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Chapter 1
Improving the Efficiency on Decision Making
Process via BDD

Alberto Pliego Marugán and Fausto Pedro Garcı́a Márquez

Abstract For a qualitatively and quantitatively analysis of a complex Decision Mak-
ing (DM) process is critical to employ a correct method due to the large number of
operations required. This paper presents an approach employing Binary Decision
Diagram (BDD) applied to the Logical Decision Tree. LDT allows addressing a
Main Problem (MP) by establishing different causes, called Basic Causes (BC) and
their interrelations. The cases that have a large number of BCs generate important
computational costs because it is a NP-hard type problem.. This paper presents a
new approach in order to analyze big LDT. A new approach to reduce the complex-
ity of the problem is hereby presented. It makes use of data derived from simpler
problems that requires less computational costs for obtaining a good solution. An
exact solution is not provided by this method but the approximations achieved have
a low deviation from the exact.

Keywords Decision making · Efficiency · Logical decision tree · Binary decision
diagram

1.1 Introduction

DM processes are done continuously by any firm in order to maximize the profits
reliability, etc. or minimize costs, risks, etc. There are softwares to facilitate this
task, but the main problem is the capability for providing a quantitative solution
when the case study has a large number of BCs. The DM problem is considered
as a cyclic process in which the decision maker can evaluate the consequences of a
previous decision. Fig. 1.1 shows the normal process to solve a DM problem.
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Fig. 1.1 Decision Making
Process
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Fig.1 Decision Making Process 

 

 

1.2 Defining the MP via LDT

This paper considers a new approach based on breaking down the problem into
different causes that could lead to non-desired situations. This disaggregation leads
to determine the number of BCs and also identifies the manner in which all these
BCs are logically interrelated. With this purpose, LDT are proposed in this paper as
a useful tool being able to addressing the MP. LDT is introduced as an alternative
method to draw a DM, considering the interrelation between each BC [11]), that
will take into account the logical operators ‘AND’ and ‘OR’ [13]. Annex 1 shows a
LDT case study composed by:

1. 1 Top event or MP.
2. 63 Logical gates: they determine the logical relation between BCs.
3. 6 Levels: it is related to the depth of each logical gate.
4. 64 BCs: possible causes of the MP.

It is showed only with OR gates because its topology will be changing in the exper-
iments in order to analyse different scenarios

1.3 LDT to BDD Conversion

LDT conversion to BDD provides some advantages in terms of efficiency and accu-
racy see [1, 5, 10, 15]. BDD helps to show the occurrence of a serious issue in the
business in a disjoint form, which indeed provides an advantage from the computa-
tional point of view.

BDD is a directed graph representation of a Boolean function, where equivalent
Boolean sub-expressions are uniquely represented. A directed acyclic graph is a
directed graph with no cycles, i.e. to each vertex v there is no possible directed
path that starts and finishes in v. It is composed of some interconnected nodes in a
way that each node has two vertices. Each can be either a terminal or non-terminal
vertex. BDD is a graph-based data structure whereby the occurrence probability of
a certain problem in a DM is possible to be achieved. Each single variable has two
branches: 0-branch corresponds to the cases where the variable is 0; 1-branch cases
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are those where the event is being carried out and corresponds when the variable is
1.

The transformation from DT to BDD is achieved applying some mathematical
algorithms. Ite (If-Then-Else) conditional expression is one of the BDD’s corner-
stones [2], see Fig. 1.2: Fig. 1.2 is defined as: “If BCi variable occurs, Then f1, Else

Fig. 1.2 ITE applied to BDD
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f2”. The solid line always belongs to the ones as well as the dashed lines to the
zeroes. Having into account the Shannon’s theorem it can be obtained the following
expression:

f = BCi f1 +BCi f2. (1.1)

It can be also expressed as:

f = BCi f1 +BCi f2 = ite(bi, f1, f2). (1.2)

In the transformation from DT to BDD is necessary to establish a correct rank-
ing of BCs, further detailed information about the conversion and variable ordering
methods can be found in [8]. In this paper only AND and OR gates are used in the
LDTs presented to express the interrelation between the BCs. Fig. 1.3 shows the
conversion from LDT to its corresponding BDD using the following order for BCs:
BC1 > BC2 > BC3 > BC4 Once the conversion from DT to BDD is done, it is pos-
sible to obtain an accurate expression of the probability of occurrence of the MP
(QMP) by assigning a probability value to each BC.
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Fig. 1.3 Conversion from LDT to BDD
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1.3.1 Cut-sets and The Analytical Expression from BDD

Cut-sets (CS) turn into an important concept when referring to BDDs. They are
the paths ”from the top to the ones” that provide significant information due to the
fact that the probability of occurrence of the MP could be achieved from them. The
following CSs have been obtained from the BDD in Fig. 1.3.

