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eOLI - Sistemas Sanitários, Aveiro, 3800-314, Portugal

Abstract

Predictive maintenance (PdM) plays a key role in the Industry since it allows optimization of the schedule for proactive interven-
tions and to take the maximum advantage of the useful lifetime of industrial assets. The reliability-centered maintenance (RCM)
is based on equipment’s reliability and allows the use of different maintenance strategies to optimize maintenance costs. With a
recently proposed data-driven methodology entitled generalized fault trees (GFT), it is possible to assess the reliability of industrial
equipment in real-time, based on their actual condition. In this paper, we exploit the GFT methodology in a completely different
industrial scenario. A new training algorithm that intends to minimize operational costs, together with an anomaly detection tech-
nique (isolation forest) is presented to perform the predictive maintenance of injection molds at OLI, an enterprise specialized in
producing plastic parts by the injection process. The results show that the proposed methodology may allow savings of 27.05%
compared with preventive maintenance (PM) in optimized constant periods, and 63.43% compared to corrective maintenance (CM).
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1. Introduction

Maintenance is one of the major concerns of enterprises nowadays, since its associated costs represent one of the
biggest slices in the operational expenses [16]. There are different maintenance strategies, such as corrective main-
tenance (CM), where actions are taken only when there is a critical failure and the industrial asset is unable to work
without intervention. On the other hand, preventive maintenance (PM) intends to proactively schedule interventions
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in equally spaced time intervals or working cycles. However, these strategies have clear limitations. CM allows the
occurrence of failures that can damage several parts of the equipment and whose repair is often expensive and time-
consuming, causing the unavailability of the asset. The PM typically under-exploits the asset’s lifetime, since actions
are taken when it could perform a considerably higher number of working cycles. In more severe scenarios, the fail-
ure occurs before the assigned period, and corrective actions need to be performed. According to [20], more than
30% of maintenance costs derived from poor maintenance scheduling. For this reason, predictive maintenance (PdM)
and condition-based maintenance (CBM) strategies have received increasing attention, since they take into account
the actual degradation state of the assets, usually determined from the monitoring and analysis of relevant working
parameters.

Reliability-centered maintenance (RCM) is considered a type of PM [3]. It is not a specific maintenance strategy,
but a decision-making process based on reliability analysis to ensure an efficient, cost-effective, and reliable mainte-
nance [13]. Sometimes, when the failure is very simple to solve, spending time and resources on proactive actions
is unnecessary, the RCM not only uses proactive actions but combines several maintenance policies to optimize its
process. Reliability analysis is concerned with the failure probability of a given system or part, and relies on statistical
data from relevant parameters of a given process. These distribution probabilities are usually approximated to known
distributions, such as Weibull, Gamma, Log-Normal or Exponential [6]. One of the most well-known and used of these
techniques is the Fault Tree Analysis (FTA) [19]. A fault tree (FT) is a directed acyclic graph that represents the failure
path or chain of events that originated a problem. It represents graphically the root causes of a given problem through
a tree-shaped structure, where the root represents the failure or top event (TE), leaves represent the root causes and are
also called basic events (BEs). The relation between the BEs is modeled by gates, which are operators that calculate a
new probability based on the probability of input BEs. For example, an OR gate calculates the probability that at least
one of the BEs occurs, while the AND calculates the probability that both BEs have occurred. The cumulative density
function (CDF) of the TE is calculated by computing all the gates.

Previously in [18], some limitations of the FTA were discussed, namely the fact that existing approaches assume
that BEs follow an exponential (or Weibull) distribution, which in general can be a rough approximation of the real
distribution. Moreover, the FTA and traditional reliability analysis methods rely on expert knowledge to determine
the relevant parameters and components to take into account in the reliability assessment. To overcome these issues,
a data-driven generalization of the FTA, the so-called Generalized Fault Tree (GFT) analysis, was presented by the
authors, and proved to be effective in realistic scenarios, namely, it was employed to assess the reliability of a stamping
press, and to automatically select the most suitable parameters to describe its failure. The fact that the BEs employed
in the GFT approach are data-driven, allows the probability of TE to be updated according to the occurrence of each
BE, and then the reliability assessment is performed based on the actual condition of components. In this work, we
exploit the GFT methodology together with an anomaly detection technique (isolation forest), to assess the reliability
of a mold (an important and expensive component of injection molding machines) in real-time, and adopt an RCM
decision-making, by combining proactive and corrective maintenance actions to optimize its costs and increase the
mold’s availability.

