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Abstract. In rough set (RS) theory, the issues raised by attribute reduction are significant [1].
These issues currently garner widespread interest and extensive research from scientists worldwide.
To investigate the problem of incomplete decision tables (IDTs), Kryszkiewicz developed the notion of
relative relation (also known as tolerance relation) [2]. In this study, researchers address algorithmic
issues related to attribute reduction in IDTs using a relational database approach. In [3], the authors
proved that the result of the Sperner system (SS) is equivalent to the reduct set within the incomplete
decision table. Specifically, the set of reducts in an IDT is a Sperner system, and conversely, for a
given Sperner system /C, there exists an IDT such that the set of its reducts is exactly K. In this
paper, we propose the concept of an irredundant incomplete decision table based on objects from
an IDT. This means that in an IDT, some rows are considered redundant and need to be removed.
We present an efficient algorithm with a worst-case complexity that is polynomial in the number of
columns and rows of the decision table. The algorithm allows us to find an irredundant incomplete
decision table from a given IDT.
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1. INTRODUCTION

A decision table (DT) is an case of an information system used to organize data. In a
decision table (DT), attribute reduction refers to eliminating redundant attributes from a
set of condition attributes without losing important information from the DT. In addition,
attribute reduction also brings ease of understanding to the rules and greatly improves the
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classification ability of machine learning models. Up to now, attribute reduction methods
following the approach of rough set theory have attracted a lot of attention from scientists
around the world. Nevertheless, these methods primarily rely on a heuristic approach to
identify a reduct within the complete decision table, based on specific evaluation criteria,
while maintaining polynomial computational complexity. Compared to solely searching for
a reduct, algorithms that identify reducts within the decision table can achieve an optimal
reduct and are highly efficient. Consequently, the investigation into these algorithms holds
considerable importance.

Today, decision tables frequently lack information, leading to their categorization as
IDTs. The challenge of identifying a reduct within an IDT is regarded as a general issue.
Some algorithms either eliminate objects with missing data or substitute missing values
with others to address the problem of IDTs in knowledge mining tasks. Nevertheless, these
methods lead to the loss of critical information or the substitution of data that may impact
the table’s consistency. As a result, these methods often fail to achieve high efficiency. To
address these challenges, Kryszkiewicz [2] presented the concept of a tolerance relation and
developed a tolerance rough set model to investigate the issue of IDTs. According to this
approach, the authors in [4] used Boolean reasoning methodology and proposed a method for
determining abbreviated attributes in an IDT (attributes involved in at least one reduction).
Based on the approach using the relational data model [5, 6], authors in [7, 8] proposed a
method with polynomial time for extracting all the reducts in the consistent decision table.
Through this strategy, we might decrease the number of columns (attributes) in the DT.
However, these methods still have computational limitations due to having to deal with
inconsistent objects. We suggested a polynomial technique in [9] that shortens the decision
table’s lines (or objects). Therefore, we may eliminate unnecessary columns and rows from
the DT using these two effective techniques. On the other side, it’s crucial to identify every
gap in the whole DT. The authors of [10] developed a technique for locating all shortenings
in a consistent and comprehensive DT. The authors showed that the difficulty of locating
every shortcut on this DT increases exponentially with the number of attributes. It implies
that the following must be demonstrated: There is an exponential algorithm that identifies
all these reductions, demonstrating that this problem’s complexity is at least exponential.

A polynomial algorithm can discover a reduction on a perfectly consistent DT, but it is
impossible to find a reduction with the smallest force. Therefore, there isn’t a polynomial
algorithm that handles this task yet. We showed in [11] that the set of reducts on a com-
plete consistent decision table is equivalent to the SS - a combinatorial system in which the
components do not comprise each other. In other words, studying the set of reductions can
lead to studying the Sperner system. Based on the relational database approach, this study
proposes an algorithm aimed at reducing the rows of a table. Specifically, our algorithm will
eliminate redundant objects and retain only those that play a significant role in improving
the effectiveness of classification models. The paper consists of four main sections. Section 2
will introduce basic concepts related to incomplete decision tables and Sperner systems,
along with their properties and interrelationships. Section 3 will present an object reduction
algorithm for incomplete decision tables, which results in an incomplete yet inconsistent de-
cision table. Several illustrative examples of the proposed algorithm will also be clarified.
Finally, Section 4 will discuss the issues raised by this research.
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2. PRELIMINARY

