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ABSTRACT Artificially intelligent (Al) game software incorporates different algorithms to generate
intelligent human-like responses to the users playing them. Testing Al game software poses great difficulty
because of the complex possibilities that can result at a given point and analysis of said possibilities is a
tedious task. Also during software development there are resource constraints due to which testing targets
specific parts of the software. An Al game of Chess takes into consideration a large amount of possible
outcomes at any given point before deciding a move. Therefore, testing it in its entirety is impractical. In
this paper we propose a metamorphic testing approach for testing an Al Chess game i.e. a Chess engine’s
algorithm of determining and pruning out possible outcomes and ultimately deciding on a final outcome. For
validating our approach, we have done error seeding on an open source Chess engine and tested it through
our approach. The results for our proposed approach for testing an Al Chess game through metamorphic
relations show that it is successful in revealing 71% of the total seeded faults. On comparison of our
proposed approach with the existing technique of testing Chess engine i.e., perft function, we have come
across situations in which our proposed approach reveals errors overlooked by the existing technique. In the
future we aim to extend our approach towards other Al game software.

INDEX TERMS artificial intelligence, Chess engine, Chess game, game testing, metamorphic testing, test

oracle problem

I. INTRODUCTION

Al is the art of programming machines to mimic human-like
behaviors and responses [2]. To this day there has been a
lot of work done where Al has been incorporated in games
to make them more interactive. Games are a means of en-
joyment and leisure [3]. Games which consist of artificially
intelligent components allow for the user to interact with the
game as an opponent and generate responses to the inputs
made by the user [4]. This in turn allows for an interactive
experience for the user which is enriching and fun.

Before a game is launched it is very important to test
it because there is a lot of money, time and reputation at
stake [5]. In the past games used to be simple in nature
and did not require intense inspection and testing but today
the complexity of games has increased. Due to this the
developers of these games are greatly interested in ensuring
the error free nature of their creation. There are various
approaches for testing games like functional testing, ad-hoc
testing, combinatorial testing, etc. All these approaches target
the game in a different way and are able to effectively reveal
bugs [3].
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A software is tested by checking it against input/output
scenarios called test cases [6]. Errors are revealed through
the result of these test cases. It is generally assumed that
whenever testing is done there is a test oracle present through
which the test outcomes are declared as pass or fail. A test
oracle gives a pass or a fail verdict on test cases by comparing
observed output to the expected output of a given requirement
[7]. The presence of test oracles cannot be guaranteed on
all occasions. In reality there are many cases in which the
oracle is not present because of the complex computation
which yields the results or the results are large in size so
the sheer effort it takes to determine whether they are correct
or not is exhausting. This ultimately causes the test oracle
problem. Consequently, for situations where the test oracle is
not available to confirm the results, a mechanism is needed
which can help in checking the behavior of the system.

In [8] authors presented this problem of testing complex
programs and detailed the various ways in which such pro-
grams can be tested. In some cases, while testing a program
the tester is aware of an approximate range in which the
result could lie in other words known as a partial oracle.
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Despite being a possible solution it cannot confirm the correct
output. There is also a possibility that the range determined
by the tester is wrong. Another proposed idea is to run the
programs on simplified inputs for which the correct output
can be accurately computed. The problem that arises here
is that it most often the complicated inputs which are more
likely to produce errors rather than simplified inputs. So by
using simplified inputs, the odds of missing errors caused by
large or boundary values is high.

Authors in [9] proposed another technique which could
be applied which is to create a pseudo-oracle. It works by
creating a functionally equivalent program to the one you are
testing and compares the output of both on similar inputs. The
disadvantage of this technique is that it is deemed impractical
and creates a lot of overhead. N-Version programming was
proposed in [10] [11] which was based on the idea of creating
N-versions of the system being tested. After creation, these
different versions are executed and voting systems are used
to make consensus on the correct output. Computational
overhead is very large here and also it is impractical for
highly complex software.

Metamorphic testing is a testing technique aiming at alle-
viating the test oracle problem [12]. It was introduced two
decades ago and is therefore a relatively recent technique
compared to others, with a lot of scope for further research
[13] [14]. Metamorphic testing satisfies the outcomes of test
cases by corroborating them against metamorphic relations
which are obtained by analyzing the inherent properties of the
System Under Test (SUT) [15]. These metamorphic relations
are based on conditions that the test cases of an SUT must
comply to. For example, consider making a query on a search
engine and let Count(a) to be the count of results for query
a [15]. Based on this a relation can be made suggesting
that the count of results for query a should be greater if
the query a is refined by adding another keyword k. The
metamorphic relation could look like Count(a) >= Count(a
+ k) and + indicates the concatenation of two keywords.
Now on execution of source test case made up of a query
and follow up test case made up of a refined query would
give us a count of results. Based on them we can satisfy
the metamorphic relation or detect an error if metamorphic
relation is not satisfied. Therefore, metamorphic testing does
not work by verifying individual outputs of test cases rather
it confirms whether the corresponding metamorphic relation
of a particular test case is violated or not. An error is said to
have been detected if a metamorphic relation is violated.

Metamorphic testing has been successfully used to al-
leviate the test oracle problem in different domains like
compilers [16] [17], simulation software [18], web services
[19], bioinformatics systems [20], navigation software [21],
machine learning [22] [23], autonomous systems [24], cy-
bersecurity [25] and search engines [26]. Testing games can
be a great task as it can also result in multiple and complex
scenarios. With regards to this area, authors of [27] have
proposed the use of metamorphic relations to test a Chess
game with no Al involvement. The relations in the proposed
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idea target the game piece movement in only a human vs.
human player Chess game. Meaning that the metamorphic
relations are only targeting the legal moves that each piece of
a Chess game can make. Thus the testing is limited to only
checking the final legality of the move. And if the tester wants
to test a particular playing piece then he has to manually
formulate source and follow up test cases for it. The test
set is also limited as it only finds a single infraction of all
the manually injected errors and does not encompass the
immense number of possible Chess game moves. Also the
board states considered for testing are generated manually
such that the game piece being tested has a chance to make a
move. Lastly the SUT has no Al involvement.

