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Abstract: Automatic Root Cause Analysis solutions aid analysts in finding problems’ root causes by
using automatic data analysis. When trying to locate the root cause of a problem in a manufacturing
process, an issue-denominated overlap can occur. Overlap can impede automated diagnosis using
algorithms, as the data make it impossible to discern the influence of each machine on the quality of
products. This paper proposes a new measure of overlap based on an information theory concept
called Positive Mutual Information. This new measure allows for a more detailed analysis. A new
approach is developed for automatically finding the root causes of problems when overlap occurs.
A visualization that depicts overlapped locations is also proposed to ease practitioners” analysis.
The proposed solution is validated in simulated and real case-study data. Compared to previous
solutions, the proposed approach improves the capacity to pinpoint a problem’s root causes.
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1. Introduction

Manufacturing is highly competitive [1], and its operations are very complex [2].
Quality is essential for companies aiming to improve customer satisfaction and competi-
tiveness [3]. Maintaining quality and improving operations is essential to remain competi-
tive [4]. One process required for the maintenance of and improvement in operations is
Root Cause Analysis (RCA) [5]. This process’s goal is to find the true origin (or root cause)
of a problem. It is an essential process, as it allows companies to find a problem’s root cause,
enabling manufacturers to learn the underlying issue and improve the manufacturing pro-
cess [6,7]. Finding the root causes and solving the problems at the source allows stopping
the problem from persisting, which means that locating and eliminating the source of the
problem are critical [8,9]. RCA emphasizes the complexity of manufacturing operations,
as it is not trivial to distinguish the root causes from the symptoms, and it requires extensive
system and execution analysis [10,11].

The above-mentioned characteristics of the RCA problem led to several studies propos-
ing solutions to improve the efficiency and efficacy of RCA. Recently, some studies have
used the increase in the volume of data generated in manufacturing environments [2,12-14],
to develop solutions called Automatic Root Cause Analyses (ARCA), which automatize at
least part of the RCA process. However, even the development of these solutions is not
trivial, as it requires ensuring that they are a good fit for the data’s characteristics. It is
essential to take into consideration data characteristics in order to develop solutions with
satisfactory performance. ARCA solutions aim at improving decisions through the analysis
of data, as conceptualized under the framework of Industry 3.5, an intermediate stage
before achieving Industry 4.0 [15-17]. Some studies, such as [18,19], propose a combination
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between traditional RCA methods and automated solutions. More recently, efforts have
been made to develop automated solutions for root cause analysis that incorporate notions
of causality instead of relying only on correlations. References [20-22] are examples of
such works.

As described in [23], root causes can be understood at three different levels, depending
on the types of data available: (i) the root cause’s location, (ii) the physical characteristics of
the root cause, and (iii) the human/organizational aspects of the root cause. The first level
portrays the location of the root cause in the manufacturing process. For example, [24,25]
are studies that use this type of data. The second level focuses on what physical attributes
are the root cause (e.g., a sudden increase in voltages or high temperature). Examples of
studies using this type of data are [26-28]. The third and final level centers on the human
and organizational aspects of the root cause (e.g., equipment maintenance), so as to identify
what triggered the physical problem. References [29,30] are examples of studies exploring
this final level of root causes. In this paper, we use the first level of data and try to find
the location of the root cause. We choose this type of data as it is the most available one,
and solutions based on it can be advantageous to more factories.

Analyzing location-type data is still relevant, despite being just the first level of data.
To detect the physical aspects of ARCA, factories require proper infrastructure, which some
factories do not have. However, data on how the product flows through the manufacturing
process are usually readily available, which enables the determination of the root causes’
locations. In situations where the manufacturing process is particularly complicated (e.g.,
in semiconductor manufacturing [31]), even production flow data can become difficult
to analyze, which justifies the use of Data Mining (DM) and Machine Learning (ML)
techniques in the development of solutions that aid in diagnosis.

An issue of locating the root causes is overlap, as presented in [32]. A manufacturing
process can be seen as a progression of steps products go through, starting as raw materials
or parts and becoming a finished product in the end. Overlap is a phenomenon that
happens when, in two separate manufacturing steps, all products that go through a certain
machine in one of the steps are all processed in another given machine in a later step.
With the data generated by this phenomenon, it is very hard to distinguish the influence
each machine has on the quality of the final product, especially if it is analyzed through
classification algorithms.

Overlap may happen due to stabilization in the manufacturing process. For example,
if we have a process where products always flow from the same two machines in contiguous
steps, as these have their times synchronized, as soon as the machine in the earlier step is
finished, it is always the same machine in the later step that becomes available . Despite the
example, this does not mean that overlap can only occur between machines that operate
in contiguous steps. Attaining this sort of balance in the manufacturing process can be
positive in terms of productivity and efficiency, but it becomes an issue during the analysis
of the data generated from such a process. This contention between what is positive from a
production perspective (that should be prioritised) and what is advantageous for diagnosis
based on data analysis is relevant, as this signifies that overlap will occur regularly when
performing diagnosis on data of the location type.