Some fundamental ideas in rough set theory will be discussed in this part [9, 12, 13,
14, 15, 16, 17]. First, the decision table has four components XS = (U,C U D,V, f), in
which U = {uy,us,...u,} is a finite nonempty set of objects, C' = {c1,ca,....cpn} is the
set of condition attributes, D is the decision attribute set, satisfying C N D = (). For each
attribute a € A = CU D, Vi, is the value set of the attribute a with V' = UA Viqy and

ac

f U x(A) — V is called the information function, where f (u,a) € V43, Vu € U. The
assumption is that D only consists of one decision attribute d, which can be reduced to a
single attribute by utilizing encryption if D contains multiple attributes [10]. In consideration
of this, we evaluate the decision table XS = (U,C U{d},V, f), where d ¢ C.

Next, given a decision table XS = (U,C U D,V f), each attribute subset P C CU{d} de-
termines an indiscernibility relation IND (P) = {(z,y) € U x U : Ve € P, f (z,¢) = f (y,¢)}.
Then, IND (P) creates a partition U/P = {P1, P,, ..., Py} on U, where an equivalence class
is an element in U/P.

The set RX is the upper approximation of X, where RX = {u € U : [u|gNX # (0}, the set
RX is the lower approximation of X, where RX = {u € U : [u]g C X }. From this, RX/RX
is the boundary of X and the positive region of {d} is the set POSgr(d) = Uycy/q(RX)
with R € C and X C U. It is evident that POS¢(d) = U or the functional dependency
C — d is true, then KS is a consistent decision table. If S is inconsistent, then POS¢(d)
is the largest subset of U such that the functional dependency C' — d is true.

Definition 1. Let £S = (U, CU{d},V, f) be a decision table. If P C C satisfies POSp(d) =
POS¢(d), and YP' € P,POSp:/(d) # POSc(d), then P is a reduct of C.

It is easy to see that if IS is a consistent decision table, Definition 1 demonstrates that
if P— dand VP' C P,P' /4 d, then P is a reduct of KS, and P; denotes the set of all
reducts of ICS.

Definition 2. Let r be a relation on A = {ay,...,a,}. Then, Va,; € A, there exists D, such
that x € Dy,, and hj : A — UD,, satisfies hj(a;) € D,,.

Definition 3. Let r be a relation on A = {aq,...,a,}, B C A. If each a € A in this case is a
member of B, we denote h; ~ h;(B) as follows: h;(a) = hj(a), or hi(a) = *, or hj(a) = *.

Definition 4. Let r be a relation on A = {ay,...,a,}. Then, E,G C A and FE tolerance
determines G, denoted by E -5 G if: (Vhi, hj € 1) (hi ~ hj(E) then h; ~ hi(G)).

Set T, = (F,G) : E,GC Aand E 1 G. Tt is possible to observe that

1) (E,G) € T,YE C R.

2) (E,G) €T, then ECC,D C G has (C,D) € T,.

3) (E,G) eT,,(G,C)eT, = (E,C)eT,.

Set Bt =a€R:E 5 a.

Definition 5. Given an IDT KS = (U,C U {d},V, f) with x ¢ Dy, when it contains the
character * in the decision attribute d, it is a consistent incomplete decision table, where C
is a set of condition attributes.
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For the method using the tolerance relation presented in [2], the author proposed that
the value of the decision attribute column d is unique in the consistent incomplete decision
table. However, for our study, Definition 4 does not require the decision value to be unique.
Therefore, our study is more general than the method proposed in [2]. If the KS is an
IDT, we can examine the components of U using a polynomial time approach to remove
components that don’t make the XS consistent. When anything is removed, we ontain the
set U, and KS = (U',C U {d},V, f) is consistent.

