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ABSTRACT

In two-player perfect information games, a combina-
tion of pruning and extension techniques is used to deal
with the horizon problem. These techniques must be
tuned carefully for each individual game. In this paper
we define a general framework from which pruning and
extension decisions can be derived. This framework is
based on the notion of threats, i.e. the problems that
an intelligent game-playing agent has to handle during
search. We have used the framework for pruning and
extension decisions in shogi (Japanese chess). Results
for a partial implementation of this framework indicate
that it will improve the playing strength of a shogi pro-
gram.

1. INTRODUCTION

Since the start of artificial intelligence research, intelli-
gent agents for game-playing have been studied. Specif-
ically, the class of two-player perfect information games
has been analyzed extensively. Two player perfect in-
formation games are games where only two players are
involved and in which the game state is fully accessible
to both players. A well-known example of a two-player
perfect information game is chess. In contrast, in most
card games there is no perfect information as the cards
which the opponent(s) hold are usually unknown.

In 1950, Claude Shannon published a paper [11] in
which he outlined the two basic approaches for intelli-
gent agents to play games: search and knowledge. In
the 1950s and 1960s knowledge about a specific game
was the most important component of an intelligent
game-playing agent [6]. Since the success of “search-
only” chess programs in the 1970s [12], attention has
focused on search as the main method for intelligent
game playing. Recently, research into the use of knowl-
edge rather than search has made a come-back. This
has been caused by research into games like Go, in
which deep search is almost impossible [3]. Despite

this, it is safe to say that search is the basic method
for intelligent game-playing agents.

Most game-playing agents use a combination of mini-
max search and alpha-beta pruning to select the best
move in the current game position. Because a game-
playing agent is searching under time constraints, search-
ing for a perfect solution (i.e. a certain win against all
possible replies of the opponent) is in general not pos-
sible. In this case, the only thing a game-playing agent
can do is to search as deep as possible until time runs
out and return the best result based on the evaluation
of the positions searched. The search depth at which
the search was terminated is called the nominal search
depth. There are two reasons why there are errors in
the result of search terminated in this way: 1) the eval-
uation is only an estimate of the true value of each po-
sition; 2) the evaluation can change dramatically at the
next move beyond the nominal search depth (however,
there was no time to search this move). This second
problem, where vital information is beyond the “hori-
zon” of the search is called the horizon effect.

The horizon effect is usually dealt with by a combi-
nation of pruning and extension techniques. A pruning
technique is a heuristic that assesses whether searching
from a certain position is likely to change the overall
search result. If not, the search is terminated at that
point, i.e. before the nominal search depth is reached.
Time saved by not searching this part of the search
tree can be used to increase the nominal search depth.
An extension technique is a heuristic that selects a
small number of moves at the nominal search depth
for deeper search.

Manipulating the nominal search depth in this way
has important risks. Mistakenly pruning moves that
(if searched) would have lead to a change in the overall
search result is clearly unwanted. Also, if too many
insignificant moves are selected for extensions, this will
lead to a serious search overhead. In the worst case,
this can even result in a search that never terminates.
For each game, careful tuning of pruning and extension



techniques is necessary to avoid these problems.

The aim of our research is to define a general frame-
work for two-player perfect information games from
which pruning and search extensions can be derived.
As an application, we will use shogi (Japanese chess).
In Section 2 we will explain why common pruning and
extension techniques do not work very well in shogi.
In Section 3 we present a decision framework for two-
player perfect information games based on the concept
of threats. In Section 4 we will apply this to shogi.
Some implementation issues for this application are
given in Section 5. Section 6 gives some preliminary
results of our method and we end with some conclu-
sions and ideas for future work in Section 7.