In this paper, we propose an advancement to their idea by
reintroducing metamorphic testing as a technique for testing
an Al based Chess game software. In an Al based Chess
game software, the game allows for the human player to
interact with the computer as the opponent. The computer
player here is also referred to as the Chess engine. The Chess
engine is therefore responsible for making moves on behalf
of the computer by analyzing all possible moves, pruning
out unfavorable options and finally deciding on the final
move. The Chess engine incorporates algorithms to make this
decision.

The playing pieces of a Chess game can move in different
combinations which leads to a large amount of possible
moves. According to research the number of possible Chess
game moves are 100 [28].

To understand the immensity of this number and also the
complexity of testing, this number is compared to the total
amount of atoms in the universe which is 10%. Therefore, we
have more possible Chess piece configurations than we have
atoms in the whole universe. Moreover, checking each Chess
configuration individually through a brute force approach is
impractical because of the large number of possibilities [29].
This results in the test oracle problem for which we have
proposed metamorphic testing as a solution. Metamorphic
testing aims at functional properties therefore it can also help
us in targeting specific Chess piece behaviors.

On testing a Chess game through traditional techniques it
does not fully include the possibilities that can occur. On
implementing such a way, the testers would need to have
expected results for every test case which is impractical when
testing a Chess game. If metamorphic testing is used, then
there would be no need to check the individual outputs of
the test cases because metamorphic testing only checks that
the corresponding metamorphic relations of each test case
are satisfied. Therefore, testers would have the freedom to
test the software under different scenarios. In addition, Chess
engines have been evaluated with a program called the perft
function which is an acronym for performance test function.
The perft function compares the outputs of Chess engines
with already existing perft data sets. On comparison of our
technique with the existing technique of perft function we
have found certain scenarios in which our proposed approach
is helpful in detecting errors whereas the existing technique

VOLUME 4, 2016



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2020.3024929, IEEE Access

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

IEEE Access

fails.

To summarize the contribution of this paper:

We have expanded on the work by the authors of [27] by
testing a large artificially intelligent SUT. The work in
[27] just tested a human vs human Chess game played
on a computer.

We use metamorphic relations to target the possible
game piece movements (similar to [27]). However, in
[27] only human vs human game was tested whereas
in this study we have performed testing on a human vs
computer Chess game which involves Al by incorporat-
ing a Chess engine. Therefore we have used metamor-
phic relations which specifically target the algorithm of
the Chess engine in our SUT. We have elaborated these
relations later on in Section I11-A.

By targeting the Chess engine’s algorithm we have in-
creased our metamorphic relations to not only target the
final move declared by the computer but also the legality
of the individual moves it considers before declaring the
final move and the process of pruning of unfavourable
moves as determined by the Chess engine’s algorithm.
Thus substantially enhancing the input domain of test-
ing.

Our proposed technique is able to tackle the test oracle
problem which exists in testing Chess engines because
of the immense game playing possibilities. Our ap-
proach tackles this in an automated manner whereas
most testing of Chess engines is done manually using
perft functions.

Through our findings we have gained confidence in
the feasibility of our approach and its competence in
comparison to perft.

The rest of the paper is organized as follows: Section Il
details the chess game case study that we have focused on.
The rules, dynamics and guidelines of the game are briefly
discussed in this section. After that Section 11, explains our
proposed approach for testing an Al chess game through
metamorphic testing. Section IV describes the results that
we have obtained and Section V discusses some threats to
the validity of our work. Finally, the paper is concluded in
Section VI and some future directions of research are also
given.

Il. CHESS GAME

Chess belongs to the family of strategy board games. The
game is played between two players and the board is made
up of an 8x8 grid forming 64 squares of light and dark color.
Figure 1 shows the starting position of a game of Chess. Each
player has 16 pieces of different power at the start of the
game.

A. CHESS BOARD

When a game of Chess begins, both players have playing
pieces of different capabilities at different locations of the
board. The playing pieces that each player has at the begin-
ning of the game are: eight Pawns, a King, a Queen and two
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FIGURE 1. A Sample Chess Board

Bishops, Knights and Rooks. A visual depiction of the pieces
can be seen in Figure 1.

For distinction both the players playing pieces are different
from each other i.e. black and white. By convention, the
player with the white playing set starts the game. Players
move their respective pieces in a strategic fashion with the
underlying aim of capturing the opponent’s king. The moves
made in a Chess game also have specific notation. For
example, in case of identifying the white king piece, the
location of the King on the board would be donated by its
column and row i.e. el. Similarly, all the other pieces can be
represented by their column and row number. On movement,
the destination location on the board would also be denoted
in the similar fashion

B. CHESS PIECES AND RULES

In a game of Chess, each player has six different kinds
of pieces. These pieces have their own unique movement.
A Knight piece can move leftward, rightward, forward and
backward two places and then must move one place in either
perpendicular direction. Pawn piece can move one place in
the forward direction and two places only when it is moving
for the first time. Pawns can move one place in the diagonal
direction to capture an opponent piece present there. Rooks
can move across any number of empty places vertically and
horizontally on the board. The Bishop piece can do the
same but only in the diagonal direction. Both these pieces’
capture opponent pieces by replacing them on the board. The
movements of Bishop and Rook when combined together
form the Queen’s movement. Lastly a King can move one
place in all the directions around it i.e. left, right, up, down
and diagonally.