It is important to mathematically measure overlap in order to correctly gauge its
effect on the development of ARCA solutions. However, that measure needs to consider
two aspects: (i) the direction of the association between factors (manufacturing process
variables), and (ii) it needs to be able to recognize the effect of overlap between individual
machines (further explanations can be found in Section 3). These aspects are not considered
in [32].

The goal of this paper is to develop an ARCA solution that is able to locate the root
cause of a problem in a manufacturing process, and that is robust to overlap. To do so, we
propose an overlap measure that considers the aspects mentioned in the above paragraph.
The measure is based on information theory, in particular, the use of a variant of mutual
information named Positive Mutual Information (PMI), proposed in [33]. Building on
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top of this new measure, we introduce a new method that is used to handle RCA and
identify the most probable root causes and is robust to overlap. A visualization tool is also
proposed, making the task of identifying overlap and the root causes easier for practitioners.
We validate the proposed approach in simulated data and real data from a case study in
semiconductor manufacturing, which is a highly competitive sector [34].

The rest of the paper has the following structure. In Section 2, an overview of previous
works relevant to this study is presented. First, a brief discussion about previous works of
ARCA in manufacturing is presented. This is followed by a definition of the problem of
overlap in Section 3. In Section 4, the proposed measure of overlap is described, in addition
to the proposed method for RCA based on this measure. Sections 5.1 and 5.2 explain
and show (respectively) the results of the experimental procedures used to validate the
proposed methods. Section 6 discusses and summarises the results obtained in the previous
section and discusses future research directions. Finally, we summarise our findings and
present the main conclusions.

2. Previous Works

A manufacturing process consists of the processing of products and materials through
several steps (detailed in Section 3). This paper’s goal is to locate root causes in a manufac-
turing process, that is, to determine which machines were the root causes of a problem in
the process. In [35], the authors addressed this issue, calling it the “root cause machineset
identification problem”. This study uses a three-phase method to locate the root cause:
(i) it processes the dataset of a moment with a problem,; (ii) it generates various candidate
machinesets (groups of machines); and (iii) it applies association rule mining to the dataset.
The rules obtained are analyzed based on a novel measure of interest that considers both
confidence and the continuity between the defective products for a candidate machineset.
The method extracts the location of the root cause from the antecedent of the association
rule, with the consequent side representing whether the product is normal or defective.

Another relevant work on the same topic is [24]. This study proposes a solution that
is able to identify quality drifts and the root causes continuously and automatically. A
two-phase algorithm is proposed, which first clusters common defects and then determines
the root causes. The Squeezer algorithm is used for clustering. To locate the root causes
in the second phase, each group of machines is examined to verify if it can be identified
as a root cause or not, based on the sequence of defects. Ref. [25] proposes a visualization
technique based on the Herfindahl-Hirschman Index (HHI) to identify patterns in the
concentration of faults in the machines. This technique helps practitioners find root causes
in a quick and transparent way:.

There are also some studies in the literature that mention that a correlation between
factors when trying to identify root causes can become an issue, and strategies are proposed
to tackle it. Ref. [36] uses clustering to group highly-correlated factors, and selects an
archetypal factor from them to use during modeling and analysis. Ref. [37] presents a
two-step technique to identify parameters with faulty values in semiconductor manufac-
turing. In the first step, Principal Component Analysis is used for feature engineering,
making the distinction between normal products and faulty ones clearer by increasing the
separation between both classes. In the second step, classifiers are used to identify the fac-
tors leading to the appearance of faults. Ref. [38] mentions the complexity in determining
whether a specific factor is the root cause when multiple faults are present and explains that
the compound effect of multiple faults on factors can be very distinct from the effect of the
individual faults. The authors couple data analysis with cause-and-effect information in
order to address this issue. In [39], the combination of faults and its resulting information
are analysed using Bayesian networks. Partial Least Squares with Variable Importance in
Projection (PLS-VIP) is used to select the most relevant factors, which ensures that the rules
obtained contain only the necessary information.

Most papers that develop solutions based on location data use classifiers, analyzing the
knowledge structure (e.g., decision trees, rules) to determine the root causes. We argue that
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solutions based on classifiers can be impaired in terms of performance by the presence of
overlap. Although the method proposed by [24] does not use classifiers, it does use product
queues that can nevertheless be affected by overlap. Ref. [25], despite also proposing a
method not using classifiers, is based on visualization and concentration measures, that are
not able to identify overlap and its detrimental effect. Ref. [40] has a broad scope and aims
at identifying pitfalls of applying data science to manufacturing problems. It alludes to
some pitfalls in determining important factors but does not mention overlap. Ref. [41] also
focuses on feature selection in the context of RCA, but again does not present any mention
of overlap. The issue of overlap was first identified in [32], and the authors proposed
measuring the overlap using the strength of association between factors. However, this
measure does not consider how the association is directed. This method and measure were
further extended in [20] by using the concept of causality. A literature review about the
topic of ARCA in general can be consulted in [23].

Given the above-mentioned background, this paper contributes to the literature by
presenting a novel measure of overlap rooted in information theory, which considers the
aspect of the direction of the association. This measure is resilient to overlap, a phenomenon
that can be detrimental to the performance of solutions focused on the use of classification
algorithms for analyzing location data with the aim of identifying root causes. This paper
also proposes an ARCA solution based on the novel measure that is robust to overlap.