2. PRUNING AND EXTENSIONS IN
SHOGI

In chess, careful combination of pruning and exten-
sion techniques have worked well and resulted in very
strong chess playing programs [5]. An example of a
pruning technique is futility pruning [4], where search
is terminated if it is unlikely to recover from a material
loss in the remaining search until the nominal search
depth. An example of extending the search is quies-
cence search [2], where captures are played out beyond
the nominal search depth to reach stable (“quiet”) po-
sitions that have a more reliable evaluation value.
Unfortunately, these techniques are not generally
applicable. For example, in shogi (Japanese chess), fu-
tility pruning and quiescence search do not work very
well. In shogi it is possible to re-use pieces that were
captured from the opponent. Instead of playing a move
with one of the pieces on the board, an alternative move
is to put one of the pieces that was captured from the
opponent on an empty square on the board. Because of
this rule, shogi is a game in which the combined total
of the pieces for both players remains constant during
the entire game. The only way a shogi game can fin-
ish is when the king of one of the players is captured.
Even though the goal of chess is also to capture the
king of the opponent, the simplification resulting from
piece captures make gaining material a vital subgoal.
In chess, it is almost impossible to recover from losing
important pieces like a knight or a rook. On the other
hand, position evaluation in shogi is a combination of
material, the strength of the attack on the opponent
king and the strength of the defense of one’s own king.
The problem of both futility pruning and quiescence
search is that they are based on the vital importance
of material in chess. Futility pruning estimates the
probability of recovering from a material deficit in the
remainder of the search. In shogi, this should be a

combination of material, attack and defense. This will
significantly reduce the number of nodes that can be
pruned.

Quiescence search is based on the assumption that
favorable piece captures are almost always carried out.
However, in shogi piece captures are often suspended
indefinitely when attack or defense of the king is given
a higher priority. If these moves would be included in
the quiescence search, this part of the search would ex-
plode. The possibility of drops in shogi can lead to long
exchanges of attack moves, defense moves and piece
captures.

3. THREAT ANALYSIS IN TWO-PLAYER
GAMES

Therefore, in shogi (and probably in other games as
well), we need a different approach to deal with the
horizon problem. Our idea is to make the decision for
pruning and extensions of the search based on the prob-
lem (or problems) that the search has to deal with.
We will use the term threat for problems that a game-
playing agent is facing. First, we will define our notion
of threats for two-player perfect information games.
Second, we will describe how these definitions can be
used for pruning and extension decisions.

3.1. Definitions of Threats
o Il = {T,Tz,...,T,} is a set of threats.

e A is a partial order on II.

o ¥ ={Yp, Zw} where ¥p is defined as

Y = {611,012, -+ 01 }s -+ {021y 3 0aq, }]
and Yy is defined as
EVV = [{Mllaﬂlza"'vuln}a ] {Mylv---aﬂyrw}]

Furthermore V; ; d;;, ui; € IL

These definitions can be interpreted as follows. In
two-player perfect information games there are two play-
ers called B (=black) and W (=white). B is assumed
to move first in the current game position. For each
game, II defines the set of all possible threats. On this
set of threats a partial order A is defined that gives a
relative priority to the threats in II. If A(T;) > A(Tj)
then threat T; has a higher priority than threat T7.

During search we store the unresolved threats against
each player at each move in the ordered sets ¥ p and
Yw. &;; and p,; are threats unresolved at depth 7 of
the search against the black and the white player re-
spectively. The set of threats against B at search depth
1 will be called ¥p, and the set of threats against W
will be called Xyy,.



Furthermore, we can define a maximum operator T
on the set of threats at search depth ¢:

Vvess A(T(X5,)) 2 A(U)

(The operator for W is similar).

At the start of the search ¥ 5 and Yy will be ini-
tialized with the threats against black and white in the
current game position. These initial sets will be called
Y5 and Xj;.

Threats at a certain search depth are an unordered.
The sets ¥ g and Xy are ordered to be able to analyze
the threat history from the initial position to the posi-
tion at search depth 2.

3.2. Using Threats for Pruning and Extension
Decisions

One of the obvious desired search results is X5 = 0,
i.e. all threats against player B resolved. Another
desired search result is that there is at least one un-
resolved threat T’ in Yy with A(T) > A(U) for all
U in ¥Yp, i.e. there is an unresolved threat against
white with a higher priority than all of the unresolved
threats against black. The problem is that in general
threats cannot statically be judged resolved or unre-
solved. Search is needed to draw this conclusion and
search in game playing has the limitation of the nom-
inal search depth N. However, we can use the sets of
unresolved sets for a number of pruning and extension
decisions (these rules all assume that it is B to play at
the decision point; the rules for W to play are straight-
forward):

o Pruning rule I:
|EBN—1| = |EBN| A VTGZBN71 HUGEBNT =U

Prune all moves at search depth N-1 that do not
resolve any threats.

o Pruning rule 2:
Vresy, A(T) < A(T(2s,))
Prune all moves at depth ¢ that introduce threats

against W with a lower priority than the highest
priority threat against B.

o FEaxtension condition I:
T(EIB) S ZBN

Extend the search if the highest priority threat
of the initial set is still unresolved.

o Extension condition 2
A(T(Esy)) > B

Extend the search if the highest priority threat
exceeds a certain threshold.