C. TESTING OF GAMES AND CHESS GAME

The game of Chess belongs to the strategy and puzzle based
games genre [3]. For testing such games, the key elements
to check are the resources and the occurrence of collision
while playing. With respect to Chess, the Chess pieces are the
resources and the collision occurs only when the Chess pieces
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get moved in a way that is not allowed. Therefore, during the
testing of a Chess game it is to be made sure that the game
does not allow illegal moves and allows legal moves.

D. TESTING OF AN Al CHESS GAME

An Al Chess game has a Chess engine incorporated in place
for the computer. A Chess engine is basically a program
that is made to generate moves for the computer in response
to the human player. A Chess engine, therefore, takes into
consideration all the possible moves at a given board state
and decides on a move by pruning out moves and deciding
on a final move. Therefore, while testing an Al Chess game,
it is critical that the algorithm that generates the moves is
working correctly and does not consider illegal moves in its
analysis before deciding on a move. Apart from this it is also
needed to make sure that the Al Chess game does not allow
the human player to make any illegal move and allows for the
legal moves.

Keeping in mind the rules and testing approach for a Chess
game that we have learned in this section, we will move on
to our proposed approach for metamorphic testing of an Al
Chess game.

I1l. PROPOSED METAMORPHIC TESTING APPROACH
FOR TESTING AN Al CHESS GAME

In this section, we detail our proposed approach for testing
an Al based Chess game.

We base our testing on first checking that the game allows
for legal moves to happen and does not allow illegal moves
given a specific board state. The metamorphic relations thus
encapsulate all the different possible moves that Chess pieces
can do. On executing different test cases, we can check
whether their respective metamorphic relations are satisfied
or not.

Different Chess pieces have different movement patterns
as discussed in Section 11. Additionally, the moves that can be
made by a Chess piece are also dependent on the board state
at that moment. Therefore, location of every other playing
piece at that moment needs to be taken into consideration
before declaring if a move is allowed or not. Mathematical
notation can be used to capture these specific rules which can
later help in forming the metamorphic relations.

Apart from the legality of the moves that the Chess en-
gine considers, we have also focused on testing the Chess
engine’s algorithm through metamorphic testing. A Chess
engine makes use of algorithms to determine which move
is better for the computer at a given board state. A Chess
engine makes use of evaluation functions infused with search
algorithms like Min-Max algorithm and Alpha Beta pruning.
The search algorithms allow the Chess engine to create a tree
like structure where the root node holds a certain move by the
Chess engine that is being analyzed and the leaf nodes hold
the consequent moves that can be made in response to that
move by the human player and Chess engine itself. Given
that there can be many possibilities for considered moves
and their respective consequent moves, we get an excessive
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amount of tree structures that now need to be analyzed. The
evaluation functions come into action as they help in pruning
out the moves that would lead the computer side of the
game at a weak position. Ultimately based on the evaluation
function’s responses the tree nodes get narrowed down and a
final move gets selected by the Chess engine for the computer
side.

Therefore, with our proposed approach we propose to
check all the intermediate moves that a Chess engine con-
siders before declaring a move. We aim to check the legality
of those moves through our defined metamorphic relations.
As we have already established, a Chess engine evaluates
individual moves generated by search algorithms before
pruning them. Therefore, we will also test the evaluation
function through metamorphic testing to ensure that it does
not consider moves that it should not consider.

Figure 11-D shows our proposed approach. Initially, the
metamorphic relations are created from the requirements
which are made up of the Chess rules and the Chess engine’s
inherent workings. After that source test cases are created
from the SUT i.e. Chess22k [30]. Then follow up test cases
are later created which are based on the metamorphic relation
and a transformation which is applied to the related source
test case input. After creation of source and corresponding
follow up test cases, they are executed on the SUT. The test
case results are compared and it is checked whether they
violate their related metamorphic relation or not. If they do,
then a bug is said to have been detected.

While testing the Al Chess game, we have used a rather
unconventional approach to define source and follow up test
cases. In the beginning we considered the human player’s
move as a source test case(s) and the Chess engine’s response
as a whole as a follow-up test case(s). After that we focused
on testing the Chess engine’s analysis as whole and divided
different aspects of it into source test case and follow up test
case. We have elaborated this division further in this section.

In the next subheadings we describe the three most essen-
tial steps which will help us in implementing our proposed
approach.

A. IDENTIFICATION AND CREATION OF METAMORPHIC
RELATIONS

Metamorpbhic relations are founded on the inherent properties
between frequent inputs and outputs of the SUT. All the
metamorphic relations acquired from an SUT are not appli-
cable for every input/output scenario. Therefore, it is quite
possible that each metamorphic relation has a prerequisite
which must be met before a test case scenario can be applied
to it. While implementing our proposed approach we used
individual XML files for documenting relations between the
possible movements of each Chess piece and the properties
of Chess engine. We were able to create preconditions for
each metamorphic relation by using the user generated tags
supported by XML. Therefore, while moving a pawn piece
two steps forward from its initial position it needs to be made
sure that the two places in front of it are empty. We included
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FIGURE 2. Process of Metamorphic Testing used for Testing the Chess Game

this condition as a precondition before the metamorphic
relation which deals with two-step forward movement of
pawn piece. In this case we were able to filter out the test
cases which are applicable to a particular relation. This way
of using tags makes it easier for adding new relations for
different settings.

1) Metamorphic Relations for Chess Playing Pieces
Each Chess piece has its own unique and specific move-
ment, therefore, we have been successful in creating multiple
metamorphic relations from them. Table 1 contains the cor-
responding metamorphic relations for each piece. For each
relation the left hand side shows the board state where the
piece is located and the right hand side is the board state after
a transformation is applied to the left hand side for every
piece. The variables x and y denote the rows and columns
of the board. We have used these variables to express our
metamorphic relations in a generalized format. Moreover,
addition and subtraction operators imply the move from one
board state location to the other. For Rook, Bishop and Queen
there is another variable n which is used to store continuous
movements which these pieces are allowed to make.