3. Problem Definition

Overlap is a phenomenon specific to the problem of locating the root causes of prob-
lems in a manufacturing process. As products go through a sequence of manufacturing
steps in a manufacturing process, in each of those steps, they are processed in a certain
machine. A step-machine combination means that a product was processed in a certain
machine in a certain step. This combination is also called a tuple. Figure 1 depicts such
a manufacturing process, where a product goes through several steps, and is processed
in a machine in each step. The squares with P; illustrate products as they flow through a
manufacturing process. In this depiction, Product 1 is in line to be processed before Step B,
Product 2 is still being assembled / transformed in Machine M_3, and Product 3 was already
processed and is currently being monitored. The problem’s root cause is located in Step A,
Machine M_1.

Step A Step B Step N Quality
) Monitoring
M_3
_RootCause ; | P2
‘ M_1
VO
L M_4
P1
x
—
M_5
_ @@

Figure 1. A depiction of an example of a process that produces data that can be used to locate a root
cause [32].

At the end of the process, the product has its quality monitored, and it is defined
as normal or problematic. If the number of products with problems increases sharply in
a short period, it indicates that the process has a problem needing to be tackled, which
requires RCA to determine its origin.

The manufacturing process described above generates data similar to those shown in
Table 1. Each row corresponds to a product, each column corresponds to a step, and each
cell indicates the machine where that row’s product was processed for that column’s step.
The “Problem” column represents the final quality of the product with respect to whether it



Appl. Sci. 2023,13, 3416

50f18

had a problem or not. We have chosen to use four instances in this table, as this provides
enough variety of examples, but not enough complexity to prevent the comprehension of
the conceptual example.

Table 1. Data generated by the example depicted in Figure 1, in tabular form.

Product Step A Step B Step N Problem
1 M_1 M_3 M_N1 1
2 M_2 M_4 M_N2 0
3 M_2 M_5 M_N1 0
4 M_1 M_3 M_N2 1

The objective when trying to locate a root cause in this type of data is to determine the
step—machine tuple that represents the location of the origin of the problem. However, this
can become extremely hard if overlap is present.

Overlap can be understood as a synchronization within the manufacturing problem
that makes all products that pass through a given machine in a certain step also pass
through another specific machine in a step further ahead in the process. In addition, all
the products that pass through this later step have passed through the same machine in
that previous step. This synchronization makes it extremely hard to differentiate how
each of these machines influences the quality of the product. Note that the entire trace of
step—machine tuples has to be analyzed, as the overlap may also occur between tuples of
steps that are not contiguous.

Figure 1 and Table 1 depict an example of overlap: the problem’s origin is located in
Step A—Machine M_1; however, all products that go through the root cause tuple also go
through Step B—Machine M_3. In such a scenario, it is not possible to distinguish which
of the tuples was the origin of the problem. Overlap is particularly problematic when
trying to use classifiers to automatically extract root causes, as previous solutions in the
literature have proposed. This arises due to the knowledge structures (e.g., decision trees,
rules) being generated through the selection of the most representative factors, regularly
discarding factors highly correlated with the representative ones, due to their supposed
redundancy. The criterion used to identify redundant factors can lead to hiding factors that
are the true root cause, giving more relevance to the representative factors. For example,
when generating a Decision Tree (DT), using the information-gain criterion for splitting
promotes the use of factors with more levels, although the root cause may be a factor with
a smaller number of levels. In the example above, a DT based on information gain would
select Step B-Machine M_3 as a root cause, discarding the true root cause (Step A-Machine
M_1) and providing a wrong diagnosis.

Overlap is significant when we only have location data available but the data are high-
dimensional (both in number of products and number of steps/machines). In this context,
traditional approaches (e.g., Ishikawa diagrams, Failure Mode, and Effects Analysis) are
incapable of efficiently dealing with the high dimensionality of the data, and as such, ARCA
solutions are necessary for efficiently obtaining the root causes’ locations. There are also
works that try to expand these traditional solutions in order to improve them, such as [42].
In what concerns ARCA solutions, determining the presence of overlap aids analysts by
signaling them about an issue that has repercussions in the analysis through DM and ML
algorithms, and prevents them from reaching wrong conclusions, which enables the use of
more resilient solutions to locate the true root cause.

Given the description of the problem, it is necessary to consider two aspects when
measuring overlap. First, one needs to take into consideration whether an association
between factors is positive or negative. This means that we should only consider associa-
tions generated by a product that goes through a certain machine in a step and always goes
through a certain machine in another step (positive association), and not when a product
goes through a certain machine in a step and it never goes through a certain machine in
another step (negative association). Overlap is problematic only in the case of positive asso-
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ciation, as it is in that scenario that it becomes impossible to distinguish the tuples. In the
case of negative association, the tuple that the product goes through can be immediately
determined as a root cause (in the situation where the product is problematic and only
those tuples are considered as possible root causes). The second aspect is that the measure
needs to focus on comparing tuples (step-machine pairs) and not simply steps.

