the following localized Daihinmin rules.

11-Back (Jack-Back): When a player plays a hand containing a jack, a temporary revolution
occurs that only lasts for the current round.

6-Reverse: When a player plays a hand containing a 6, the order of the turn is reversed until the
end of the game.

5-Skip (5 Tobi): When a player plays a hand containing a 5, the next player is skipped.

2.2 Daihinmin Programs

There have been many studies involving Daihinmin that require (and result in) the creation of
strong programs [3]-[4], [6]-[15]; we used the following programs.

Default: This program is the standard Daihinmin program on the official website of UECda [2].
It is a simple heuristic program, and it plays the weakest card(s) that can be played.
Ishinomaki: This program participated in UECda-2011 and it partially utilizes the Monte Carlo
method.
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Snowl: This program was developed by Fumiya Suto and is characterized by machine learning
and the Monte Carlo method [11]. Snowl won the UECda-2010 and has been used in many
studies.

Crow: This program was developed by Satoshi Konuma. It utilizes an e-greedy method to find
the best possible move while applying the Monte Carlo method. Crow won the UECda-2011.
Paoon: This program also utilizes the Monte Carlo method. Paoon won the open-weight class of
the UECda-2012.

Wisteria: This program was developed by Katsuki Ohto and uses supervised learning of policy
functions based on policy gradients, as well as the Monte Carlo method [6]. Wisteria won the
open-weight class of the UECda-2015.

3 Effects of Localized Daihinmin Rules

3.1 Universal Estimates

Universal estimates are one type of indicator used to characterize games. For games in which
look-ahead search algorithms are important, the size of the game tree is an important indicator of
its difficulty. The size of the game tree is defined as B” for an average number of possible moves
B and average game length D. The strategic complexity of a game can be expressed as VB/D.
Universal estimates for representative games, such as Chess and Shogi, are shown in Table 1 of
Okubo et al. [9].

To obtain universal estimates for Daihinmin, it is necessary to calculate the size of the game
tree. Although a complete game tree cannot be created for Daihinmin because it is a multiplayer
imperfect information game, we can investigate B and D through computer experiments. Here,
the issue is how to handle passes when evaluating average game length D. We consider that D
contains the number of passes. In this manner, we can calculate the upper bound of B from a
player’s initial hand. For further details see Okubo et al. [9].

3.2 Evaluation of Effects of 11-Back

Through computer experiments, we collected data on the average number of possible moves B,
average game length D, and history of ranking in the cases of the UECda standard rules and the
11-Back rules, which are the UECda standard rules including 11-Back. In addition, to investigate
the cause of the differences between these cases, we calculated the number of passes per game
#pass, average game length when the top rank Dy, and average number of possible moves when
“the field is lead” Bie.d. Here, “the field is lead” means that there are no cards on the table.

The experiment consisted of 100 sets in which each set of 3,000 games was played by the
same 5 programs. We used the Default, Ishinomaki, and Snowl Daihinmin programs in this
experiment. In addition, we rewrote Default, Ishinomaki, and Snowl so that these programs
could be used for 11-Back. We called these programs B11def, Bl 1monte, and B11snowl, re-
spectively.

Table 1 shows D, B, VB/D, Dy, #pass, and Bieq for these experiments. Table 2 presents the
difference of transition probabilities for each pair of two Special Titles between the case of the
11-Back rules and that of the UECda standard rules.

In Table 1, comparing the average game length D, we see that the length for Default is almost
the same as that for B11def, while the length for Bl11monte is longer than that for Ishinomaki.
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This is because Ishinomaki has more passes than Default, and B11monte judged that the pass is
valid for 11-Back. Comparing the average number of possible moves B, we see that the number
for Default is almost the same as that for B11def, while the number for Bl 1monte is less than that
for Ishinomaki. Therefore, 11-Back has no effect on increasing the average number of possible
moves.

Table 1: Universal Estimates for Daihinmin

Player D B vVB/D Diop #pass Biead
Default 78.93 2.88 0.022 52.40 4398 7.22
Ishinomaki 84.02 3.15 0.022 4421 47.98 7.28
Blldef 78.62 2.90 0.022 53.48 43.55 7.13
Bllmonte 86.07 2.94 0.020 48.87 50.13 7.13

From Table 2, in the cases of B11def and Default, we see that they are more likely to become a
lower title than Heimin in the next game for Daifugo and Fugo with the 11-Back rules, compared
to the UECda standard rules. On the other hand, with the 11-Back rules, they are more likely to
become a higher title than Fugo in the next game for Daihinmin and Hinmin. We also conducted
similar experiments in the cases of Bl1monte and Ishinomaki and found that Heimin is more
likely to become not only Daifugo but also Daihinmin in the next game (For details see Wa-
katsuki et al. [16]). Therefore, 11-Back has the effect of reducing the gap between the titles.