These metamorphic relations will check the legality of
all the moves which the Chess engine will consider before
declaring a final move.

2) MRs for Evaluation Function of Chess engine

When analyzing the Alpha Beta pruning algorithm of the
Chess engine, we have been able to identify relations between
the values of alpha, beta and score which ultimately decide
the move that the Chess engine makes. Table 2 shows the
metamorphic relations that we have made for the Chess
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engine by observing these values.

Alpha beta pruning is basically an optimization technique
for the Min-Max algorithm. It incorporates two parameters
alpha and beta to decide the parts of the game tree which
need not be searched as they would not result in a favorable
solution. Chess engines also assign a score value to represent
the advantage that the white or black player has on making a
move. Comparison of the values of alpha and beta with the
score helps the algorithm decide whether it should prune a
part of the tree or keep on looking further into it. In this way
the computation time is saved. The value of alpha denotes
the best value that the maximizer player is assured of i.e. the
Chess engine and beta holds the best value that the minimizer
player i.e. the human player, is assured of.

To visually demonstrate we make use of a tree that the
alpha beta algorithm would create for a specific board state
at hand. We elaborate the general concept by only showing
a small part of the tree in Figure 3. The top level consists of
the root node which is the maximizer player i.e. the Chess
engine's move and alternatively down the tree levels we next
have the minimizer player i.e. the human players moves
and then the maximizer player and so on. Therefore, in the
beginning the Chess engine considers a move and looks a few
moves ahead to find out if playing that move would result
in its favor. It goes through the possibilities of the moves
between itself and the human player to decide on the best
option. When the analysis of the tree starts in order to decide
a move, at each node the corresponding alpha beta and score
values are generated by the algorithm for that node. These
values are generated keeping in view different factors like
the positioning of the game piece on the board, the current
status of the game, the remaining playing pieces, etc.
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TABLE 1. Metamorphic Relations for each Piece

Piece Name | Metamorphic Relations | Description
Pawn X, y)=(x2,y) 2 Step Forward (White Player)
(X, y) = (x+2,y) 2 Step Forward (Black Player)
X, y)=(x-1,y) 1 Step Forward (White Player)
X, y)=(+1y) 1 Step Forward (Black Player)
(x,y) = (x-1, y+I) Right Diagonal (White Player)
(X, y) = (x+1, y+I) Right Diagonal (Black Player)
X, y) = (x-1,y-1) Left Diagonal (White Player)
(x,y) = (x+1,y-1) Left Diagonal (Black Player)
Knight x,y) = (x-2, y+1) Upward Right (White Player and Black Player)
X, y) = (x-2,y-1) Upward Left (White Player and Black Player)
(x,y) = (x+2, y+1) Downward Right (White Player and Black Player)
(X, y) = (x+2,y-I) Downward Left (White Player and Black Player)
(X, y) = (x+1, y+2) Right Downward (White Player and Black Player)
(x,y) = (x-1,y+2) Right Upward (White Player and Black Player)
(X, y) = (x+1,y-2) Left Downward (White Player and Black Player)
x, y) = (x-1,y-2) Left Upward (White Player and Black Player)
Rook X, y) = (x+n,y) Downward (White Player and Black Player)
(X, y)=(x-n,y) Upward (White Player and Black Player)
(X, y) = (x, y+n) Leftward (White Player and Black Player)
X, y) = (X, y-n) Rightward (White Player and Black Player)
Bishop (X, y) = (x+n, y+n) Downward Right Diagonal (White Player and Black Player)
(X, y) = (x+n, y-n) Downward Left Diagonal (White Player and Black Player)
(%, y) = (x-n, y+n) Upward Right Diagonal (White Player and Black Player)
(X, y) = (x-n,y-n) Upward Left Diagonal (White Player and Black Player)
Queen (X, y) = (x+n,y) Downward (White Player and Black Player)
(X, y)=(x-n,y) Upward (White Player and Black Player)
(X, y) = (x, y+n) Leftward (White Player and Black Player)
X, y) = (x, y-n) Rightward (White Player and Black Player)
(X, y) = (x+n, y+n) Downward Right Diagonal (White Player and Black Player)
(X, y) = (x+n, y-n) Downward Left Diagonal (White Player and Black Player)
(X, y) = (x-n, y+n) Upward Right Diagonal (White Player and Black Player)
(x,y) = (x-n,y-n) Upward Left Diagonal (White Player and Black Player)
King (x,y)=(x+1,y) Upward (White Player and Black Player)
X y)=(x1y) Downward (White Player and Black Player)
O y) = (X, y+1) Rightward (White Player and Black Player)
X, y) = (X, y-I) Leftward (White Player and Black Player)
(X, y) = (x+1,y-1) Downward Left (White Player and Black Player)
(x,y) = (x+1, y+1) Downward Right (White Player and Black Player)
x,y)=(x-1,y-I) Upward Left (White Player and Black Player)
X, y) = (x-1, y+I) Upward Right (White Player and Black Player)

TABLE 2. Metamorphic Relation for Chess Engine

7/8  ef-e5 e2-e4 Nb8c6 Nb1-c3 Nc6-d4 b2-b3 cT-cb
6/7 e7-e5 e2-e4 Nb8-c6 Nb1-c3 Ncb-d4 Nc3-d5
5T eT-e6 e2-e4 Nb8-c6 d2-d4 d7-d5