4. Proposed Methodology
4.1. Proposed Measure

A measure of overlap is necessary to ensure that we can correctly measure its presence
and its effects on the performance of ARCA solutions. As mentioned before, overlap is
present when the values of two columns in a dataset such as the example in Table 1 are
synchronized (in the example, “Machine M_1" with “Machine M_3"). As overlap has a
pernicious effect on the analysis using DM and ML algorithms, it is better to consider other
perspectives to measure overlap. As such, and to include resilience to noise, we measure
overlap from a probabilistic and information theory perspective. Noise is understood as
random elements that can affect the final quality of the product. Noise can affect the label,
as a small percentage of normal products are labeled as faulty and vice-versa.

Considering overlap from a probabilistic perspective, an overlap between two tuples
represents the very high probability of a product going through a certain machine given
that we know that it went through another machine in another step. Formally, a high
overlap between two tuples occurs when

P(Y =y|X = x) > Th, (1)

That is, overlap occurs when the probability of going through machine y in step Y, given
that a product goes through machine x in step X, is above a certain threshold Th (we
propose 0.9 to be the default, as it considers cases of very high overlap while leaving some
margin for errors caused by noise).

From an information theory perspective, if we consider each tuple as a random
variable, it is possible to say that knowing the value of one of the variables provides a
high amount of information about the other variable. This information “shared” by both
variables is quantified in [43] as mutual information or

_ + Moo PY)
B ;;p( e Sp@p(y)’ @

It varies between 0 and 1, where 1 means the highest association between variables.
Alternatively, mutual information can be defined in terms of entropy,

[(X;Y) = H(X) — H(X|Y) = H(Y) — H(Y[X), ®)

where H(X), H(Y) represent the entropy of X and Y (two random variables), respectively.
Mutual information has been widely used in fault detection applications (see [44] as
an example). This measure aligns with the intuition developed for overlap, except that
it considers both positive and negative associations. In order to improve the mea-
sure, we propose the use of Positive Mutual Information (PMI), defined in [33], which
takes into consideration only the positive (normalized) mutual information between the
two binary variables:

2 P(

where x, and y, represent positive values (in this specific case “went through machine”
and “problematic product”, respectively), and x, and y, represent negative values (“did
not go through machine” and “normal product”, respectively). Therefore, in the case of
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overlap between two tuples, PMI only takes into consideration the cases where the product
goes through either both tuples or neither of them. PMI aligns better with the intuition
developed for overlap than mutual information. To compute the effect of overlap on a
dataset such as the one in Table 1, first one-hot encoding of the factors representing steps is
performed in order to obtain binary variables representing the tuples, and then the PMI
between all the new tuples is computed. We then count the number of interactions that
have a PMI above a certain threshold and divide by the number of interactions with a valid
value of PMI. The number of valid interactions is used, because the PMI on factors that
have no positive association is undefined, and considering the total number of interactions
would “dilute” the presence of overlap, diminishing the perception of the issue.
Expression (5) measures the amount of overlap on a dataset, based on the concept of
PML C;; is one when the PMI between the factors i and j is greater than the threshold Th
and zero otherwise. The numerator counts all interactions between 7 and j, where i # j,
above the threshold.
T E]I Cij

OUET’ZLIPPMI = NVI

©)

where

1, i PMI(i,j) > Th
Yo, if PMI(i,f) < Th

and 7 # j. Ny stands for the number of valid interactions between factors.

Considering the example in Table 1, we would perform one-hot encoding, which
would yield Table 2. Each column represents a tuple, identified by the letter of the step
followed by the code of the machine. The values of the label Problem are included, as they
are relevant to identify which tuples are more closely associated with a problematic product.

Table 2. Example from Table 1 transformed with one-hot encoding before computing the PMI values.

Al A2 B3 B4 B5 NN1 NN2 Problem 0 Problem 1
1 0 1 0 0 1 0 0 1
0 1 0 1 0 0 1 1 0
0 1 0 0 1 1 0 1 0
1 0 1 0 0 0 1 0 1

With this table, it is possible to compute the PMI values between all the tuples using
Expression (4), which can be arranged in a matrix, as represented in Table 3. Cells with a
“-” represent undefined values of PML

Table 3. Matrix with the PMI values of the interactions between tuples in the example from
Tables 1 and 2.

A1l A2 B3 B4 B5 NN1 NN2 Problem 0  Problem 1

A1l 1 - 1 - - 0 0 - 1

A2 - 1 - 0.505 0.505 0 0 1 -

B3 1 - 1 - - 0 0 - 1

B4 - 0.505 - 1 - - 0.505 0.505 -

B5 - 0.505 - - 1 0.505 - 0.505 -
NN1 0 0 0 - 0.505 1 - 0 0
NN2 0 0 0 0.505 - - 1 0 0

Problem 0 - 1 - 0.505 0.505 0 0 1 -

Problem 1 1 - 1 - - 0 0 - 1
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Notice that, in this example and in other situations, the PMI between tuples of the
same step does not exist, which is expected because those tuples are mutually exclusive.
Finally, it is possible to compute the Overlappy; of the whole dataset using Expression (5).
With the default threshold value of 0.9 and for the example discussed, the numerator of the
expression is 8. The denominator, i.e., the number of valid interactions, is 40. This yields a
value of Overlappp;; = 0.2.