Definition 6. Given an inconsistent IDT K£S = (U,C U {d},V, f), B is a reduct of K£S if:

BCC:B-%dand AB' C Bthen B' 4 d (meaning B’ is a true subset of B, then B’ is
not relative determination of d).
Set PREX (C) = {B is the set of reducts of £S}.

Definition 7. Assume that A = {a1,...,a,} and K = {K7y, ..., K;,,} is a Sperner system (SS)
on R if: Kz g Kj, VJ,Z

Definition 8. [18] Given a SS K = {K1, ..., K;,} on R, we define K~ ! is the set of antikeys
of KC as follows
Set K''={ACR:(BeK) = BZKand BCC)then3dAecK:ACC},

K'={ACR:(BeK = B¢ Aand ACC) then 3B€ K: B CC}.

It is evident that K ~! as one of the subsets of R, excludes the elements of I, essentially
representing the largest non-key set. Notably, X! is also regarded as SS. If a minimum key
set exists, an anti-key set will also exist.

Remark 1. Let KS = (U,CU{d},V, f) be a consistent IDT. Set r =U = {r1,...,rn}, R=
CU{d}. As a result, PREX(C)=C. Ki={ACC:A—d and VA 5 {d} and A' ¢ A}
and PREX (C) is the SS.

Theorem 1. [19] Let KS = (U,C U{d},V, f) be a consistent IDT. Set r =U = {r1,...,rn}
and R = C U{d}. We calculate the set of equals from r using e, = {E;;} with

Eij ={a € R:a(uw) = a(uj) or a(u;) = * or a(uj) ==}, i=1,...m, j=1,...,m, i <j.
From eg set Mq={B c€e,: B# R,d¢ B and 3B’ € ¢, : d ¢ B' and B C B'}, then we

have My = (K%)™L.

3. ALGORITHM TO FINDING IRREDUNDANT INCOMPLETE
DECISION TABLE

In this section, we present an approach to generate a consistent incomplete decision table
with a non-redundant attribute set.

Remark 2. Let KS = (U,CU{d},V, f) be a consistent IDT. Then, the calculation of Mg
18 a polynomial in terms of the size of U and C.
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For the decision table XS = (U,C U {d},V, f) is a consistent IDT, we call S is an
irredundant consistent decision table if Vu € U set U’ = U\{u} and KS" = (U, CU{d},V, f),
we have PREX 1 (C) # PREXy(C). Based on Remark 2, we next construct an algorithm
to generate an irredundant consistent IDT from a consistent IDT. The method is designed
as Algorithm 1. In essence, Algorithm 1 consists of four steps, as illustrated in Figure 1. The
main steps of the algorithm include: determining the set of equal elements, determining the
set of maximal equivalence sets, eliminating objects, and returning the new decision table.

Algorithm 1: Determine an Irredundant Consistent IDT
Input: IDT £S = (U,CU{d},V, f),U = {u,....,un}, PREXy(C)
Output: U’ is an irredundant IDT.
1. Step 1. Considering r = {r1,....,mn},r € U and R = C U {d}.
2: Set g, = {E;;} with Ej; = {a € R : a(u;) = a(u;) or a(u;) = * or a(u;) = x}, where
I<i<j<m
3: Set Ml ={P€¢c,:P#R,d¢ Pand P €¢,:d¢ P and P C P'}. M is the
maximal equivalence set on U of d.
Step 2.
Set No =U = {r1,....,m}
Calculate: N1 = N; \ {rit1} if Mf\l,i = Mg
Otherwise, N;+1 = N;
M](f[i\{"'i-ﬁ—l} is the maximal equality set on N; \ {r;4+1} of d.
Last step. Set U' = N,,

Lemma 1. Given a consistent IDT KS = (U,C U {d},V, f) with U = {uy,...,um}, and
PREXy(C) is the set of all reducts of KS, then KS = (U/, CuU{d},V, f) is an irredundant
consistent IDT, where U is the set of objects determined from Algorithm 1.