Injection molding machines (IMMs) are industrial assets with many components subjected to failures, and whose
maintenance costs are considerable. Furthermore, this equipment is widely used, due to the high productivity of the
process and the flexibility in producing parts with different shapes. For this reason, much research has been done to
improve the maintenance of this equipment. Some of them employ reliability analysis methods and RCM to reduce
costs with maintenance interventions. For example, [6] applied a fuzzy technique to reduce the annual cost of the
maintenance of an IMM, while [5] provided a copulas model for the same purpose. The authors in [17] presented an
interesting work, which is still in an embryonic stage and where outlier detection is employed together with a statistical
method based on kernel density estimation, and on the supervision of the distribution of variables over the time to study
the possibility of applying PdM on the hydraulic pump of an IMM. The process parameters of injection were analyzed
by [15], who adopted Nelson Rules [14], to detect abnormal patterns in the injection process. Other authors exploited
machine learning (ML) techniques to handle IMMs maintenance. Namely, the authors in [2] employed several data
mining techniques to forecast machine-related disruptions on IMMs, while [8] employed reinforcement learning for
real-time scheduling, and [16] exploited ML classification algorithms to distinguish between optimal functioning and
borderline functioning of an IMM. Other researches focused on creating the necessary apparatus to monitor and collect
the necessary data for further analysis [7, 12].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.procs.2022.12.302&domain=pdf
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in equally spaced time intervals or working cycles. However, these strategies have clear limitations. CM allows the
occurrence of failures that can damage several parts of the equipment and whose repair is often expensive and time-
consuming, causing the unavailability of the asset. The PM typically under-exploits the asset’s lifetime, since actions
are taken when it could perform a considerably higher number of working cycles. In more severe scenarios, the fail-
ure occurs before the assigned period, and corrective actions need to be performed. According to [20], more than
30% of maintenance costs derived from poor maintenance scheduling. For this reason, predictive maintenance (PdM)
and condition-based maintenance (CBM) strategies have received increasing attention, since they take into account
the actual degradation state of the assets, usually determined from the monitoring and analysis of relevant working
parameters.

Reliability-centered maintenance (RCM) is considered a type of PM [3]. It is not a specific maintenance strategy,
but a decision-making process based on reliability analysis to ensure an efficient, cost-effective, and reliable mainte-
nance [13]. Sometimes, when the failure is very simple to solve, spending time and resources on proactive actions
is unnecessary, the RCM not only uses proactive actions but combines several maintenance policies to optimize its
process. Reliability analysis is concerned with the failure probability of a given system or part, and relies on statistical
data from relevant parameters of a given process. These distribution probabilities are usually approximated to known
distributions, such as Weibull, Gamma, Log-Normal or Exponential [6]. One of the most well-known and used of these
techniques is the Fault Tree Analysis (FTA) [19]. A fault tree (FT) is a directed acyclic graph that represents the failure
path or chain of events that originated a problem. It represents graphically the root causes of a given problem through
a tree-shaped structure, where the root represents the failure or top event (TE), leaves represent the root causes and are
also called basic events (BEs). The relation between the BEs is modeled by gates, which are operators that calculate a
new probability based on the probability of input BEs. For example, an OR gate calculates the probability that at least
one of the BEs occurs, while the AND calculates the probability that both BEs have occurred. The cumulative density
function (CDF) of the TE is calculated by computing all the gates.

Previously in [18], some limitations of the FTA were discussed, namely the fact that existing approaches assume
that BEs follow an exponential (or Weibull) distribution, which in general can be a rough approximation of the real
distribution. Moreover, the FTA and traditional reliability analysis methods rely on expert knowledge to determine
the relevant parameters and components to take into account in the reliability assessment. To overcome these issues,
a data-driven generalization of the FTA, the so-called Generalized Fault Tree (GFT) analysis, was presented by the
authors, and proved to be effective in realistic scenarios, namely, it was employed to assess the reliability of a stamping
press, and to automatically select the most suitable parameters to describe its failure. The fact that the BEs employed
in the GFT approach are data-driven, allows the probability of TE to be updated according to the occurrence of each
BE, and then the reliability assessment is performed based on the actual condition of components. In this work, we
exploit the GFT methodology together with an anomaly detection technique (isolation forest), to assess the reliability
of a mold (an important and expensive component of injection molding machines) in real-time, and adopt an RCM
decision-making, by combining proactive and corrective maintenance actions to optimize its costs and increase the
mold’s availability.