4.2. Proposed Method

Given the measure defined above, we propose a new factor ranking algorithm to
evaluate the overlap between tuples and detect the ones that are most likely to be root
causes. Mutual information has already been used for factor ranking in previous studies
(e.g., [45-47]).

The proposed factor ranking algorithm is integrated into a method illustrated in
Figure 2. As the manufacturing process is operating, data are extracted from it and are
analyzed by a problematic-moment-identification algorithm, which tries to identify parts
of data relating to periods where there were problems in the manufacturing process. It
then selects those parts of the data, which are analyzed by a factor-ranking algorithm that
outputs a list of the most likely root causes.

Algorithms:

EWMA
Manufacturing Process Data Pre-P . Problematic Moment
Data Gathering ata Fre-trocessing Identification
Is there a
No evidence of
a systematic
problem?
Yes
Algorithms:
PMI
Obtain List of Most .
Likely Root Cause Apply Factor Ranking Isolate Dataset of

. Algorithm Problematic Moment
Locations

Figure 2. Illustration of the proposed ARCA method.

The algorithm selected for the problematic moment identification stage was Expo-
nentially Weighted Moving Averages (EWMA) [48]. In the proposed solution, EWMA
is used to control the proportion of problematic products in a lot. This algorithm was
selected after a thorough study analysing the performance of three control charts (EWMA,
Cumulative Sum (CUSUM) control charts, and Shewhart charts). The variance to be used
in EWMA was estimated using the proportion of problematic products per lot, modeled
using the beta distribution. We estimated the « and  parameters and then used them to
compute the variance. The choice of using the beta distribution was based on its flexibility,
which enables it to fit into the proportion of problematic products that appeared in the
real case-study.

In what concerns the novel factor-ranking algorithm proposed, the intuition is straight-
forward: the goal is to find the tuples that are overlapped with the tuple of the factor
representing the final quality (e.g., the label) of a problematic product. In addition, this
procedure makes it possible to determine the tuples that are overlapped among them-
selves and the label, finding clusters of machines that are related to problematic products.
After the PMI is computed for all the interactions, the tuples presenting a PMI value in
relation to a “Label High” tuple greater than the threshold are kept. These values are then
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sorted in decreasing order and presented as a list to the analyst. Algorithm 1 summarises
the novel factor ranking algorithm.

Algorithm 1: PMI algorithm

Input: Dataset of problematic moment; Threshold

Output: Ordered list of most likely root causes

begin

Output < [D];

To-use-dataset <— OneHotEncoding(Input);

Compute PMI Matrix of To-use-dataset;

Output < PMI Matrix’s column related to problem w/ tuples’ names;
Remove from Output values below Threshold;

Sort Output;

end

Considering the example in Table 3, the only tuples that overlap (i.e., have a PMI value
above the threshold) with the problematic product tuple (“Problem 1”) are the tuples “A1”
and “B3” (excluding the self overlap of “Problem 1”). Of these two tuples, we can see that
they also overlap each other, and that there exist no other overlap clusters among other
tuples. Therefore, the tuples “Al1” and “B3” would be presented to the analyst as the most
likely root causes.

To ease the detection of root causes by practitioners, and in addition to the list, we
propose a visualization that depicts tuples as nodes and overlap between them as edges
between the nodes. We opted to show directed edges to represent the order in which
the steps occurred. The nodes are colored according to their steps, e.g., one color is
used for Step04 and another for Step06. Figure 3 is an example of the visualization on a
small part of the stochastic simulation experiment (different from the previous example).
The visualization tool displays all the nodes and overlaps as a grid of nodes, but these
can be moved to ease the perception of clusters. Specifically, we focus on the cluster that
contains the node “Label High”, which indicates a problematic product. We can see a cluster
connected with the tuple Label High, which is composed of three Step—Machine tuples.
The arrows indicate the order in which the steps occur (e.g., in this example, Step04_Eq
occurs before Step06_Eq and Step20_Eq). Each node is colored according to its step.

In the example provided by Figure 3, the true root cause is “Step04_Eq Equipment14”.
We can see that it is correctly identified (it appears in the network associated with “Label
High”), but also that it is overlapped with two other tuples. These three tuples would
compose the list given by the algorithm. This exemplifies a situation where overlap is
present and makes it impossible to determine which of the three tuples identified is the root
cause. However, we have greatly reduced the number of possibilities in this experiment,
from 91 possible tuples (22 steps with four possible machines each, plus 1 step with three
possible machines) to 3, easing the effort required by the analyst to detect to root cause and
making the process more efficient.
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Figure 3. Detail of an example of visualization of PMI overlap among different tuples in simu-

lated data.