Table 2: Difference of Transition Probabilities for Each Pair (B11def-Default [%])

Titles Daifugo Fugo Heimin Hinmin Daihinmin
Daifugo -147 -2.18 1.54 3.61 4.52
Fugo -2.38 -2.20 0.05 1.81 2.71
Heimin 1.66 -0.06 -1.12 -0.47 -0.02
Hinmin 3.16 1.80 -0.12 -2.14 -2.70
Daihinmin 5.03 2.63 -0.34 -2.80 -4.52

Row: Current Title, Column: Next Title

3.3 Evaluation of Effects of 6-Reverse

Through computer experiments, we collected data on scores for each seat order in both cases of
the UECda standard rules and that of the 6-Reverse rules, which are the UECda standard rules
including 6-Reverse. In this experiment, we did not change the seats. In addition, to investigate
the cause of the differences between these cases, we collected the number of times a 6 is played
in all the games and the number of times a 6 is played until two players played all their cards
(hereafter, we call this period “the early stage of the game”). Furthermore, considering the fact
that the difference in the initial hands due to the exchange rule affects the number of times a 6 is
played, we collected data for both the cases with and without the exchange rule.

The experiment consisted of 100 sets in which each set of 3,000 games was played by one
strong program and four weaker programs. We used the Default, Snowl, and Paoon Daihinmin
programs in this experiment, where Default is much weaker than Snowl, and Snowl is weaker
than Paoon. In addition, we rewrote Default, Snowl, and Paoon so that these programs could be
used for 6-Reverse. We called these programs Rédef, R6snowl, and R6paoon, respectively.
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Tables 3 and 4 show the average scores played by one Snowl (or R6snowl) and four Defaults
(or Rédefs) for the UECda standard rules Scoreurcds and the 6-Reverse rules Scoresrey., with and
without the exchange rule, respectively. These tables also show the average number of times a 6
is played in all the games #6R,i and the average number of times a 6 is played in the early stage
of the game #6Rcary in the case of the 6-Reverse rules. Here, the number in parenthesis shows the
seat order.

From Tables 3 and 4, the 6-Reverse rules tend give a higher ranking for the player with the seat
order 4 (that is, Default(4)) compared to the UECda standard rules. We also conducted similar
experiments played by one Paoon (or R6paoon) and four Snowls (or R6snowls), both with and
without the exchange rule, respectively (For details see Wakatsuki et al. [16]). Comparing these
results, we found that the average scores of Default(4) in the case of the 6-Reverse rules are
much higher than those in the case of the UECda standard rules. This is because the difference in

program strength between Snowl and Default is much larger than that between Paoon and Snowl.

Therefore, the exchange rule eliminates the weaker cards (such as 3 and 4) from the initial hand
of a strong program, and as a result, a strong program played a 6 in the early stage.

Table 3: Average Scores Played by One Snowl and Four Defaults with the Exchange Rule

Program Scoreurcda Scorecrey,. #HOR carty #6R.n
Snowl(0) 12878.02 13001.90 1170.00 1341.81
Default(1) 8269.99 8074.02 1332.54 1830.04
Default(2) 7986.04 7922.03 1322.21 1834.26
Default(3) 7962.82 7932.36 1249.18 1750.71
Default(4) 7903.13 8069.70 1256.79 1745.46

Table 4: Average Scores Played by One Snowl and Four Defaults without the Exchange Rule

Program Scoreuecda Scoregrev. #6Rcarly #6Ral
Snowl(0) 11593.05 11438.93 1519.79 1855.54
Default(1) 8602.30 8470.43 1421.46 1770.08
Default(2) 8298.88 8314.62 1383.10 1763.52
Default(3) 8271.07 8323.75 1338.70 1717.06
Default(4) 8219.71 8452.27 1364.88 1718.28

3.4 Evaluation of Effects of 5-Skip

Through computer experiments, we collected data on scores for each seat order in both the case
of the UECda standard rules and that of the 5-Skip rules, which are the UECda standard rules
including 5-Skip. In this experiment, we did not change the seats. Similar to the 6-Reverse rules,
we collected the number of times a 5 is played in all the games and the number of times a 5 is
played in the early stage. Furthermore, we collected data for both the cases, both with and
without the exchange rule.

The experiment consisted of 100 sets in which each set of 3,000 games was played by one
strong program and four weaker programs. We used the Default, Snowl, and Paoon Daihinmin
programs in this experiment. In addition, we rewrote Default, Snowl, and Paoon so that these
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programs could be used for 5-Skip, and we called these programs S5def, S5snowl, and S5paoon,
respectively.