Proof. Following the steps of the above algorithm by induction, we have M}%,m #+ Mg. Ac-
cording to Theorem 1 and Definition 8, PREX y, (C) = PREX(C). On the other hand,
according to the construction of the algorithm, we have

Np, C ... C N1 C Np. (1)

It can be easily seen that if the cardinality of N, is equal to 1 (|Ny,| = 1) then KS =
(Nm, C U{d},V, f) is non-redundant (or call it irredundant). Otherwise, if |N,,| > 1, then
i € Np, according to (1) we have

Ni—a \ {ri} © N \ {rs}- (2)

We have M]‘f,_ N} # M, g that is consistent with the way the algorithm was constructed.

J— J
From 1 and 2, we have Mff,jil\{rj} # ME. Let Uy = Ny, \ {rj}. According to Theorem 1 and
the definition of the antikey set we have PRE X, (C) # PREXy(C). So KS = (Np,,C U
{d},V, f) is non-redundant. Lemma 1 has been proven. [ |
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Calculate the set
maximal equivalence

set

A new decision table - Remove objects by
with U' c U Step 2

A decision table ‘ Calculate the set ‘
with objects set U’ of equals

Figure 1: The processing procedure of the algorithm

Remark 3. Two important remarks regarding the proposed algorithm.

1) As can be observed, Mg is computed in polynomial time according to Algorithm 1. As
a result, it is simple to show that the approach’s computing complezity scales polynomial with
the number of rows and columns in the KS.

2) Permuting the order of the objects in U results in another irredundant consistent
decision table.

Example 1. Given a decision table KS = (U, C U {d},V, f) with five objects and C having
five condition attributes, consider the following.

Table 1: The consistent IDT in Example 1

U|lcile|eg|eqles | d
ri| 1| 1]0]0]|*]|O0
ro | 1 {0 0]0]01]O0
rs | O 1] 10111
rg | 10| 1]0|0]1
rs | 1 |1 ]0| 1110

Step 1. According to the step 1 of Algorithm 1, we shall determine the maximal equivalence
set on U of d:

E1y = {c1,¢3,¢4,05,d}, E13 = {c2,ca, 65}, Brg = {c1,ca,¢5} , Ers = {c1,¢2,¢3,¢5,d},

Ea3 = {ca}, Eay = {c1,c2,c4,¢5} , Bas = {c1,¢3,d},

E34 = {c3,c4,d} , B35 = {c2,c5},

E45 = {Cl}.

To simplify the notation, we denote {c1, ca,...,cn} by {cica...cp}. From this, we obtain:
gy = {ci1cscqcsd, cacycs, cicqcs, c1cacscsd, cq, C1cacqCs, C1c3d, c3cqd, cocs, c1}. Set €, = Ey is
the set of equal sets on U. Clearly, Eoy # C U{d}, d ¢ Ea4 and 3P € &, which satisfied
d¢ P and Pc P, so Mg = {c1cac405} is a maximal equivalence set.

Step 2. Set No =U = {r1,r2,73,74,75}.

- Compute No\{r1} = {rz2, 73,74, 75} and En\ 7y} = {4, crc2cacs, cre3d, csead, cacs, c1} =
MJU\ZIO\ ) = {c1c9¢405} = M(‘Jl. Thus, 71 is considered a redundant object in the decision ta-
ble. Therefore, N1 = {7“2,7“3,7“4,7“5}-
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- Compute Ny \ {ro} = {r3,74,75} and En\(r,} = {c3c4d, c2c5,01} = M]‘fh\{m} #* Mf]l
Hence, ro is considered a irredundant object in the decision table. Therefore, No = N; =
{ra,r3,r4,75}.

- Compute Nz \ {r3} = {ro,r4,75} and En,\ () = {c1c2c4cs5,c103d, 01} = M]C\l,Q\{T3} =
Mg, Thus, N3 = {r2,74,75}.

- Compute N3\ {ra} = {re,rs5} and En,\ (3 = {c1c3d} = M]‘\lfg\{m} # M. Therefore,
Ny ={ra,rq4,75}.

- Finally, we compute Ny \ {75} = {r2,74} and En,\ 7} = {c1c2c4c5} = Mff,4\{r5} = M¢.
Thus, N5 = {T‘Q,?“4}.

Step 3. Set U’ = N5 = {ry, 4} and so we have KS = (U',C U {d},V, f) is an irredundant
consistent IDT.