5. Evaluation
5.1. Evaluation Setup

To validate the performance of the proposed method, experiments using several
datasets were conducted. These datasets are the same as the ones used in [32] to ease
comparison. All the datasets have a structure similar to the conceptual examples given in
Section 3 and 4. However, we do not have the liberty to divulge or depict the structure

of the manufacturing process used in the experiments due to a non-disclosure agreement.
The datasets can be divided into three experiments:

* Mockup data are generated with the aim of representing simple situations where a
part of the factors are overlapped and where it is possible to control if the root cause is
one of the overlapping factors. A mockup dataset generator was developed, allowing
the control of (i) the number of products and steps in the manufacturing process, (ii)
the percentage of factors overlapping with each other, and (iii) if the root cause is an
overlapping factor or not. Each dataset represents a problematic moment, and its
analysis does not require problematic moment identification;

Stochastic Simulation data are generated using a stochastic simulator, which aims
to emulate the data from a case study in semiconductor manufacturing. The aim of
using these datasets is to use data as similar to a real case as possible, but where we
are still able to control the locations of root causes. Contrary to the mockup datasets,
it is not possible to preemptively establish overlap as a parameter. The overlap
surges spontaneously through the emulation of a manufacturing process. In these

experiments, the proposed method is validated and compared to another factor-
ranking algorithm, as well as a classifier. A total of three datasets were used. These
simulations’ datasets emulate different conditions regarding the presence of noise.

Dataset 1 represents a medium level of noise, while dataset 2 has low noise. Finally,

the third dataset has a high noise level. The noise is included in the dataset through

the labeling process. As products are labeled as problematic or not, a certain amount
of products are mislabeled (either they were problematic without passing through the

root cause, or were normal despite having passed through a root cause). The higher
the noise, the greater the amount of mislabeled products.
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* Real Case-Study data were provided by a semiconductor manufacturing company.
The objective when testing these data is two-fold: (i) to illustrate that overlap is indeed
a real problem that occurs when analyzing data from a manufacturing process, and
(ii) to validate the proposed algorithm with real data. The actual root causes were
not identified by the company used as a case study, and as such, validation of the
RCA algorithms is carried out by comparing their results and verifying if there is a
convergence in the proposed lists of most likely root causes.

The proposed method (denominated PMI) is compared with the Co-Ocurrences (CO)
algorithm (a factor ranking algorithm proposed in [32]) and a Decision Tree (DT) classifier.
The CO algorithm has no parameters to be tuned, while the DT classifier has its parameters
(minimum number of instances per split and a confidence factor) tuned in each dataset using
grid search and 5-fold cross-validation. The idea behind the CO algorithm is to compare
the proportion of products with problems that went through a certain step—machine tuple
with the proportion of problematic products that did not go through that tuple. If a tuple
has a greater proportion of problematic products that went through it than normal ones, it
is likely a root cause. The Co-Occurrences (CO) algorithm is shown in Algorithm 2.

Algorithm 2: Co-Ocurrences algorithm

Input: Dataset of problematic moment
Output: Ordered list of most likely root causes
begin

Output + [D];

To-use-dataset <— OneHotEncoding(Input);

for Each Step-Machine Tuple do
Construct Co-Occurrences table;

Compute importance;
if importance > 0.5 then
| Output < [Output, (Step-Machine Tuple, importance)];
end
end
Sort Output;
end

The input is the dataset of problematic moments identified in the first stage of the
proposed method. The output is a list with two columns, one that identifies the tuple
and another that identifies its importance in terms of co-occurrence with the label. The out-
put is initialized as an empty list. The dataset is encoded using one-hot encoding to group
the information in the dataset by the step—machine combination, instead of just factors.
Then, for each step-machine combination, a table such as Table 4 is constructed. Each line
represents the counts of products that have gone through a specific tuple (“Yes”), or not
(“No”), and each column represents whether the products had problems (NP/YP) or not
(NN/YN). For each step—machine combination tuple, a table is constructed.

Table 4. Table that serves as the basis for comparing the proportion of problems in a step—machine
tuple [32].

Step-Machine Tuple Product Quality—Problematic Product Quality—Normal
Passed through this tuple?—No NP NN
Passed through this tuple?—Yes YP YN

The importance of each combination is calculated using Expression (6):

YP—-YN NP—-NN

YP+YN NP+ NN ©)
2

importance =
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If the importance of the tuple is above 0.5, the Output list stores the tuple and its im-
portance. After all tuples are evaluated, the list is sorted in descending order of importance.
We consider that this combination of simulated data (from the two initial experiments)
and real data (from the final experiment), with growing complexity, can provide a ro-
bust validation. In the final experiment, using real-case data, it was possible to identify

16 moments.

5.2. Evaluation Results
5.2.1. Mockup

This section focuses on evaluating the effect of overlap on the performance of both
factor ranking algorithms and the classifier used. A total of 250 mockup datasets were
generated, and the results are presented in Figures 4 and 5. The RC detection is the
percentage of datasets where the root cause was correctly identified by the algorithm.
The percentage of overlapped columns represents the percentage of tuples that overlapped
with each other. The capacity for root-cause detection of the different factor-ranking
algorithms (CO and PMI) and the classifier algorithm (DT) is evaluated in two different
scenarios, i.e., one where the root cause is one of the overlapping factors, and another
where it is not.