Metamorphic Relations

Description

5/6- e7-eb e2-ed Nb8-c6 d2-d4 NcBxdd
4/5 eTl-eb e2-e4 NbB-c6 d2-d4

alpha==score Equality between score and alpha 1

e7-e6 e2-e4 Nb8-cb

score<=alpha k score > = beta

Same depth in analysis

21 eT-e5 e2-e4

score>alpha && score<beta

Different depth in analysis

2/1- Nb8-c6 d2-d4

score alpha, bera

score alpha, beta

score alpha, beta
seore, alpha, beta

seore, alpha, beta
score, alpha, bera

score alpha, be

seore, alpha, beta

FIGURE 3. Tree structure from Alpha Beta Pruning

1 Nb8<b

FIGURE 4. Chess Engine Analysis

=
|

In Figure 4 we can observe a part of the analysis done

core alph, beta by our SUT in response to the move made by the human
player on a particular board state. As our proposed technique

is based on metamorphic testing, therefore, in order to derive
the metamorphic relations we have analyzed the SUT to find

Min out certain properties that hold during execution. We test

our SUT on the basis of metamorphic relations designed
keeping in mind these properties. We have noticed that while
it is considering a certain move and its next possible move
the values of alpha and score remain the same. The first
column in Figure 4, depicts the depth of a move considered
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by the Chess engine. We can see that the depth consists
of two numeric values separated with a /. The value to the
left of the / indicates how many turns ahead the engine
is analyzing. The value to the right of the / is denoting a
selective search through which the Chess engine can explore
different variations. Corresponding to each depth, the second
column shows the Chess engine's analysis. For construction
of MRs an analysis of multiple executions reveals that even
though when the Chess engine is doing an analysis for the
same depth still there exists a relationship between alpha,
beta and score values and the same has been captured and
documented in Table 2. On the other hand, when the depths
are different then there exists another relationship between
alpha, beta and score values which are also given in Table
2. By an analysis of the SUT, we have concluded that these
are the necessary properties which hold during the Chess
engine's execution, therefore, we have translated them into
metamorphic relations. The values of alpha, beta and score
enable the evaluation function to decide which part of the
tree to consider or not to consider. Based on these properties
it decides whether to keep on looking at a certain depth or
not and whether to move on to the next depth. Since this is
all done keeping in view the values of alpha, beta and score,
therefore, we have based our metamorphic relations on these
values which enables us to effectively test the Chess engine.

These two sets of metamorphic relations will help us in
testing the Al Chess game. The first set will help in testing the
legality of the moves that a Chess engine considers and the
second set will help us in testing some of the aspects through
which the Chess engine evaluates the individual moves in
order to reach a final move.

B. CREATING TEST CASES

Metamorphic testing requires creation of source test cases
and follow up test cases. For the Al Chess game our target
of testing is basically the Chess engine’s analysis i.e. legality
of moves and the evaluation of moves. So our test cases focus
on these two aspects. To test the Chess engine algorithm,
our source and follow up test cases get split between the
human player and the Chess engine. The input for the source
test case would be provided by the human player against
which the Chess engine will perform analysis on the board
state consisting of consequent moves of both players and
ultimately declare a move.

In contrast to traditional division of source and follow up
test cases, here we have first divided these two between the
move of human player and Chess engine. Therefore, if the
human player is white then every white playing piece’s legal
movement on the board becomes a source test case input. In
response to this move the Chess engine’s response becomes
the follow up test case. After that we have gone one step
deeper and considered the Chess engine’s response to the
human player’s move and tested it through our metamorphic
relations. We have done this by first considering moves in the
Chess engine’s analysis and then considering the evaluations
of moves. The detail about both the sets of metamorphic
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relations is given in Subsection Il1-A.

Firstly, all the individual moves thought in a Chess en-
gine’s analysis are considered and their legality is tested.
When we are testing the Chess game for legality of moves,
the source test cases cause the game software to consider
the possible moves that can be made from that board loca-
tion for that particular piece. And the follow up test case
subsequently cause the game software to move the piece to
a certain location on the board. The metamorphic relations
assign verdict of pass and fail for these moves the Chess
engine considers. Secondly, the analysis done by the Chess
engine when it would consider these consequent moves will
also give us corresponding alpha, beta and score values on
which we have based our remaining metamorphic relations.
So these metamorphic relations would also assign verdict
based on the alpha, beta and score values. Table 5 gives
us a general idea of how the test cases of human player
move and Chess engine’s analysis actually appear during
experimentation. But to completely understand them we will
have to first to go through Subsection 111-C and Section 1V.

C. EXECUTING TEST CASES
After creating test cases we executed them on Al Chess
Game. In response to the human player’s move, the Chess
engine starts working and comes up with an analysis through
which the final move is decided. Firstly, all the moves that
are considered in the analysis are tested through their corre-
sponding metamorphic relations. Each individual move that
is considered by the Chess engine is analyzed keeping the
board state at that point in mind. For testing, each individual
move is divided into source and follow-up test cases i.e.
the piece which is being moved becomes the source test
case and the location where it is being moved forms the
follow up test case. For example, if a move for a white
pawn is made and is a2a3, the source case i.e. a2 gives
possible moves that can be made for the pawn piece. The
follow up test case i.e. a3 attempts to move the pawn to one
of the possible locations. The outputs get checked against
their corresponding metamorphic relation and the verdict is
assigned which says that the test case is a pass. In this way
all the moves from the analysis are tested individually.
When executing the test cases for checking the Chess
engine we have focused our attention also to the values that
the algorithm gives to each move when it considers it. When
we execute a source test case, the game performs a move
from the human player and generates for it the default alpha
and beta values. After that for the follow up test case the
Chess engine generates the analysis and the corresponding
alpha, beta and score values when it considers consequent
moves for a move under consideration. Each row in the
analysis increments one move to the thought process and the
Chess engine evaluates it as a whole. With addition of each
move the corresponding alpha, beta and score values change.
The corresponding metamorphic relation gets checked and
verdict is assigned which says that the test case is either a
pass or a fail.
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TABLE 3. Count of Error Seeded Files

Operators Count | Total
Math + 376 1463
- 388
* 392
I 232
% 76
Relational == 470 1810
1= 585
> 165
135
< 315
140
Logical AND 48 62
OR 14
Shift 55 105
50
3440

In order to validate our proposed approach, we have seeded
errors in the original source code of the game and attempted
to catch them through our created metamorphic relations.
This process of conscious and deliberate insertion of errors
in a program and catching them through testing is known as
error seeding or fault seeding [31]. Researchers have used
error seeding on various occasions to test the adequacy of
their testing techniques.