To see the effectiveness of Algorithm 1, we will next present a comprehensive example.
Specifically, the decision table includes multiple missing information values. These values
are present not only in the condition attributes but also in the decision attributes of the
table.

Example 2. Given a decision table KS = (U, C U {d},V, f) with six objects and C having
six condition attributes, consider the following.

Table 2: The consistent IDT in Example 2

Ulco|cales|ca|es|cg|d
mm|1]1]0]0]|2]|*]|1
ro | 0] 1,00 *| 110
r3| 010 |1 *|2|1]F*
ra |l 21002 *]|* |2
s3] 2 *]0|2]0]1
| 2] *1 1100|210

Step 1. Based on the step 1 of Algorithm 1, we shall determine the maximal equivalence
set on U of d:

E1p = {c2,¢3,c4,¢5,¢6} , B13 = {ca,¢5,¢6,d} , E1g = {c3,¢5,¢6} , E15 = {c3, ¢4, ¢5,¢6, d},

E16 = {c2, ¢4, 6},

Ea3 = {c1,c4,¢5,¢6,d} , Eoy = {c3,¢5,¢6} , Fas = {c3,c4,¢5} , Fag = {c2,¢3, ¢4, d},

E3y = {c2,c4,¢5,¢6,d} , B35 = {c3,¢4,¢5,d} , E3g = {ca, ¢4, c5,d},

Ey5 = {c1,¢2,¢5,¢6} , Eag = {c2, ¢, ¢5,d},

E56 = {CQ, Cc3, 64}.

Therefore, we obtain Mg = {E12, Ey5}. Tt is easy to see that, for each P € Mg, we can
determine a different irredundant incomplete decision table from P. Therefore, Algorithm 1
can generate multiple different results.

Step 2. With Mg = FEjy5, similarly to step 2 of Example 1, we can easily obtain the set
Ui = {ry,r5} and Mg = F15 we have Ué ={ry,ra}.

Step 3. From the obtained results, set U{ = {r4,r5}, we obtain the first irredundant
consistent IDT K8 = (U;,C U {d},V, f) and with U, = {r,r}, we obtain the second
irredundant consistent IDT ICS,Q = (Ué, Ccu{d}, Vv, f).
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As a result, we can use the previous method to reduce the number of rows in any consis-
tent decision table. By using the technique to identify the reduct [19], we can also reduce the
columns of any consistent decision table. In other words, we can reduce the two-dimensional
size of any consistent decision table by utilizing both approaches. However, the proposed
method still has some drawbacks, as clearly demonstrated in Example 2 of this paper. First,
it can be observed that with high-dimensional datasets containing a significant amount of
missing data, the proposed algorithm may generate a large number of maximal equivalence
sets. In this case, the algorithm’s complexity increases when attempting to determine ir-
redundant consistent incomplete decision tables. Second, for datasets with a wide range of
values, determining maximal equivalence sets becomes infeasible. To address this issue, the
initial decision table may need to undergo a data discretization process, which could result
in the loss of important information. As a consequence, the final results may be affected.

4. CONCLUSIONS

Attribute reduction is one of the effective applications to improve the performance of ma-
chine learning models. In the context of big data, attribute reduction methods have played
an indispensable role in the fields of knowledge discovery. However, methods for reducing
objects in inconsistent decision tables are not widely known.In this study, we have gener-
alized the basic properties of decision tables and designed an algorithm that transforms an
inconsistent incomplete decision table into an irredundant incomplete decision table. Based
on this result, decision tables or information systems can eliminate unnecessary objects,
improving database efficiency in storage and optimizing computational space for machine
learning models. Moreover, removing redundant objects in the data is also crucial. Intu-
itively, these objects may be generated due to noise from data entry errors or some sensor
faults during the measurement process. Storing these objects can significantly impact the
performance of machine learning models. Therefore, this study can be considered a promis-
ing tool that can be applied to knowledge discovery technologies. Hence, it can be asserted
that the irredundant decision table is a highly effective and versatile tool for representing
information.

REFERENCES

[1] Z. Pawlak, Rough Sets: Theoretical Aspects of Reasoning About Data. Norwell, MA: Kluwer
Academic, 1991.

