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Abstract. This paper addresses the problem of construction an approx-
imate decision tree with minimum depth for distributed data represented
as a tuple of decision tables. Unfortunately this is an NP-hard problem,
so a greedy algorithm has been proposed which induces approximate, so-
called shared decision tree. Theoretical results related to the bounds of
the depth of decision trees constructed by the proposed greedy method
are presented.
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1 Introduction

Decision trees [4, 5] are extensively employed for knowledge representation, clas-
sification, and problem solving in fields such as fault diagnosis and combinatorial
optimization. There are a significant number of results related to the bounds on
the complexity of decision trees [1,3,6,9]. Additionally, a wide range of algo-
rithms and their different variants have been developed during many years.

When data is collected in a single decision table, constructing a decision
tree is a relatively simple task. However, constructing a decision tree for a set
of decision tables is a much greater challenge. In the paper, unlike the usual
approach to working with decision trees, we build a tree not for one, but for
several decision tables simultaneously.

This paper continues the series begun in [10] where problems related to multi-
agent decision making are considered. There are n agents, each of which collects
data and represents it in the form of a decision table. The agents solve some-
what similar problems and use attributes from a common set. The tuple of the
considered n decision tables is called a distributed decision table.

In this paper, we consider the case where all decision tables are available.
Given a tuple of values of all attributes present in the tables, we need for each
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table to find a decision or show that there is no matching row. There are two
options: either build a decision tree for each table and use them sequentially (we
are only considering a single-processor environment) or build one shared decision
tree that is valid for all decision tables simultaneously.

We explore the second option and, in addition, study approximate shared
decision trees. Since the number of nodes in such trees can grow exponentially
with the total number of elements in the decision tables, we do not construct
the entire tree but instead simulate its operation with a given set of attribute
values. We show that even in this formulation, the problem of describing an
approximate shared decision tree with minimum depth is NP-hard. Therefore,
we focus on a greedy algorithm for constructing an approximate shared decision
tree. This algorithm is a generalization of the greedy algorithm applicable to a
single decision table [7]. We obtain precision bounds for the depth of decision
trees constructed by the new greedy algorithm.

The considered problem is a form of distributed data mining [2], where a
global decision model (shared decision tree) is constructed from multiple dis-
tributed decision tables associated with different agents.

The rest of the paper is organized as follows. Section 2 contains the main
notions concerning proposed new approach and Sect. 3 — three auxiliary state-
ments. Section 4 is devoted to the main results and Sect. 5 — to the study of
distributed decision tables related to the point color recognition. Section 6 con-
tains conclusions and future works.

2 Main Notions

In this section, we introduce the main notions related to distributed decision
tables and approximate shared decision trees constructed for them, and we for-
mulate the problem of minimizing the depth of an a-decision tree.

Let k > 2. A k-valued decision table (or simply, a decision table) U is a
rectangular table whose entries belong to the set Ey = {0,...,k — 1}. The
columns of this table are labeled by pairwise distinct attributes (i.e., attribute
names) from the set {g1, go,...}. The rows of U are pairwise distinct, and each
row is labeled with a natural number, referred to as a decision. We denote by
At(U) the set of attributes assigned to the columns of U.

The table U is called degenerate if it is empty (contains no rows) or if all of its
rows share the same decision; otherwise, it is called nondegenerate. A decision
that appears in the greatest number of rows of U is called the most common
decision of U. If several such decisions exist, we choose the smallest one. If U is
empty, its most common decision is defined to be 1.

A subtable of U is any table obtained from U by deleting some of its rows.

A distributed decision table is a tuple U = (Uy,...,U,) of n > 1 deci-
sion tables Uy, ..., U,. Denote At(U) = U?:l At(Uj). Let, for the definiteness,
AtU) ={g1,---,9m}- The distributed decision table U = (Uy,...,U,) is called
degenerate if tables Uy, ..., U, are degenerate, and nondegenerate otherwise. We
correspond to a distributed decision table U = (Uy,...,U,) a tuple (s1,...,8y)
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where, for j = 1,...,n, the value s; is equal to the symbol ) if the table U; is
empty and s; is the most common decision for U; otherwise. This tuple will be
called the general decision for U. A subtable of U is a distributed decision table
U = (Uj,...,U,) such that U’ is a subtable of U; for j =1,...,n.

We now define the parameter R(U). Let U; be a table from U. We denote
by R(U;) the number of unordered pairs of rows from U; labeled with different
decisions. Then R(U) = R(Uy) + - - -+ R(U,,). Evidently, R(U) = 0 if and only if
U is degenerate.