IV. EXPERIMENTS, RESULTS AND EVALUATIONS

For implementing our proposed approach, we have procured
an open source Java Chess engine called Chess22k. The SUT
incorporates a Chess engine which uses alpha beta pruning to
generate its moves. It is intricately built and encompasses all
the rules of Chess game. We performed our test cases on it
and observed the outputs on the basis of our metamorphic re-
lations. After this we moved towards validating our proposed
approach by first seeding errors into the source code and then
catching them through our created metamorphic relations.

A. ERROR SEEDING OF Al CHESS GAME

In order to seed errors into the Al Chess game we have
created a Java application which takes as input source code
files and error types which we wish to seed and reproduces
multiple source code files with the seeded errors. For exam-
ple, if we wish to seed errors on the ’+” operators in a file then
our program would parse the file and on encounter of a '+’
operator it would generate four files in which the ’+’ operator
would be replaced by *-’;’/’,*’and "%’ respectively. In this
way against our input Java file we would have four more files
with seeded errors. The error types that we have seeded in
our SUT are logical, relational, math and shift operators. The
total count of all the generated files can be seen in Table 3.

B. METAMORPHIC TESTING OF Al CHESS GAME

Before beginning with our experiments we created all the
metamorphic relations which we have discussed in previous
Section Ill. The metamorphic relations are aimed at testing
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TABLE 4. Count of Files

Total Error | Total Files Total Files
Seeded Files | Compiled | Not Compiled
3440 1295 2145

the legality of the moves and also the Chess engine which
generates moves on behalf of the computer. Table 1 and 2
show the metamorphic relations. During implementation we
used XML files to create our metamorphic relations. Since it
is not necessary that every metamorphic relation is applicable
for every input/output scenario therefore we utilized the
option of user-defined tags in XML to create preconditions
for our test cases.

Through NetBeans IDE we have developed a test case
generator which runs and generates test case inputs for every
possible piece on the Chess board. It considers every piece
individually and creates source test case inputs. The source
test case here would cause the human player to make a certain
move and the follow up test case would be the Chess engine’s
response which is the analysis that it performs which results
in the Chess engine deciding the final move.

Each source test case gets executed on a different board
state as we have also created a random board state gener-
ator in Netbeans IDE. The Chess engine in consideration
uses Forsyth—-Edwards Notation which is most commonly
known as fen notation to represent the board states [32]. Fen
notation helps us in rendering a Chess engine to a specific
starting position. It uses the first letter of each piece to
denote its presence in a board and uses count of empty board
locations to denote empty locations. For Example, a fen
notation of the original board state in Figure 1 would be “rn-
bgkbnr/pppppppp/8/8/8/8/PPPPPPPP/RNBQKBNR w”. The
rows in a boardstate are separated by “/”. The capital letters
are denoting the white playing pieces and small letters are
representing black playing pieces. The count 8 signifies that
there are 8 empty locations. A “w” at the end denotes that
it is the white player’s turn to make a move. Through our
board state generator, we have randomly generated board
states that follow this convention and used them to create
random board states before executing the source test cases.
In this way we have challenged our proposed approach with
different situations in which it would have to declare verdict
for different Chess playing pieces.

As we have explained earlier, we have seeded errors into
our SUT and attempted to catch them through our proposed
approach. The total number and types of the seeded errors
has also been explained. Table 4 shows the total number of
error seeded files that we have created, the total numbers of
files that were compiled on execution and the total number of
files that were not compiled. As we have done error seeding
in an unbiased way therefore some of the errors have caused
compilation error thus Java could not compile them.

Lastly we have automated our testing process thus that
during execution of our proposed approach, it starts with
generating a random board state. This results in creation of

VOLUME 4, 2016



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2020.3024929, IEEE Access

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

IEEE Access

a board state with randomly placed Chess game pieces. After
that source test case inputs are generated from that board
state by considering all the possible moves of the human
player’s game pieces. Then all these various possibilities
are executed one by one. The follow up test case (which is
the Chess engine’s analysis in response to a human player’s
move) are executed in response to the source test case and
the related metamorphic relations start assigning verdicts. We
have recorded the information about the random board state,
the playing piece, the source and follow up test case pairs,
the metamorphic relations called and the verdict assigned to
them in text files. After that we parsed those text files and
created excel sheets so that we can perform different analyses
on them easily.