Tables 5 and 6 show the average scores played by one Snowl (or S5snowl) and four Defaults
(or S5defs) for the UECda standard rules Scoreuecds and the 5-Skip rules Scoressiip, with and
without the exchange rule, respectively. These tables also show the average numbers of times a 5
is played in all the games #5S,; and the average number of times a 5 is played in the early stage
#5Scary in the case of the 5-Skip rules.

We also conducted similar experiments played by one Paoon (or S5paoon) and four Snowls
(or S5snowls), both with and without the exchange rule, respectively (For details see Wakatsuki
et al. [16]). From these results, the average scores (with respect to the rankings) in the case of the
5-Skip rules are almost the same as those in the case of the UECda standard rules. Therefore,
5-Skip has no effect on the average scores and rankings.

Table 5: Average Scores Played by One Snowl and Four Defaults with the Exchange Rule

PI‘Ogl‘ am Scoreuecda SCOI"QSSkjp #SSeaﬂy #5San
Snowl(0) 12878.02 13093.58 1108.66 1259.69
Default(1) 8269.99 8325.27 1423.38 1862.44
Default(2) 7986.04 7885.80 1375.68 1867.01
Default(3) 7962.82 7853.98 1288.60 1778.76
Default(4) 7903.13 7841.37 1288.96 1776.86

Table 6: Average Scores Played by One Snowl and Four Defaults without the Exchange Rule

Program Scoreuecda Scoresskip #5Searly #5San
Snowl(0) 11593.05 11488.30 1535.17 1864.70
Default(1) 8602.30 8548.61 1487.88 1799.35
Default(2) 8298.88 8376.14 1441.63 1782.48
Default(3) 8271.07 8294.01 1405.86 1740.26
Default(4) 8219.71 8292.94 1411.96 1740.35

3.5 Discussion

From the above results, 11-Back has no effect on increasing the average number of possible
moves B. As a result, 11-Back could not increase the strategic complexity vB/D. To increase the
strategic complexity, it is necessary to increase B. Further, because the average number of pos-
sible moves when the field is lead Bieq is much larger than B, one of the easiest ways to increase
B is to increase the number of times when the field is lead. This is achieved by introducing a new
rule that ends a round, such as 8-Ender or 3 of spades.

On the other hand, 11-Back has the effect of reducing the gap between the titles. By combin-
ing this with other localized rules, it can be expected to reduce the gap further.

The difference in the range and time of the effect (due to the rules) is thought to be the reason
that the 5-Skip rules have less influence on the difference in scores (according to the seat order)
than the 6-Reverse rules.
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From all the experiments, we found that one localized rule had little influence on the average
game length, average number of possible moves, strategic complexity, and the difference of
scores for each seat order.

4 Differences in the Play Style Between Humans and Comput-
ers

4.1 Research Method

We designed and conducted a questionnaire and collected logs from computers to determine the
difference between humans and computer programs. The questionnaire format used was the Web
questionnaire by Google Forms; it was used to survey visitors to the UECda-2018 on November
24,2018 and for visitors to our laboratories in the second open campus in UEC on November 25,
2018. A total of 71 valid responses were received.

The questionnaire consisted of 15 questions, which are those presented in the preliminary
experiment and their variations. Participants were shown a player’s initial hand with no card or
one card on the table and were asked, “If you play Daihinmin with the UECda standard rules and
this set of cards is your initial hand, which card(s) do you want to play or pass?”

In addition, for each Daihinmin program, each question was reproduced in a situation imme-
diately after the game had started, and computer logs were taken 1,000 times for each question.
We used the Snowl, Crow, Paoon, and Wisteria computer programs in this experiment.

4.2 Explanation of Questions

Among the 15 questions, some clearly show human features, which are shown in Figures 1-3.
Cards on the right of the vertical line represent the initial hand. If a card is on the left of the ver-
tical line, it is a previous card played at that time.

The card
on the table Your initial hand
E & 1o vf'-"-;;.:j.'i‘**p:':»z.i | w
Mone L] * v L R A A & . bn
' | % = | §% .| Pass
LA AN YT FVREREERLE SR S EMEL O '
Figure 1: Question ID 0102
The card
on the table Your initial hand

* I .'1.'4.111:4.-;“-4 b |iyey D Pty
N v s |o% | v"v| &% ‘.l.*l M AN

* L L i 4 PESS
* L + 4 FRIY, et

' l-!l;#ir_f'l'_f.‘ﬁ_-l"ll *E

Figure 2: Question ID 0202
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The card
on the table Your initial hand
e o4 i ie sl alle s laallaal

o v

* L] v

L & L S I T O 'l' "
L A B T B LI 'F**!‘*E‘

Figure 3: Question ID 0300

The question in Figure 1 examines whether or not a human plays the joker in their first turn.
The question in Figure 2 examines the difference in submissions between humans and computer
programs with the Lock. The question in Figure 3 examines the difference in submissions be-
tween humans and computer programs with the 8-Ender and the Lock.