We denote by £2(U) the set of finite words over the alphabet {(g;,0) : g; €
{91,...,9m},0 € E}} including the empty word . Let 5 € 2(U/) and U; be a
table from U/. We now define a subtable U;3 obtained from U; by the removal
of some rows. If § = A, then U;8 = U;. Let B # X, B = (qg1,,01) ... (g1, 0k) and
r be a row of U;. Then this row is removed if and only if for some ¢t € {1,..., k},
g1, € At(U;) and in the intersection of the row r and the column labeled with the
attribute g;, there is a number different from o;. Denote U5 = (U153, ..., U,pB).

A decision tree I' over U is a finite rooted tree in which each terminal node
is labeled with an n-tuple consisting of natural numbers and the symbol 0,
and each nonterminal (i.e., working) node is labeled with an attribute from
AtU) = {g1,...,9m}. Exactly k edges leave every working node, and these
edges are labeled with pairwise distinct elements of Ey.

To every terminal node v in the tree I" we associate a word §(v). If v is the
root of I', then B(v) = A. If v is not the root, and the path from the root to
v passes through p > 0 nodes labeled with attributes g;,,...,g;,, along edges
labeled with o1, ..., 0,, then we define

Bv) = (gi,,01) -+ (gz',,,ffp)-

Let a be a real number with 0 < o < 1. We say that I is a shared a-decision
tree for U (or simply, an a-decision tree for U) if, for every terminal node v of
I, the inequality

RUB(v)) < o R(U)

is satisfied, and the node v is labeled with the general decision for U5 (v).

Let I" be an a-decision tree for Y. For any tuple ¢ € E}* representing the
values of attributes g1,...,gm, the tree operates as follows. We start at the
root of I'. If the current node is terminal, then the output of I" is the general
decision assigned to that node. If the current node is a working node labeled
with attribute g;, and the value of g; in the tuple is 0 € Fj, then we follow the
outgoing edge labeled with o, and continue this process accordingly.

It is clear that, for each tuple ¢ = (o1,...,0,) € E}J*, in the tree I" there
exists a terminal node v such that the word 8(v) is a word over the alphabet
{(91,01),-- -, (gm,0om)} for which R(UB(v)) < aR(U). We will say that the node
v accepts the tuple o.

Let us fix « such that 0 < a < 1. We now consider an example, which
shows that the minimum number of nodes in an a-decision tree for U can grow
exponentially with the total number of elements in the tables Uy, ..., U,. The
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number of elements in the decision table is equal to the product of the number
of rows and the number of columns.

Ezample 1. Let us consider a distributed decision table U* = (U,...,U}) in
which, for j = 1,...,n, At(U}) = {g;} and the table U} is nondegenerate 2-
valued table. The table U contains one column labeled with g; and two rows
(0) and (1) labeled with different decisions. The number of elements in this
decision table is equal to 2. The total number of elements in the decision tables
Uf,..., U is equal to 2n. We have At(U*) = {g1,...,9n}

Let I'* be an a-decision tree for U*. We denote by V the set of terminal
nodes of I'™* each of which accepts at least one tuple from EJ. Let v € V and
g = (01,...,0n) € E} be a tuple accepted by the node v. It is clear that the
word (v) should contain at least (1 — a)n pairwise different letters from the set
{(91,01), ..., (gn,0n)}: otherwise, R(U*(v)) > aR(U*). Therefore, v accepts at
most 2L°") tuples from EY. Thus, |[V| > 27~ len] > 9n(1=) Tt means that the
decision tree I'* contains at least 27(1=®) nodes.

This example demonstrates that instead of constructing an entire decision
tree, it is more appropriate to model its operation on a given tuple of attribute
values from At(U).

We denote by d(I") the depth of a decision tree I', defined as the maximum
length of any path from the root to a terminal node. We write d, (i) for the
minimum possible depth of an a-decision tree for the distributed table U.

We are interested in minimizing the depth of a-decision trees for distributed
decision tables. To this end, we will consider the following problem of a-decision
tree depth minimization. Given a nondegenerate distributed decision table ¢ and
a given tuple of values of attributes from the set At(f), we must simulate the
operation of an a-decision tree for ¢ that has the minimum depth. Obviously,
for the same table U and different tuples of attribute values, we must simulate
the operation of the same decision tree.

3 Auxiliary Statements

In this section, we consider two parameters of distributed decision tables and
three statements without proofs regarding these parameters.