RC Overlapped? = True
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Figure 4. Results of the Mockup experiments when the root cause is in one of the overlapping factors.
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Figure 5. Results of the Mockup experiments when the root cause is not in one of the

overlapped factors.

It is possible to see that, both when the root cause is in one of the overlapped factors
and when it is not, the PMI algorithm is able to identify a small group of factors that
contain the root cause in all datasets. This is in line with the best performance of the CO
algorithm, which achieved the same result (the graphs for CO and PMI overlap each other in
the figure).

Regarding the results of the DT classifier, its performance declines in the presence of
overlap, especially when the root cause is in one of the overlapping factors.
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5.2.2. Stochastic Simulation

This section focuses on evaluating the performance of the proposed solution as a
whole. The root causes included in the simulated data are depicted in Figure 6. Each
dataset corresponds to a period of four months. On the left side of the figure, we can see the
temporal distribution of the different root causes. The first two root causes are located at
the beginning of the simulated period, while the last two are at the end. This concentration
of root causes was (i) to mirror the imbalance between normal products (the vast majority)
and problematic products (a small minority) that exist in real data, and (ii) to simulate the
simultaneous occurrence of root causes, which may also occur in real datasets. The right
side of the figure explains in more detail each root cause and the reason why it was used.
RC1 is a failure in part of equipment or a machine. RC2 is a standard malfunction in a
single machine when performing a single function (or step). RC3 is a simultaneous failure
that occurs at the same time as RC4. This last root cause is a failure that happens when a
machine is malfunctioning in all its functions/steps.

IRC1 Root Cause Reason Step quip 1t
RC2 RC1 Sub-Equipment in single Step Step01 Equip03.2
IRC3 RC2 Equipment in single Step Step04 Equipl4
IRC4 RC3 Two RC at same time Step20 Equip60
2019/07/01 to| Time.lnterval 2019/10/24 to RCa One fa\_JIty Equipment Al Equip63
2019/07/31 (not in scale) 2019/11/05 performing several Steps

Figure 6. Root causes defined in the simulated datasets [32].

Table 5 presents the results of the RCA algorithms used, divided by dataset, and each
moment where it is possible to detect a problem. Each column represents the root causes
detected, and in brackets, the position in the ranking of variables. The code of the root
causes is explained in Figure 6. Ties among positions are signaled with “*”. False positives
in the DT column are signaled with an FP. Each time a root cause was correctly detected,
it is presented. In the case of CO and PMI, the ranking of the factor is also presented. In
the ranking, ties between factors may occur, which means that the root cause was not the
only factor identified as having the same importance, meaning that the root cause was
not isolated. As such, we signal the ties with “*”. For the DT classifier, we indicate the
false positives/incorrect detection, in addition to the root causes. These false positives
are presented as “FP”. The reasons for doing so is (i) due to the classifier not providing a
ranking and (ii) to have an improved understanding of the false detections that occurred.

Table 5. Table with the results of the RCA algorithms (FP—False Positive).

Dataset Moment Overlappmi (0] PMI DT
1 1 4.20% RC2 (1st); RC1 (12th)  RC2 (1st); RC1 (4th) RC2
1 2 0.05% RC2 (1st) RC2 (1st) RC2; FP; FP
1 3 16.11% RC3 (1st) * RC3 (1st) * FP
1 4 0.16% RC3 (1st); RC4 (2nd) * RC3 (1st) RC3; FP;FP
2 1 14.24% RC2 (6th) * RC2 (2nd) * FP
2 2 0.10% RC2 (1st) RC2 (1st) RC2; FP
2 3 0.00% RC3 (1st) RC3 (1st) RC3; FP; FP
2 4 0.67% RC3 (1st) RC3 (1st) RC3
2 5 0.22% RC3 (6th) RC3 (1st) FP; RC3
3 1 3.60% RC2 (1st) RC2 (1st); RC1 (10th) RC2
3 2 0.00% RC2 (1st) RC2 (1st) RC2; FP
3 3 18.38% RC3 (1st) * RC3 (1st) * FP
3 4 0.61% RC3 (1st) * RC3 (1st) * RC3, RC4; FP
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When considering the performance of the algorithms, it is possible to see that the
PMI algorithm has, overall, a better performance than the CO algorithm. Examples of
this improved performance are dataset 1, moment 1; dataset 2, moments 1 and 5. In these
examples, the PMI algorithm is able to detect what is detected by the CO algorithm but does
so while placing the true root causes in better positions.

5.2.3. Real Case Study

The experiments with data from a case study have the objective of further validating
the use of the proposed algorithm in real data. As mentioned in Section 5.1, due to the lack
of information on the real root causes, a more robust validation is attempted by comparing
the results of each algorithm and verifying whether there exists a convergence in the results,
which would strongly indicate a root cause. The results of this experiment are expressed in
Table 6. Only the steps of the step-machine tuples are shown to facilitate reading and due
to a confidentiality agreement with the company used for the case study.

Table 6. Table summarizing the problematic moments identified in the case study dataset, as well as
the common root causes among the different algorithms proposed.