Injection molding machines (IMMs) are industrial assets with many components subjected to failures, and whose
maintenance costs are considerable. Furthermore, this equipment is widely used, due to the high productivity of the
process and the flexibility in producing parts with different shapes. For this reason, much research has been done to
improve the maintenance of this equipment. Some of them employ reliability analysis methods and RCM to reduce
costs with maintenance interventions. For example, [6] applied a fuzzy technique to reduce the annual cost of the
maintenance of an IMM, while [5] provided a copulas model for the same purpose. The authors in [17] presented an
interesting work, which is still in an embryonic stage and where outlier detection is employed together with a statistical
method based on kernel density estimation, and on the supervision of the distribution of variables over the time to study
the possibility of applying PdM on the hydraulic pump of an IMM. The process parameters of injection were analyzed
by [15], who adopted Nelson Rules [14], to detect abnormal patterns in the injection process. Other authors exploited
machine learning (ML) techniques to handle IMMs maintenance. Namely, the authors in [2] employed several data
mining techniques to forecast machine-related disruptions on IMMs, while [8] employed reinforcement learning for
real-time scheduling, and [16] exploited ML classification algorithms to distinguish between optimal functioning and
borderline functioning of an IMM. Other researches focused on creating the necessary apparatus to monitor and collect
the necessary data for further analysis [7, 12].
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Machine learning models are good to find patterns and non-linear relations in the data, but they are less efficient
in globally capturing the failure behavior of industrial equipment in the presence of high imbalanced data sets [10],
where failures represent a very small percentage of the data, which is quite common in industrial scenarios. Specially,
in scenarios where there is a tool degradation process, it is interesting to consider all the data from the beginning of
the component’s life cycle, or the last maintenance action, to accurately determine its reliability or health condition,
which usually is not accounted by ML techniques. Furthermore, these techniques are not directly interpretable by hu-
mans, since most of the time they are ”black boxes”. RCM demonstrated to be an effective decision-making process to
reduce costs with the maintenance of IMMs. The works developed by [6] and [5] demonstrated very significant results
concerning the savings with maintenance in real use cases. However, both approaches have common issues with tradi-
tional reliability techniques, namely, they rely on expert knowledge and approximate the probabilities distributions to
known distributions. The GFT approach can mitigate these issues, by automatically selecting the relevant parameters
for reliability assessment and providing a numerical approach that allows BEs to follow an arbitrary compact support
distribution. Furthermore, the approach is completely data-driven, allowing the failure probability of the TE to be cal-
culated based on the actual state of the asset, in real-time, which provides better results compared to an optimized PM
strategy, as demonstrated by the results. Besides the application of the GFT methodology in a completely different use
case, an anomaly detection technique, isolation forest, is applied to generate BEs that are used in the GFT’s leaves,
and a new training method, based on operational costs is proposed. Since in the present use case, proactive actions
are not always the most suitable strategy, the new training method optimizes the GFT structure to propose proactive
actions for the most serious failures, and let corrective actions play a role when a proactive action is not justified.

The remaining of this document is organized as follows; Section 2 presents the IMM use case at OLI. Section 3
and its subsections describe the GFT approach. Section 4 highlights the main results, and Section 5 presents the
conclusions and final remarks.

Fig. 1. Schematic of the IMM components [9].

2. The Injection Molds Problem

The injection molding process starts with plastic pellets in a feed hopper. These pellets are posteriorly melted and
injected with pressure into a mold cavity, which is filled with plastic material. After a solidification phase, the material
is ejected from the mold cavity, producing a 3-dimensional part as depicted by Fig. 1. This process causes degradation
of the IMM and its components. In the concrete case of this work, the component that accounts for the highest number
of malfunctions are the injection molds, and their most common failure is the mechanical one. When these problems
occur, the mold must be repaired, since there are no spare molds of the same type, due to the fact that they are very
expensive. It is important to note that proactive actions have a cost, namely with technicians that need to inspect
the IMM and decide the actions to take. The mechanical failures of molds differ in severity, i.e., there are failures
that are easily resolved with corrective actions, while some of them imply long unavailability times and expensive
repairs. Having this in consideration, and taking into account that the CM is the only strategy applied currently by the
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enterprise, the objective of this work is to reduce the unavailability of the injection molds due to mechanical failures
and consequently reduce the cost of maintenance, which is achieved not only with proactive actions but by selecting
properly the correct maintenance strategy in each case, i.e. failures that are easily repaired do not justify proactive
actions, while more severe ones can be mitigated with proactive actions.