To avoid a search explosion in the search extensions,
the aim of the extension should be to empty ¥ g, and
Ywy as quickly as possible. This can be implemented
by comparing T(Xg,) and T(Xw,). Emptying the
threat sets can now be done by the following rules
(again only the case in which it is B to move is given):

L IF A(T(Zpy)) > A(T(Zwy))
THEN execute the threat T(Xp,)

2. IF A(T(2wy)) > A(T(Z5y))
THEN defend against the threat T (Zw,)

4. THREAT ANALYSIS IN SHOGI

The definitions given in Section 3 are general for all
two-player games. For each specific game, we need to
define the set of threats and the partial order on these
threats. As explained, our application domain is shogi.
In this section we will define a set of threats and a
partial order on these threats for shogi.

4.1. Set of Threats in Shogi

First, we need to define which threats are significant in
shogi. We have chosen the following set of threats:
II= {TminaMh e

-7M77K17"'7K47Tmaa:}

These threats have the following meaning:
e T,in: The null threat, i.e. no threat.

e M, ... M;: Material threats. Threats to capture
a pawn (M), lance (M3), knight (Ms), silver
(M), gold (Ms), bishop (Mg) and rook (Mz).

e K;...K,: Threats against the king. These four
threats are based on the evaluation of the attack
of the opponent on the eight squares adjacent the
king. Let S = {Si,...,Ss} be the set of squares
adjacent to the king. Suppose the number of op-
ponent pieces attacking a square S;€S is repre-
sented as A(S;) and the number of pieces defend-
ing this square is represented as D(S;) (note that
D(S;) is at least 1 for all S;, as the king defends
all adjacent squares). Then the threats against
the king can be described as follows:



Ki ng
| Thr eat s

Figure 1: Partial order of threats in shogi

— Ky4: This is the most severe threat. It is

very likely that the opponent can mate the

king on the next move 1.

- Kg:
3s,e5A(S:) > D(Ss)

There is at least one square adjacent to the
king that is controlled by the attacker.

- Kz:

Vsies(A(Si) > D(S:)) A
3s,e5A(S:) = D(S))

There is no square which is controlled by
the attacker, but there is at least one square
where the number of pieces attacking this
square is the same as the number of pieces
defending this square.

- Kli
Vsies(A(S:) = D(Si)) A 3s,esA(S:) # 0

There is at least one square that is being
attacked.

® Tae: The maximum threat, i.e. a threat to cap-

ture the king (check).

1For those familiar with shogi: an example is a drop of a gold
on the head of a king on the bottom rank

4.2,

Partial Order of Threats in Shogi

The partial order A on II for shogi is defined as follows:

VuenA(Tmin) < A(U)

The null threat has a lower priority than any
other threat.

VUEHA(Tmaw) > A(U)

The maximum threat has a higher priority than
all other threats.

A(My) = A(Kq) < A(U) with U all threats in II
except Thin

Attacking a pawn has the same value as a weak
king attack and has a lower priority than any
other threat except the null threat.

A(Mz) = A(M;) = A(K,) < A(U) with U all
threats in Il except Thin, M1 and Ky

Attacking a knight or a lance has the same pri-
ority as K5. These threats have a higher priority
than Th,in, My and Ky, but a lower priority than
the other threats.

A(My) = A(Ms) = A(K3) < A(U) with U any
threat from the set {Tpin, M1, M2, M3, K1, K>}

Attacking a gold or a silver has the same priority



as K3.These threats have a lower priority than

Mg, M7 and Thqz.

o A(Mg) = A(M7) = A(K4) > A(U) with U any
of the threats in II except T)nas

A is graphically represented in Figure 1.

5. IMPLEMENTATION

We have partially implemented our framework in the
shogi program SPEAR. SPEAR has participated in the
Computer Shogi World Championship every year since
1997 and its playing strength has steadily improved. In
the 2001 Championship it reached 13" place in a field
of 55 programs.

SPEAR has the following features, which it has in
common with most of the strong shogi programs:

e Iterative alpha-beta search.
e Principal variation search [7].

¢ Quiescence search [2].

History heuristic and killer moves [8].