Moment Begin End Overlappmr co PMI DT

1 60 240 0.96% COATFUSE - COATFUSE

2 312 360 4.74% PLATINGRDL PLATINGRDL PLATINGRDL
3 420 516 1.25% EXPOSEFUSE EXPOSEFUSE EXPOSEFUSE
4 516 660 1.67% EXPOSEFUSE EXPOSEFUSE EXPOSEFUSE
5 672 720 15.88% CUREFUSE CUREFUSE CUREFUSE

6 876 960 1.89% COATRDL COATRDL COATRDL

7 948 1656 0.67% EXPOSERDL - EXPOSERDL
8 1656 1752 3.12% - AQI1DL1 AQI1DL2

9 1860 1908 9.16% - - -
10 2484 2592 1.50% - PLATINGRDL PLATINGRDL
11 2580 3096 0.79% - AOQI1DL2 AOQI1IDL2
12 3132 3240 1.45% - - CLEANTOPWLB
13 3228 3432 0.74% AOI1DL2 AOI1DL2 AOI1DL2
14 3456 3492 9.87% - AQI1DL2 -
15 3480 3888 0.66% - - -
16 3888 3984 1.54% - EXPOSERDL -

The threshold used for PMI is fixed at 0.3, as in dataset number 3 of the simulation
experiments. Even with such a low threshold, there are many moments when the PMI
algorithm is not able to detect any root cause (four in total). However, such is the case with
the CO algorithm as well.

When considering the moments identified with detection, it is possible to see that
there is indeed a convergence towards a common root cause, even in moments 14 and 16,
where, of the three listed, only the PMI algorithm is able to detect a root cause.

6. Discussion

In this section, we discuss and summarise the results of the different experiments
and how these combine to form coherent conclusions.

In the Mockup experiments, the proposed PMI method was able to achieve a performance
equal to the best solutions based on the previous overlap measure (CO) and a much better
performance than the DT classifier. Through a comparative analysis of Figures 4 and 5, we
can see that an increment in the amount of overlap leads to degradation in the performance of
the classifier. This is evidence in favor of the argument presented in Section 2.
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In the experiments with the Stochastic simulation data, PMI achieved better perfor-
mance than the other algorithms, as it put the true root causes in the same or higher
rankings than the CO method. When applying the different algorithms to the real case
study, the proposed method was found to be able to identify most root causes in common
with other methods.

An additional note on the experiments with the Stochastic simulation data is that,
to enable the detection of tuples that overlapped with the Label, there was a need to lower
the threshold (of Expression 5) to 0.8 for the first two datasets and 0.3 for the last dataset.
As these datasets have greater levels of noise, this seems to indicate that the threshold
needs to be adapted to the datasets at hand and that the noisier the dataset is, the lower the
threshold needs to be to detect tuples overlapping with the label. The default threshold
value of 0.9 was chosen so as to include instances with very high overlap but with some
leeway for noise. The fact that we needed to lower the threshold in response to an increase
in noise indicates that there is a reduction in the signal-to-noise ratio in terms of evidence
of the presence of the root cause in the data. While overlap may be less evident due to the
presence of noise, so is the root cause signal.

From the results of all the experiments, we can clearly reach the conclusion that the
proposed PMI algorithm has better performance than both the classifier solution and the
CO algorithm.

A relevant shortcoming of this work is that it was not possible to establish the root
causes in the case study data, which hinders the validation in real data. This work would
be improved if it was possible to access real data with the root causes identified. Another
avenue for future work could be analyzing the effect of noise on the performance of
the factor-ranking algorithms, as it is not clear what is causing the differences in the
performance of the algorithms (although it is clear that they are resilient to overlap). Finally,
it would be interesting to see if it is possible to find a method that is able to untangle the
statistical impossibility of distinguishing between overlapped factors.

7. Conclusions

This work presents a new measure of overlap. Overlap is a synchronization in the
manufacturing process that makes all products that pass through a given machine in a
certain step also pass through another specific machine in a step further ahead in the process.
With data generated in the presence of this phenomenon, it becomes impossible to discern
the influence of the machines that processed all these products on the products’ quality .

We propose a novel measure of overlap that uses information theory concepts such as
Positive Mutual Information (PMI). This measure considers two critical aspects, namely
whether the associations are positive or negative, and whether it is appropriate to detect
overlap among step-machine tuples. This measure is the basis of a factor-ranking algorithm
that is used to detect root causes, in an ARCA solution.

To validate this new method, three experiments were conducted: (i) using mockup
data, (ii) using simulated data that emulates a case study, (iii) using real data from the
case study itself. It was possible to conclude that the proposed algorithm achieved better
performance with simulated data, competing with the benchmark algorithms in the other
two experiments.

This paper contributes to the literature by presenting a robust measure of overlap,
which allows for a better understanding and analysis of this characteristic of the problem.
In addition, a new factor-ranking algorithm is presented with positive results. A visual-
ization tool was also developed that eases the analysis by practitioners, by depicting the
relevant overlaps between tuples in a manipulable graph.

This work allows researchers and practitioners to have an improved comprehension of
a new concept, which can lead to the development of improved ARCA solutions, making
the management of manufacturing operations faster and reducing the associated workload.
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