We define now a parameter D(U) of the distributed decision table U. If U is
degenerate, then D(U) = 0. Let U be nondegenerate and At(U) = {g1,...,9m}
Let ¢ = (01,...,0m) € E}*. We denote by D(U,5) the minimum length of a
word 8 over the alphabet {(g1,01),...,(gm,0m)} for which Up is degenerate.
Then D(U) = max{D(U,5) : 6 € E]"}.

Lemma 1. Let U be a distributed decision table and U’ be a subtable of U. Then
D(U'") < D).

Lemma 2. Let U be a distributed decision table. Then do(U) > D(U).

Lemma 3. Let U be a distributed decision table, U’ be a subtable of U, g; €
At(U), and o € Ex. Then R(U) — R(U(g;,c)) > R(U") — RU' (g, 0)).

ICCS Camera Ready Version 2026
To cite this paper please use the final published version:
DOI] 10.1007/978-3-032-29915-4_26 |



https://dx.doi.org/10.1007/978-3-032-29915-4_26
https://dx.doi.org/10.1007/978-3-032-29915-4_26

Greedy Algorithm for Modeling Approximate Decision Trees 5

4 Main Results

In this section, we examine the problem of minimizing the depth of an a-decision
tree. We show that this problem is N P-hard. As a first step, we focus on ana-
lyzing a greedy algorithm for a-decision tree depth minimization.

Let a be a real number with 0 < o < 1. We now describe a greedy algorithm
W, which, for a given distributed decision table U = (Uy,...,U,) with At(U) =
{91,-.-,9m}, simulates the operation of an a-decision tree W, (U) for U on a
given tuple & = (01,...,0m) € E* of values of the attributes ¢1,. .., gm.

Algorithm W,

Step 1. Set 5 = A.

Step 2. If R(UB) < aR(U), then the decision tree W, (U) returns the general
decision (s1,...,s,) where, for j = 1,...,n, s; = 0 if the table U;$ is empty
and s; is the most common decision for U;f if this table is nonempty.

If R(UB) > aR(U), then, for i = 1,...,m, compute the value

Q(9:) = max{RUPB(gi, o)) : 0 € Ex}

and choose the minimum ¢ € {1,...,m} for which Q(g;) has the minimum value.
The decision tree W, (U) computes the value of the attribute g; and obtains that
gi = 0;. Set B := B(g;,0;) and go to Step 2.

Note 1. If U is a degenerate distributed decision table, then d(W, (U)) = 0.

Theorem 1. Let U be a nondegenerate distributed decision table and o be a real
number such that 0 < o < 1. Then dWo(U)) < DU)In L + 1.

Proof. Let At(U) ={g1,...,9m}- Foreachi =1,...,m, let 7; denote the small-
est element of E}, such that

R(U(gi,7vi)) = max{ R(U(g;,7)) : ¥ € Ex }

Clearly, Q(g;) = R(U(g:,vi))- Tt follows that the root of the tree W, (i) is labeled
with the attribute g;,, where 4o is the smallest index 4 for which R(U(g;,7:))
attains its minimum value.

Let us show that

R(U(gio, i) < (1= 1/D(U)) R(U).
It is clear that there exist attributes g;,,...,gi, € {g1,--.,9m} such that
U(giy,Yia) - - - (e Vi)
is degenerate and ¢ < D(U). Evidently, R(U(gs,,%,) - - - (9i,, Vi, )) = 0. Therefore
RU) — [RU) — RU(gi,,vi))] = [RU(gir, vir ) = BU(Giys ¥ir)(Gias Viz))] —

e [R(u(gll’ryll) s (git,—l ’ ’Yit—l)) - R(u(gilﬂvil) s (gm%t))]
= R(U(gir»vir) - - - (95 73.)) = 0.
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From Lemma 3 it follows that, for j = 1,...,t=1, R(U(gi,,Vi,) - - - (94,5 7i;))—
R(u(gh ) ’yil) s (glg ) Vi )(gi]‘+1 y Vij41 )) < R(u) - R(u(gij+1 ) Vij41 ))

Therefore R(U) — 5, (RU) — RU(gi,,i,))) < 0. Since RU(giy,Vin)) <
R(U(gi;,7vi;)) for j =1,...,t, we have R(U) — t(R(U) — R(U(giy,Vio))) < 0 and
R(U(gio,7io)) < (1 —1/t)R(U). Taking into account that ¢ < D(U), we obtain
R(U(gi071,)) < (1—1/D(Uh)) RWU).

Assume first that D(U4) = 1. From the obtained inequality and from the
description of the algorithm W,, it follows that d(W, (U)) = 1. Thus, if D(U) =
1, the statement of the theorem holds.