The IMM is equipped with built-in sensors to monitor the injection process, following the standards of EUROMAP
63 [1]. The data collection is based on shared folders’ architecture, and the collected data are stored in a file within
the assigned shared folder, and then it is sent to a REST API, as demonstrated by Fig. 2. Together with the sensors’
data, contextual data from the STAIN manufacturing execution system (MES) is also sent to the API. The REST API,
when receiving a request, generates a Kafka message [21] that is forwarded to the Kafka Cluster, where processing
will take place. The data from sensors and the contextual data from the MES are employed to train an optimized
GFT model to reduce costs with molds’ maintenance, where the BEs are anomalies determined by an isolation forest.
Then, proactive actions are suggested to the maintenance team, when the failure probability given by the GFT model
is higher than a threshold determined during the training phase.

IMM (shop-floor)

Shared folder

EUROMAP 63

Kafka Cluster

STAIN (MES)

Data Receiver API

Reliability assessment

Database Alert system

Maintenance team

Time aggregation

Anomaly detection

Time Series

Database
Pre-processing Models training Models storage

Fig. 2. Scheme of the data pipeline deployed as a micro-service architecture.

3. The GFT approach

The GFT approach encompasses several steps and could be divided into two main parts: the training phase, and
the reliability assessment in real-time, as depicted by Fig. 3. The training phase consists in generating the tree-shaped
structure that minimizes maintenance costs with a given mold. It starts with a pre-processing, common to both phases,
which includes the following steps:

• The data from different molds are separated and labeled, by combining the information of real-time sensors and
the contextual data from STAIN;
• The periods where the IMM is stopped are removed from the dataset to not bias the results;
• The data are aggregated in 5-minute time windows, and the aggregation variables, namely, mean, standard

deviation (std), maximum (max), and minimum (min) are calculated;
• The dataset is enriched with new variables, resulting from the difference between consecutive time windows of

the same variable.

Following the pre-processing, an anomaly detection technique, the isolation forest is trained, and the obtained
model is stored to be used in real-time. The BEs that are used to train the GFT structure are obtained from the
anomaly detection output, i.e., the anomalies in each variable are considered BEs. The distribution of BEs, as well as
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enterprise, the objective of this work is to reduce the unavailability of the injection molds due to mechanical failures
and consequently reduce the cost of maintenance, which is achieved not only with proactive actions but by selecting
properly the correct maintenance strategy in each case, i.e. failures that are easily repaired do not justify proactive
actions, while more severe ones can be mitigated with proactive actions.

The IMM is equipped with built-in sensors to monitor the injection process, following the standards of EUROMAP
63 [1]. The data collection is based on shared folders’ architecture, and the collected data are stored in a file within
the assigned shared folder, and then it is sent to a REST API, as demonstrated by Fig. 2. Together with the sensors’
data, contextual data from the STAIN manufacturing execution system (MES) is also sent to the API. The REST API,
when receiving a request, generates a Kafka message [21] that is forwarded to the Kafka Cluster, where processing
will take place. The data from sensors and the contextual data from the MES are employed to train an optimized
GFT model to reduce costs with molds’ maintenance, where the BEs are anomalies determined by an isolation forest.
Then, proactive actions are suggested to the maintenance team, when the failure probability given by the GFT model
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Fig. 2. Scheme of the data pipeline deployed as a micro-service architecture.

3. The GFT approach

The GFT approach encompasses several steps and could be divided into two main parts: the training phase, and
the reliability assessment in real-time, as depicted by Fig. 3. The training phase consists in generating the tree-shaped
structure that minimizes maintenance costs with a given mold. It starts with a pre-processing, common to both phases,
which includes the following steps:

• The data from different molds are separated and labeled, by combining the information of real-time sensors and
the contextual data from STAIN;
• The periods where the IMM is stopped are removed from the dataset to not bias the results;
• The data are aggregated in 5-minute time windows, and the aggregation variables, namely, mean, standard

deviation (std), maximum (max), and minimum (min) are calculated;
• The dataset is enriched with new variables, resulting from the difference between consecutive time windows of

the same variable.