1) Coverage of Metamorphic Relations

Coverage is an important concept in the software testing field
as it gives confidence to testers that how much of testing ac-
tivity has been executed according to a specific test coverage
criteria. The literature abounds in coverage criteria for white-
box testing. However, relatively fewer coverage measures ex-
ist in the literature for black-box testing. Since metamorphic
testing is a black-box testing technique, therefore, a viable
coverage criteria in this context would be to estimate how
many metamorphic relations were actually covered by the
testing activity in a purely black-box context. Even though
there have been studies that use the notion of white-box
coverage along side metamorphic testing as discussed in [15]
but almost all of them were aimed at steering the meta-
morphic testing process by aiding with test cases fulfilling
some white-box coverage criteria. In this study we focus on
the purely black-box coverage for metamorphic testing in
terms of MRs covered during the testing activity. For the
Chess game specifically, we have two sets of metamorphic
relations for testing our proposed approach. First set consists
of the metamorphic relations targeting the Chess engine
(Table 2) are invoked during every execution are meant to
check whether the properties that they are representing are
being enforced or not. In contrast, the second set concerns
the invocation of the metamorphic relations relating to the
Chess playing pieces (Table 1) and these are dependent on
the randomly generated board state at the start of execution.
Depending on the pieces that are on the randomly generated
board state, their related metamorphic relations are called
during the human move and also during the Chess engine’s
analysis. For example, if a randomly generated board state
only has a king, a rook, a pawn and a bishop then only their
related metamorphic relations would be called. In Figure 5
we can see an example of a randomly generated board state
and the corresponding FEN notation that the Chess engine
has generated for it at the back-end. Earlier, in subsection
IV-B we have explained the FEN notation and how it is used
to depict the board state. In Figure 5 we have a black and
a white king, a black queen, a black and a white pawn, a
black and a white rook, a black and a white bishop and
a black knight. Therefore, only the metamorphic relations
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corresponding to these playing pieces would be called.

=
o & =o
i
A &

A4

. A

==

3k4/4q3/RP1nlP1/6P1/5p1 B/ 2bP4/6pn/1K

FIGURE 5. Random Board State and FEN Notation

To ensure that our approach is covering all the metamor-
phic relations during testing we have parsed our result text
files and searched the randomly generated board state for the
six playing pieces of the Chess game. As we have a large
number of result text files, therefore, we created a mechanism
to parse the board state information in the text files till all the
six playing pieces appear at least once(for both white and
black). This confirmed that our metamorphic relations from
Table 1 have all been used thus ensuring coverage of these
metamorphic relations.

2) Performance of Proposed Approach

In Figure 6 we have given an overview of the performance
of our approach in catching the errors with respect to the
different operators which we have tweaked during error
seeding. From our results we have observed that our proposed
approach was successful in catching more than 70% of the
seeded errors for three of the operators and more than 60%
for one. Overall our proposed approach was able to capture
71% of the total seeded errors. From this we can conclude
that metamorphic testing can be used for testing Chess en-
gines. We have also come to know that our approach has
missed 29% of the errors. The reason for this is that the
errors seeded at this point have not propagated enough to
cause fault in the engine’s output. Sometimes what happens
is that our Chess engine does not avail the path in the code
where the error is present due to which the output of the
engine is unaffected. On further analysis of our results we
found out various examples in which such was the case. In
one example, the error was affecting the two step forward
movement of the pawn piece and the Chess engine did not
consider any two step forward move for pawn during its
analysis. The reasons for every single error not propagating
is that we have unintentionally seeded errors thus we cannot

9
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say for sure before testing that a certain error would affect the
output.

Caught ® Missed

80% 76% 75%

Logical Relational Math Shift

FIGURE 6. Performance of Proposed Approach

By validating our proposed approach through error seeding
it has been able to detect 71% of all the seeded errors. From
these results of our approach on the Al Chess game we
have gained conviction about the feasibility of our proposed
approach.

C. COMPARISON OF PROPOSED APPROACH WITH
PERFT FUNCTION

We have not directly compared our proposed metamorphic
approach with any existing technique because our approach
does not need to know the expected outcomes prior to testing.
This makes it difficult for it to be directly compared to
traditional testing techniques. Therefore we have compared
our proposed approach to the existing technique which is
used to test Chess engines and reported our findings.

Chess engines are evaluated with a program called the perft
function which is an acronym for performance test function
[1]. Perft function compares the outputs of Chess engines
with already existing perft data sets. These data sets consist of
values which are actually the total number of nodes that need
to be visited for a certain depth on a particular board state.
As metamorphic testing does not require expected outcomes
to be known beforehand therefore we are comparing our
proposed approach with perft and not any traditional testing
technique.

A perft function takes as an input a Chess board state and
the depth to which the analysis of a Chess engine has to be
checked. It gives as an output the count of the total number of
moves possible at that depth. In addition to that it also gives
the complete total for the number of nodes that the function
visits for all the moves combined. We have obtained the perft
values from data sets available at On-Line Encyclopedia of
Integer Sequences website *.

On execution of perft function with a particular board state
and depth, it gives as an output the total number of nodes
that are visited till that depth. There exist prerecorded values
that are obtained for different board states and depths. The
values of total visited nodes obtained after executing the perft
function are compared with these prerecorded values and if

Lhitp://www.oeis.org/
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there is a deviation then it indicates that the Chess engine
has an error. Thus perft compares the predefined values
with the values produced by the Chess engine. There is no
involvement of checking legality of the moves. As a result,
problems can arise if illegal moves are made as perft does
not check it.

Perft function has an additional feature which is called the
divide function which works in conjunction with perft. The
divide function is used to obtain the number of nodes visited
for particular depths while considering a board state. Now
along with total visited nodes for the particular depth, we get
the total possible moves and the number of nodes that are
visited for these moves. Chess engines compare their total
number of visited nodes for different board states with the
perft values. If there is a deviation in the total visited nodes
at a certain depth than the tester has to back trace from that
particular depth one by one in order to detect where the error
lies by comparing the node counts. In this way they narrow
down the error. This brute force approach towards finding the
error is a tedious task.