4.3 Results for Questions

Results for the aforementioned questions are shown in Tables 7-9. Here, “Questionnaire” rep-
resents the ratio of the card(s) selected by humans. In addition, “Snowl,” “Crow,” “Paoon,” and
“Wisteria” represent the ratio of the card(s) played by each program, respectively. “Others” is not
possible in the standard UECda rules or no answer.

According to the results in Table 7, the submission of the joker in the first turn was very rare
for humans, while it was not unusual for Snowl, Crow, and Wisteria to play the joker. In partic-
ular, the ratio of playing “Heart 5, Joker” or “Spade 7, Joker” exceeds 60% for both Snowl and
Crow.

Table 7: Results for Question ID 0102 [%]

Questionnaire Snowl Crow Paoon Wisteria
Club 3 5.6 0.0 0.0 0.1 0.0
Diamond 3 14 0.0 0.0 0.0 0.0
Heart 5 31.0 314 314 99.0 6.5
Diamond 6 2.8 0.0 0.0 0.0 0.0
Spade 7 2.8 3.3 1.1 0.1 0.0
Diamond 10 0.0 0.0 0.0 0.1 0.0
Heart J 0.0 0.0 0.0 0.1 0.0
Club 3, Dia- 46.5 0.0 0.0 0.3 91.0
mond 3
Heart 5, Joker 0.0 59.7 64.9 0.0 0.0
Heart 6, Dia- 5.6 0.0 0.0 0.3 0.0
mond 6
Spade 7, Joker 0.0 5.6 2.6 0.0 0.0
Heart 5, Heart 0.0 0.0 0.0 0.0 2.5
6, Joker
Others 4.2 -—- -—- -—- -—-
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Table 8: Results for Question ID 0202 [%]

Questionnaire Snowl Crow Paoon Wisteria

Pass 1.4 0.0 0.0 0.0 0.0

Spade 4 45.1 97.1 99.9 81.4 100.0
Diamond 5 38.0 29 0.1 18.6 0.0
Club 7 1.4 0.0 0.0 0.0 0.0
Heart 7 1.4 0.0 0.0 0.0 0.0
Diamond 9 1.4 0.0 0.0 0.0 0.0
Diamond J 8.5 0.0 0.0 0.0 0.0
Others 2.8 -—- -—- -—- -—-

From Table 8, the ratio of playing “Spade 4” is almost 100% for all computer programs. On
the other hand, from the questionnaire result, the ratio that answered “Spade 4” is less than 50%,
and the ratio that answered “Diamond 5,” which can be locked in this situation, is 38.0%. In
addition, from Table 9, the ratio of humans that answered “Diamond 7” or “Diamond J’ is 19.7%,
while the ratio of playing “Diamond 7” or “Diamond J”” by the computer programs is almost 0%.
Therefore, we can see that humans use the Lock positively.

From Table 9, from the questionnaire results, the ratio of humans that answered “Club 8” is
about 50%, while the ratio of playing “Club 8” is very low for all computer programs. Therefore,
it is inferred that humans want to save pairs rather than an 8 in their first turn. On the other hand,
the computer programs used in this experiment save an 8 in their first turn.

Table 9: Results for Question ID 0300 [%]

Questionnaire Snowl Crow Paoon Wisteria

Pass 9.9 21.3 18.3 2.0 60.7
Diamond 7 16.9 0.0 0.0 0.0 2.1
Spade 7 42 0.0 0.0 0.0 3.5
Club 8 49.3 3.9 1.3 4.1 0.3
Heart 9 0.0 0.0 0.0 0.1 7.0
Club 9 2.8 0.0 0.0 0.0 6.7
Diamond J 2.8 0.2 0.0 0.0 7.0
Spade J 0.0 0.1 0.0 0.0 8.9
Heart Q 9.9 74.5 80.4 93.8 3.8
Others 4.2 --- - -—- -—-

5 Conclusion

We presented universal estimates, which are several measures of the complexity of the card
game Daihinmin, to obtain several of its characteristics. We conducted computer experiments to
obtain these estimates and investigated the effect of localized rules on Daihinmin computer
programs. As a result, the following properties were clarified:

(1) 11-Back has no effect on increasing the average number of possible moves and the strategic
complexity.

(2) 11-Back has the effect of reducing the gap between the titles.
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(3) 6-Reverse affects the difference in the score according to the seat order.
(4) 5-Skip has less effect on the difference in the score according to the seat order.

Next, we showed the difference in the play style of Daihinmin between humans and comput-
ers using winning programs from the UECda. The major difference between humans and com-
puters is that a human rarely plays a joker in the first turn, evaluates the value of the 8-Ender
lower than the computers, and evaluates the value of the Lock higher than the computers. In
future work, it is expected that a computer program will be developed that will feel human-like
based on these results.
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