CS1 = {BC1,BC3},
CS2 = {BC1,BC3,BC4},
CS3 = {BC1,BC2,BC3},
CS3 = {BC1,BC2,BC3,BC4}.

The MP probability is possible to be achieved due to the fact that the different paths
(CSs) are mutually exclusive and may be expressed as the sum of probabilities of
all the BDD paths, i.e. an analytic expression consisting of the sum of each analytic
expression that forms the CSs. This expression will represent the utility function in
the DM process.

1.3.2 The Importance of A Correct Ranking of BCs

It is very important to set a proper ranking for the BCs before carrying out a con-
version from LDT to BDD. This ranking determines the size of the resulting BDD
and, consequently, the number of CSs. An inefficient variable ranking usually pro-
duces a large BDD. If the number of CSs increases, then the computational time
required for calculating the MP probability of will rise. The problem of finding the
optimal variable ranking is NP-complete and it cannot be solved on a reasonable
time, therefore, heuristic methods are widely used in order to find an efficient rank-
ing. These methods do not provide an optimal solution but a good enough one. The
main methods are described below:

1. The Top-down-left-right (TDLR) method generates a ranking of the events by
ordering them from the original FT structure in a top-down and then left-right
manner [3]. The listing of the events is initialized, at each level, in a left to right
path adding the BCs found in the ordering list.

2. The Depth First Search (DFS) approach goes from top to down of a root and each
sub-tree from left to right [6]. This procedure is a non-recursive implementation
and all freshly expanded nodes are added as last-input last-output process.

3. The Breadth-First Search (BFS) algorithm begins ordering all the basic events
obtained expanding from the standpoint by the first-input first-output procedure
[9]. The LDT is read from left to right and the events are ranked according to the
order in which they are found. It must be stated that if a repeated event is found
it must be ignored.
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4. The “Level” method creates the ranking of the events according to the level of
them [4]. The level of any BC is understood as the number of the gates that has
higher up a tree until the MP. In case that two or more events have the same level,
the event will have highest priority if it appears early in the tree.

5. The AND criterion establishes that the importance of the BC is based on the
“AND” gates that are between the k event and the MP, because these gates imply
that there are redundancies in the system [18]. Consequently, a BC under an
“AND” gate can be viewed as less important because it is independent to other
BCs occurrences. Furthermore:
BCs with the highest number of ”AND” gates will be ranked at the end.
In case of duplicated basic events, the event with less “and” gates has preference.
BCs with the same number of “and” gates can be ranked as the TDLR method
approach.

6. Other methods, such as Weights method, Method of flows, Method of fathers,
Level Method, Heuristic method based on the structural importance are described
in references [17], [7], [12], [4] and [20].

There is not a specific heuristic method appropriate for all the LDTs. Some meth-
ods are more appropriate than others depending on the logical function. The most
appropriate method should be chosen for each case. The heuristic methods described
hereby are static. There are also dynamic heuristic methods however, they are not
suitable for large or complex LDTs. They present some drawbacks such as they need
to store in memory the BDD or a part of it [14].

1.3.3 Evaluation of BDDs

The information that can be gathered from a BDD is:
MCSs and Minimal Path Sets.
Probability of occurrence of the top event.
Sensitivity analysis and importance measures.

Fig. 1.4 shows the different steps required to carry out a complete LDT via BDD
analysis. The information that this analysis provides is very useful but not easy to
obtain. The computational cost of the evaluation of the BDDs is one of the most
important obstacles when a large LDT is required to be analysed. In the following
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section, an estimation of the results of the LDT in Annex 1 is performed to find the
MP probability depending on the topology of the tree. It is important to remark that
this approach aims to reduce computational time when a large LDT has to be solved
but it can be useful only if an exact result is not required.