Also there is a chance that the total number of nodes for
a depth in a Chess engine is similar to its perft value but
there exists an illegal move that is being considered. In this
way it would not be caught as perft function is not testing
the individual legality of the moves with their corresponding
board states. During our experimentation we have discovered
instances in which such is the case. Therefore, there exist
errors that perft function would be unable to catch as perft
is not considering the legality of the moves rather it is only
performing the testing by comparing the total number of
nodes for all the moves at a depth.

In Table 5, we have documented three examples of board
states in which the perft values were equal to their respective
predefined values. But with our proposed approach we were
able to find some illegal moves that were being considered
by the Chess engine in its analysis. In our approach our
metamorphic relations are targeting the individual moves by
every Chess piece. The perft function on the other hand was
unable to catch them as it only considers the final node count
at a depth. Since our approach considers the legality of moves
being considered in the analysis; therefore, it was able to
reveal those errors.

Apart from this there also exist situations when the perft
values do differ from the preexisting values and thus an error
is detected. On such an occasion the tester has to back trace
through the depths and find out the actual depth from which
the error first occurred. This whole process is a tedious task
as the tester has to go through all the individual moves,
perform them on board states for previous depths, compare
values of total nodes and declare results. Also with increased
depths the number of moves would also become greater and
thus complexity would also increase. In such a scenario our
proposed approach performs better as it takes into account the
legality of individual moves that the Chess engine considers
instead of the visited node counts that perft considers.

By the above comparison we can say our approach shows
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TABLE 5. Comparison of Proposed Approach with Perft Function

Human

Analysis Illegal Error .
Fen Player | Depth Liria Mo%/e Type Failed MRs
Move

Impossible

k7/6p1/8/8/8/8/7PIK7 w h2h4 3 94h3 h4h5 g4h3 Relational movement,
engine considers

Right diagonal

k7/8/7p/8/8/6P1/8/K7 w g3g4 2 a8a7 g4h5 g4h5 Shift movement
for white player

Impossible

7k/8/1p6/8/8/P7/8/TK w a3ad 3 h8g7 h1g2 h7h6 h7h6 Relational movement,
engine considers

more promise and efficiency in finding out errors in situations
where perft lacks. Our approach works alongside the Chess
engine and confirms the validity of individual moves along
with the final move. Using perft on the other hand requires
the tester to go through predefined values for board states in
order to confirm its correctness.

From the findings in the previous two subsections we
are confident in the effectiveness of our proposed approach.
Firstly as it was able to detect the seeded errors and secondly
as it was not only able to match up to the existing testing
technique for testing Chess engines but was also able to find
and overcome shortcomings. In [15], the authors have done
an extensive survey about metamorphic testing and have also
pointed out this fact that the effectiveness of metamorphic
testing is often established on the basis of its fault detection
ratio (as done in this paper) or mutation score. Plus, the
effectiveness is further strengthened if using metamorphic
testing reveals some faults in real world programs rather than
a research program. They have also categorized identification
of faults in open source programs as revealing faults in real
programs. They categorize a “real fault” to be a fault which
has not been as yet reported in a “real program”. Both these
aspects have been covered in our paper because firstly we
have tested a large open source Chess engine. And secondly
we believe to the best of our knowledge that the faults
identified in perft in our study have not been reported so far.

V. THREATS TO VALIDITY
This section will describe the factors that may threat the
validity of our proposed idea.

1) Internal Validity

The metamorphic relations that we have used to obtain our
analysis are dependent on the SUT. They are divided into
two broad sets where the first set is related to the movement
of Chess pieces and the second consists of relations that
are based on the Chess engine’s algorithm. The first set of
relations can be generalized across all Chess games but the
same cannot be done for the second set. For our paper the
Chess engine incorporates the alpha beta pruning algorithm
therefore when testing other Chess engines, it is necessary
that the relations are custom made to that particular Chess
engine’s algorithm. While executing our approach we have
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used a random board state generator to come up with starting
chess board positions. On one hand this has helped us in
being unbiased and challenging our approach with different
possibilities but it also means that sometimes the seeded
errors have been missed because the piece movement on the
board have not activated those errors.

2) External Validity

We have performed our proposed approach on a Java based
open source software system. We have prepared our whole
experimental plan compatible to Java programming. Because
of this a threat to validity may arise because each language
has its own way of representing different ideas and perform-
ing different tasks. Therefore, to generalize our proposed
idea other programming languages need to be considered.
Lastly we acknowledge that we have performed our proposed
approach on a SUT with a particular type of Chess engine
therefore different kinds of Chess engines can be considered
to verify the feasibility of our approach.

VI. CONCLUSION

Game testing has changed over time with the increase in
storage capacity. The complexity of games has increased
which leads to increased amount of possibilities at a given
point in game. Also with time the advent of playing against an
Al opponent has become very popular in games. Games with
Al use algorithms which make decisions based on analysis of
possibilities. Performing testing that encompasses all these
possibilities is impractical and thus the test oracle problem
emerges. In recent times, metamorphic testing has emerged
as a technique to get around this problem.

With this paper we have proposed the use of metamorphic
testing for resolving the complexity problem which occurs in
testing of an Al Chess game. For implementing our approach,
we have used an open source Java implementation of an Al
Chess game. We have performed testing on the Al Chess
engine which makes moves for the Al part of the SUT. After
performing experiments, we have been able to confirm that
metamorphic testing can be effectively used to test an Al
Chess game. For validating our approach, we consciously
seeded errors into our SUT and detected them through our
approach. We have been able to successfully catch all the
errors. We have also compared our proposed approach with
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the

perft function which is the preexisting method for val-

idating Chess engines. We have explained our approach’s
advantage over perft function in testing error free nature
of Chess engines through actual scenarios which we faced
during our experimentation.

In the future, we intend to discover more inherent proper-
ties of the Chess engine and increase the number of metamor-
phic relations. Furthermore, this technique can also be used
to test other Al games with complex possibilities.
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