Following the pre-processing, an anomaly detection technique, the isolation forest is trained, and the obtained
model is stored to be used in real-time. The BEs that are used to train the GFT structure are obtained from the
anomaly detection output, i.e., the anomalies in each variable are considered BEs. The distribution of BEs, as well as
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the obtained GFT model, are employed in real-time to assess the reliability of molds and suggest proactive actions.
The next subsections describe in more detail the mentioned steps.

Pre-processing

Anomaly detection model

GFT training

GFT model

Calculation of the distribution of the
TE and BEs

Training dataset Real-time data

Pre-processing

Calculation of BEs
probability

Reliability
assessment

Recomends an action

Anomaly detection
training

Configurations settings

Anomaly detection

Fig. 3. General overview of steps in the GFT approach.

3.1. Basic events distributions

The data obtained from the IMM sensors are typically continuous, however, the GFT approach works with events
and their associated probability distribution, thus, BEs are generated from a well-known anomaly detection technique,
the isolation forest. This technique is based on a tree structure to isolate all the instances. Since anomalies are by
definition instances that differ significantly from the majority of data, anomalies are isolated closer to the tree’s root
[11]. This method was employed, since it isolates anomalies, instead of profiling the normal behavior of data. Consid-
ering that in the IMM use case there are different configuration settings (temperatures, pressures, cycle time ...), due
to the fact that different parts are produced, and the working parameters may change even for the same mold, there
is no unique normal behavior model, since the which is normal for a given setup may be anomalous in another, thus
isolating anomalous points is a better approach to detect anomalies in this case.

The anomaly detection is performed individually on each variable. The points where anomalies are detected are
the ones where it is considered to exist a BE to build the GFT structure. The distribution of these BEs is calculated
by considering the elapsed time since the last mechanical failure for that mold until the BE occurred, as illustrated by
Fig. 4. The elapsed time only accounts for working time, since the inactive periods (when the IMM is not producing)
were previously removed. The CDF of each variable can be obtained with a discretization step, h, of 5 minutes, which
is the time window used to aggregate the data. From the CDF of each BE, the probability of BEs can be calculated
and updated according to its occurrence, i.e., at a given time after the last repair, the probability of a given BE is the
value of the CDF curve for this elapsed time, however, if the event already occurred, its probability is updated to the
maximum value, i.e., to ”1”.

BE BE BE BE BE BE

elapsed time

Repair Repair
RepairRepair Repair

Fig. 4. Calculation of BEs distribution.
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3.2. Cost-based GFT training

The training consists in finding the GFT structure and the probability threshold, p, that minimizes the costs of the
maintenance of injection molds. Since the number of possible trees explodes with the number of BEs and the size of the
set of operators, O, a pruning technique is employed, as presented by algorithm 1. To understand the training algorithm
described by the pseudo-code, it is important to note that here we only use binary operators that take the probability of
each BE in each time window and output a new cumulative probability, according to equations 1 and 2. The function
calculateProb computes a new probability according to the input BEs and gate. At the beginning of the process, a
dictionary of dictionaries (Python data structure) exists to save the probability in each time window, according to
each tree Tree. Then, all the combinations with 2 BEs are performed, and the corresponding trees are calculated. The
metric used to evaluate the trees and chose the most suitable one, consists in calculating the minimum cost of mold
maintenance that could be achieved with a given tree. These costs are proportional to the time spent in the reparation
of the mold, thus the percentage of the mold’s unavailable time can be used as a cost metric, which is defined by
equation 3, where Ni is the number of interventions performed according to the failure probability computed by each
tree, uti is the unavailable time caused by each intervention and wti is the working time of the machine since mold’s
maintenance intervention i− 1, until intervention i. Note that for the considered data set, only corrective interventions
were performed, thus one has the unavailable time of mold for each failure, by the contextual data of the enterprise’s
MES. However, these data lack information concerning the different mechanical failures that may occur, thus it is
hard to estimate in each case what would be the reduction of unavailable time by changing a corrective action to a
proactive one. Since the time spent with corrective interventions has a wide range of possible values (see next section),
it is reasonable to assume that the benefit of performing a proactive action, instead of a corrective one when the last
one takes a short time period to be performed is irrelevant, or it can even increase unavailability of the mold since
proactive revisions and maintenance actions can take longer than a simple and short corrective measure. Considering
these aspects, we considered that uti for a proactive action assumes a constant value, which is the median of ut for all
the corrective actions.