Now let D(U) > 2. Consider a longest path in the tree W, (i) from the root
to a terminal node, and let its length be p. Suppose the working nodes along
this path are labeled with the attributes g;,,...,g;,, where g;; = g;,, and the
corresponding edges are labeled with the values o1,...,0,. Foreachg=1,...,p,
denote by U, the distributed table U(g;,,01) - - (gj,,04). By Lemma 1, we have
D(U,) < DU) for all g =1,...,p. Moreover, we have established that

R(U) < R(L{)(l — ﬁ)
One can similarly show that
RU,) < RU)(1— ﬁ)q, g=1,....p.
Consider the table U,_;. For this table, we have
R(Uy—1) < RU)(1 - 5i5)" "
From the description of the algorithm W,,, it follows that
R(Uy_1) > aR(U).

Hence,

—1 )pfl < l

1
and (1+m a.

a<(l1- ﬁ)”
Taking the natural logarithm of both sides gives
7) <In i
DU) -1/~  «

It is known that for any natural number 7,

(p— 1)1n<1 +

1
r+1°

In(1+ 1) >

Since D(U) > 2, we obtain

-1 1 1
% <lna and hence p<D(U)lna+1.

Taking into account that p = d(W, (U)), we conclude that

AW (U)) < D) h% +1.
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Using Theorem 1 and Lemma 2 we obtain the following

Corollary 1. For any nondegenerate distributed decision table U and any real
number a, 0 < v < 1, dWa(U)) < do(U)In L + 1.

Based on the results obtained in [8] we can prove the following statement.

Proposition 1. For any o with 0 < a < 1, the problem of minimizing the depth
of an a-decision tree is N P-hard.

5 Recognizing of Point Color

In this section, we study distributed decision table & = (Uy,...,U,) in which
each decision table is associated with the problem of recognizing the color of a
point from a finite set of two-colored points in the plane. To solve this problem,
we use attributes corresponding to vertical and horizontal straight lines. We
show that D(U) < 4 and the depth of shared a-decision trees constructed by the
greedy algorithm W, is bounded above by 4lné + 1.

Let we have m + 1, m > 2, vertical straight lines in the plane given by
equations = 1,...,2 = m + 1 and m + 1 horizontal straight lines given by
equations y = 1,...,y = m + 1. These lines form m? squares. Let we have a set
C of ¢ points, 2 < ¢ < m?, inside of these squares such that in one square we
can have at most one point. Let these points are colored into two colors, white
and green, such that at least one point is green and at least one point is white.
We should recognize the color of a given point using the attributes g1,..., g2m+2
with values from the set F5. For a point (a,b), the value of the attribute g; is
defined in the following way. If i € {1,...,m + 1}, then g;(z,y) = 0 if and only
ifa<ilfie{m+2,...,2m+2}, then ¢g;(x,y) = 0 if and only if b < i —m — 1.

We correspond to the considered problem a 2-valued decision table U with

2m+2 columns labeled with the attributes g1, ..., g2m+2 and g rows correspond-
ing to the points from C. Let C' = {p1,...,pq}. For j = 1,...,q, the jth row
of U contains values of the attributes g1,. .., g2m+2 on the point p;. This row is

labeled with the decision 1 if p; is a white point and with the decision 2 if p; is
a green point. We will say about the table U as about m-RPC-table. We avoid
the proof of the following statement.

Lemma 4. Let m > 2 and U = (Uy,...,U,) be a distributed decision table in
which, fori=1,...,n, U; is an m-RPC-table. Then D(U) < 4.

Using Theorem 1 and Lemma 4, we obtain the following

Corollary 2. Let 0 < a < 1, m > 2 and U = (Uy,...,U,) be a distributed
decision table in which, fori=1,...,n, U; is an m-RPC-table. Then
dWa(U)) <4Inl 4+1.

Interestingly, the upper bound under consideration depends only on «.
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6 Conclusions

In the paper, an approach focused on the analysis of distributed data repre-
sented as a tuple of n decision tables was proposed. In this case, object-specific
information is distributed across multiple local data sources. Each table may
contain a different subset of objects, attributes, introducing challenges related
to knowledge integration and heterogeneous data structures. Since constructing
an approximate decision tree with the minimum depth that can be applied simul-
taneously to each table (a shared decision tree) is an NP-hard problem, a greedy
algorithm was proposed. Noteworthy theoretical results including bounds for the
depth of decision trees constructed by this algorithm were obtained. In future
work, computer experiments to validate the theoretical findings and examine the
practical effectiveness of the proposed approach will be performed.
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