¢ Null-move pruning [1].

e Hash tables for transposition and domination [10].
¢ Specialized mating search [9].

We have made a new version of our original program
in which we implemented the framework presented in
this paper. At the moment, this is only a partial im-
plementation with the following features:

e Both of the pruning rules of Section 3.2 have been

added.

e The extension decisions of Section 3.2 have not
been implemented yet.

e We have replaced the quiescence search of the
original program with a search extension that
aims at emptying ¥ p, and Xw, as quickly as
possible. This search extension does a static eval-
uation of ¥ g, and X, i.e. it does not generate
actual moves to deal with the threats.

To make the search extension work, threats can no
longer be defined relative to each other, but need actual
values. Let V(T) be the value of threat T' and v the
value returned by the static search extension?. The
search extension is then implemented as follows:

20f course V(T) > V(U) iff A(T) > A(U)

1. v=0
Initialization of the return value.

2. TF ToMove(B) A A(T(Swy)) > A(T(S5,))
THEN v = v + V(T (Swy))
Remove(Zwy, T(Zwy))

Threat execution: If B to move and the highest
priority threat against W has a higher priority
than the highest priority threat against B then
add this value to v and remove the threat from

Sw,-

3. IF ToMove(B) A A(T(Z5,)) > A(T(Sw,))
THEN Remove(Xg,, T(ZBy))

Threat defense: If B to move and the highest
priority threat against B has a higher priority
than the highest priority threat against W, then
remove the threat from ¥ p,,.

4. IF ToMove(W) A A(T(S5y)) > A(T(Sw,))
THEN v = v — V(T(Zgy))
Remove(Xg,, T(Xgy))

Threat execution: Similar to 2), but in this case
the value of the threat is subtracted from ~.

5. IF ToMove(W)A A(T(Swy)) > A(T(Ss,))
THEN Remove(Zwy, T(Zwy))

Threat defense: Similar to 3).

6. IF ToMove(B)
THEN ToMove(W)
ELSIF ToMove(W)
THEN ToMove(B)

If it was B to move, set W to move and vice versa.

7. IF |EBN| >0A |EWN| >0
THEN GOTO 2
ELSE RETURN «v

Loop until both ¥ g, and ¥y, are empty.

6. RESULTS

To evaluate the performance of our partial implemen-
tation, we compared its performance on a set of tactical
shogi problems to the performance of the program ver-
sion without threat analysis.

The shogi problems in the test were taken from the
weekly magazine Shukan Shogi. The test set consists



Version || Solved % TotalTime
NTA 100 34% 2h52m0s
TA 107 36% 2h54m16s

Table 1: Results of a version of SPEAR with threat
analysis (TA) and a version without threat analysis
(NTA) on 298 tactical shogi problems.

of 300 problems published in issues 762 (November 4th
1998) to 811 (October 20th 1999). The problems in
each issue are divided into six classes, ranging from
starting level to expert level. It should be noted that
the starting level is already quite advanced and is too
hard for beginners. Two of the problems in the test set
are incorrect and have been removed from the test set.

All versions of the program were given 60 seconds
per problem on a Athlon 1.2GHz PC. Except for the
changes described in Section 5, both programs were
identical. The results of this test are given in Table 1.

In this table we can see that the program version
with threat analysis can solve more problems than the
program version without threat analysis. There is a
price for this accuracy, as the program with threat anal-
ysis is slower than the program without threat analysis.
However, over 298 problems the difference amounts to
less than 1 second per problem.

7. CONCLUSIONS AND FUTURE WORK

In this paper we have presented a new framework for
making decisions about pruning and extending search
in two-player perfect information games. These deci-
sions are an important part of intelligent game-playing
agents as they help reduce the effects of the horizon
problem.

The framework we presented is based on a set of
threats in an arbitrary two-player perfect information
game. On this set of threats a partial order is defined,
indicating which threats have a higher priority than
other threats. During search this partial order bound-
ing and two sets of unresolved threats (one for each
player) provide the decisions for pruning or extending
the search. This framework has been applied to shogi.

The first results indicate that our framework im-
proves the tactical ability of a shogi program. We
expect that this improvement will show more clearly
when our method is fully implemented. After the full
implementation is finished, self-play experiments are
needed to evaluate if the improved tactical ability also
leads to an improvement in playing strength of the pro-
gram. Implementing the full framework and further
experiments will be conducted in the near future.
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