A proactive action is suggested each time the failure probability computed by the GFT is higher than a threshold
value. Thus, for each computed Tree, an iterative process, varying p from 0.50 to 1.00 in intervals of 0.01 is performed
to find the optimal p. The best GFT structure is the one whose optimal p represents the lowest cost, defined by
equation 3. To reduce computational time, the calculation of more complex trees is made from the less complex ones.
For example, a tree with 4 BEs can be calculated with a gate that has a tree with 3 BEs and a single BE as inputs,
or 2 trees with 2 BEs each. These trees are saved in the data structure Tree to speed up the calculation process. Note
that the process is not exhaustive, since, for a tree with K BEs, only the trees that contain all the BEs of the best tree
with K − 1 BEs are considered. This avoids the explosion of possible trees and reduces the computational time of the
process, compared with an exhaustive search.

AND(FX , FY ) = FX FY , (1)

OR(FX , FY ) = FX + FY − FX FY , (2)

Cost =
Ni∑

i=0

uti
wti + uti

. (3)

4. Results and discussion

The methodology described in the previous section was applied to the injection mold which presented the higher
number of malfunctions during the period of one month at OLI’s facilities. The initial data set contains more than 100
variables of the process, described by the EUROMAP 63 protocol [1] and sampled with a 1Hz rate. After removing
the variables that do not change during the process and receiving the feedback of engineers in the enterprise, a total
of 10 variables that have an influence on the mold’s operation were selected. Note that the GFT approach is not
dependent on expert knowledge, since all the initial variables could be considered, however, it would result in more
computational complexity. Since engineers from OLI have the insight about some parameters that are not related to
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maintenance that could be achieved with a given tree. These costs are proportional to the time spent in the reparation
of the mold, thus the percentage of the mold’s unavailable time can be used as a cost metric, which is defined by
equation 3, where Ni is the number of interventions performed according to the failure probability computed by each
tree, uti is the unavailable time caused by each intervention and wti is the working time of the machine since mold’s
maintenance intervention i− 1, until intervention i. Note that for the considered data set, only corrective interventions
were performed, thus one has the unavailable time of mold for each failure, by the contextual data of the enterprise’s
MES. However, these data lack information concerning the different mechanical failures that may occur, thus it is
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proactive revisions and maintenance actions can take longer than a simple and short corrective measure. Considering
these aspects, we considered that uti for a proactive action assumes a constant value, which is the median of ut for all
the corrective actions.

A proactive action is suggested each time the failure probability computed by the GFT is higher than a threshold
value. Thus, for each computed Tree, an iterative process, varying p from 0.50 to 1.00 in intervals of 0.01 is performed
to find the optimal p. The best GFT structure is the one whose optimal p represents the lowest cost, defined by
equation 3. To reduce computational time, the calculation of more complex trees is made from the less complex ones.
For example, a tree with 4 BEs can be calculated with a gate that has a tree with 3 BEs and a single BE as inputs,
or 2 trees with 2 BEs each. These trees are saved in the data structure Tree to speed up the calculation process. Note
that the process is not exhaustive, since, for a tree with K BEs, only the trees that contain all the BEs of the best tree
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process, compared with an exhaustive search.
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Algorithm 1 Cost-based GFT training with a pruning technique.
INPUT: D(BEi), i ∈ {1, 2, 3, ..., n} the updated CDFs of BEs in each timestamp, n is the number of BEs, C an array of costs, O, the set of

operators, and N the maximum number of BEs to use in the leaves.
OUTPUT: GFT structure, GFT , and the threshold probability, p

1: Tree[1][BEi] = D(BEi)
2: Compute all the combinations, combs of 2 from all the BEs
3: for ∀ operator ∈ O do
4: for ∀ comb ∈ combs do
5: cd f = calculateProb(comb, operator)
6: Tree[2][comb + operator] = cd f
7: end for
8: end for
9: ps = [0.50, 0.51, 0.52, ..., 1.00]