1.4 New Approach to Reduce Computational Cost

The DM problem described is a NP-hard type problem and, therefore, for a large
number of BCs, or a complex topology, it can be not recommended to find a solu-
tion. This paper presents a novel approach for finding a good solution minimizing
the computational cost. This approach is based on the logical gates, especially the
AND gates, the number and the position on the tree (level), and their effects to the
solution and the computational cost of the system. The reference solutions, or ex-
perimental solutions, are obtained in simple systems, where it can be extrapolated
to complex systems via polynomial regression functions. These functions are set-
ting according to the reference solutions, where it will be more precise with more
reference solutions.

Fig. 1.5 shows the probabilities and CSs for different LDT cases studies in An-
nex 1. The probability of occurrence of MP and the CSs are obtained for different
amounts of AND gates in each level.

The LDT has been calculated for the cases marked in black in Fig. 1.5, and red
are estimated results. The calculated results have been obtained using the afore-
mentioned AND criterion to ranking the BCs. The estimations have been obtained
through polynomial expressions, where the polynomial degree depends on the num-
ber of experimental points obtained. The experimental solutions have been obtained
using the algorithms developed by [2]. Fig. 1.6 shows the results of probabilities
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Fig.5 Experimental results and estimations 

 

Fig. 6 shows the results of probabilities found exactly (E) by BDD and the predicted (P) results found 

by new approach. It is observed that the probability is indirectly proportional to the number of AND gates, 

and proportional to the level, which is expected. Moreover, the consequences of adding a new AND gate 

is indirectly proportional to the level. Fig. 6 is also plotted (black curve) the absolute deviation expressed 

as abs((E-P)/P). The deviation is proportional to the number of gates, and with values always inferior to 

0,45 %. It demonstrates that the accuracy of the solutions founds by the new approach is in every case 

very good.  
 

Fig. 1.5 Experimental results and estimations



1 Improving the Efficiency on Decision Making Process 7

found exactly (E) by BDD and the predicted (P) results found by new approach.
It is observed that the probability is indirectly proportional to the number of AND
gates, and proportional to the level, which is expected. Moreover, the consequences
of adding a new AND gate is indirectly proportional to the level. Fig. 1.6 is also plot-
ted (black curve) the absolute deviation expressed as abs((E −P)/P). The deviation
is proportional to the number of gates, and with values always inferior to 0,45%.
It demonstrates that the accuracy of the solutions founds by the new approach is
in every case very good. The deviation has been estimated for different levels and
number of AND gates. It has been estimated through quadratic polynomial expres-
sion. It is useful in order to know approximately the accuracy of the probability
estimated and showed in Fig. 1.7. A similar to the study presented in Fig. 6 has been
done taking into account the number of CSs, and showed in Fig. 1.8. The number of
CSs is larger in each level when the number of AND gates increase, and the number
of CSs is smaller when the level is larger taking into account the same number of
AND gates. The error is not as relevant for CSs than for the probabilities, because
is the same independently of the number of CSs. It is relevant in order to estimate
the computational cost for solving the problem. Exponential expressions have been
used to evaluate the size of the CSs.
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1.5 Conclusions

DM via LDT and the conversion to BDD is presented in this paper. This approach
often requires decision maker to obtain a complex analytic expression of the oc-
currence probability for a MP. The complexity of this expression depends of the
number of BCs and the topology of LDT.

An analysis of different scenarios regarding to the AND gates and levels is done
in this paper. It has been demonstrated that the number of CSs, and therefore the
computational cost, can increase significantly and do not viable to find a solution
in a reasonable time. One of the most influent factors in the computation cost is the
ranking of the BCs. In this paper, different heuristic methods are presented in order
to establish a proper order for them.

This paper also presents a novel approach for not complex topologies that allows,
employing simplex regression techniques, to estimate the solution of different sce-
narios for a LTD problem. Polynomial and exponential expression have been used
with this purpose. It leads solutions with very good accuracy associated to scenarios
associated to a large number of CSs. It leads therefore to reduce the computational
cost for solving the problem.

Appendix
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