[2] M. Kryszkiewicz, “Rough set approach to incomplete information systems,” Information Sci-
ences, vol. 112, no. 1-4, pp. 39-49, 1998.

[3] D. T. Khanh, V. D. Thi, N. L. Giang, and L. H. Son, “Some problems related to reducts of
consistent incomplete decision tables,” International Journal of Mathematical, Engineering and
Management Sciences, vol. 7, no. 2, pp. 288-298, 2022.

[4] J. Demetrovics, D. Vu, and L. Nguyen, “An efficient algorithm for determining the set of all
reductive attributes in incomplete decision tables,” Cybernetics and Information Technologies,
vol. 13, no. 4, pp. 118-126, 2013.



[5]

[10]

[11]

[12]

[13]

ON IRREDUNDANT INCOMPLETE DECISION TABLE 103

V. D. Thi and N. L. Giang, “A method for extracting knowledge from decision tables in terms of
functional dependencies,” Cybernetics and Information Technologies, vol. 13, no. 1, pp. 73-82,
2013.

V. Thi and N. L. Giang, “A method to construct decision table from relation scheme,” Cyber-
netics and Information Technologies, vol. 11, no. 3, pp. 32—41, 2011.

N. L. Giang and V. D. Thi, “Some problems concerning condition attributes and reducts in
decision tables,” in Proceeding of the Fifth National Symposium “Fundamental and Applied In-
formation Technology Research” (FAIR), Dong Nai, Viet Nam, 2011, pp. 142-152.

P. V. Anh, V. D. Thi, and N. N. Cuong, “A novel algorithm for finding all reducts in the
incomplete decision table,” Journal of Computer Science and Cybernetics, pp. 313-321, 2023.

J. Demetrovics, H. M. Quang, V. D. Thi, and N. V. Anh, “An efficient method to reduce the
size of consistent decision tables,” Acta Cybernetica, vol. 23, no. 4, pp. 1039-1054, 2018.

J. Demetrovics, V. D. Thi, and N. L. Giang, “On finding all reducts of consistent decision tables,”
Cybernetics and Information Technologies, vol. 14, no. 4, pp. 3—10, 2014.

N. L. Giang, J. Demetrovics, V. D. Thi, and P. D. Khoa, “Some properties related to reduct of
consistent decision systems,” Cybernetics and Information Technologies, vol. 21, no. 2, pp. 3-9,
2021.

J. Demetrovics, “On the equivalence of candidate keys with sperner systems,” Acta Cybernetica,
vol. 4, no. 3, pp. 247-252, 1979.

J. Demetrovics and V. D. Thi, “Algorithms for generating an armstrong relation and inferring
functional dependencies in the relational datamodel,” Computers & Mathematics with Applica-
tions, vol. 26, no. 4, pp. 43-55, 1993.

J. Demetrovics and V. Thi, “Keys, antikeys and prime attributes,” Annales Univ. Sci. Budapest,
Sect. Comp., vol. 8, 1987.

J. Demetrovics and V. D. Thi, “Relations and minimal keys,” Acta Cybernetica, vol. 8, no. 3,
pp. 279285, 1988.

J. Demetrovics and T. V.D, “Some remarks on generating armstron and inferring functional
dependencies relation,” Acta Cybernetica, vol. 12, no. 2, pp. 167-180, 1995.

J. Demetrovics and V. D. Thi, “Some results about functional dependencies,” Acta Cybernetica,
vol. 8, no. 3, pp. 273-278, 1988.

V. D. Thi, “Minimal keys and-antikeys,” Acta Cybernetica, vol. 7, no. 4, pp. 361-371, 1986.

J. Demetrovics, N. L. Giang, V. D. Thi, and P. V. Anh, “On the problem related to reductive
attributes in the incomplete decision tables,” Serdica Journal of Computing, vol. 16, no. 1, pp.
24-38, 2022.

Received on December 28, 2024
Accepted on March 08, 2025



	INTRODUCTION
	PRELIMINARY
	ALGORITHM TO FINDING IRREDUNDANT INCOMPLETE DECISION TABLE
	CONCLUSIONS