10: for i ∈ {3, 4, ...,N} do
11: Cost(D(T E),C,ps),∀ Tt ∈ Tree[i − 1].items()
12: Find the tree with lower cost and create a list BestBEs of their BEs
13: for j ∈ {1, 2, ..., f loor(i/2)} do
14: for key1, value1 ∈ Tree[i − j].items() do
15: for key2, value2 ∈ Tree[ j].items() do
16: if BestBEs ∈ BEs(key1)|BEs(key2) then
17: cd f = calculateProb(value1, value2, operator) ∀ operator ∈ O}
18: Tree[i][(key1, key2) + operator] = cd f
19: end if
20: end for
21: end for
22: end for
23: end for
24: Output the tree with lower cost from Tree, and the respective p

the mold’s failure, their feedback was exploited to speed up the training process. After the aggregation process, and
the enrichment with new variables, the total number of variables is 80.

The GFT structure obtained from the training process is represented in Fig. 5 and the description of BEs is presented
in Table 1. One of the main features of GFT analysis is related with the fact that a qualitative analysis of the process
may be performed by the analyzing the tree-shaped structure, namely, minimal cut sets (MCS) can be determined.
These are the sets with the minimum number of BEs whose occurrence ensures the occurrence of the TE [4]. From
the presented skeleton, the following four MCS are obtained:

• C1 = {E 1, E 3, E 4},
• C2 = {E 1, E 3, E 5, E 6},
• C3 = {E 2, E 3, E 4},
• C4 = {E 2, E 3, E 5, E 6}.

From this, it can be concluded that parameters such as the position of a cushion (for each injection unit), the cycle
time, and the injection start position are the most relevant process parameters to infer the mechanical failure of molds
since the chosen BEs during the training process are anomalies related to these variables. Moreover, the event E3 is
present in all the MCS, thus among others, it is the one that impacts more in the calculation of failure probability.

Table 1. Description of BEs.
BE Description
E 1 The difference of the standard deviation of the cycle time between consecutive time windows is anomalous.
E 2 The difference of the mean stroke position at cushion for each injection unit between consecutive time windows is anomalous.
E 3 The mean stroke position at cushion for each injection unit is anomalous.
E 4 The difference of the maximum injection start position between consecutive time windows is anomalous.
E 5 The difference between the mean cycle time between consecutive time windows is anomalous.
E 6 The difference of the max stroke position at cushion for each injection unit between consecutive time windows is anomalous.

8 P. Nunes et al. / Procedia Computer Science 00 (2022) 000–000

AND

AND

OR

Mold Failure

AND

OR

E_1 E_2

E_5 E_6

E_4

E_3

Fig. 5. Skeleton of the obtained GFT model.

Table 2 presents an overview of the mechanical failures of the selected mold in the reported period. As can be seen,
the time that the mold works until the failure, ranges from 55 to 3030 minutes, and the unavailable time due to mold
repairs has similar behavior, since it ranges from 5 to 3915 minutes. Two things may be concluded from here: it is
difficult to estimate equally spaced intervals of time for proactive actions since mechanical failures of molds do not
follow temporal patterns; proactive actions may not be the best approach for all types of failure, since, for example,
failures number 2, 9, 10, and especially 5, took little time to be solved. Since these malfunctions are easily repaired,
proactive actions are unnecessary.

Due to a lack of information about the failure mode and actions that were performed to overcome a given failure
(this information is not maintained in the enterprise’s MES), the cost of a proactive action was fixed as the median of
the unavailable time with the current CM policy (247.5 minutes), which, when discussed with experts, was considered
a conservative approach, since this value is an upper bound of the time that would be needed. The fourth column
presents what would happen with the PM strategy in optimized equally spaced intervals of time. Since it only accounts
for the working time, the majority of mechanical failures of the mold would not be avoided. However, this policy
avoids the failure that causes the most impact in the unavailability of the mold, which may represent savings of
49.86% compared to the CM policy. When using the obtained GFT to optimize maintenance actions, we can see that
the four major failures are avoided (penultimate column of Table 2). In fact, the only failures that are not avoided, are
the ones whose unavailable time is lower than the estimated time needed for a proactive action (247.5 minutes). The
fact that the GFT account for the actual state of molds, given by the BEs’ probability, allows a reduction of the costs
by 27.05% compared with the optimized PM strategy, and may allow a reduction of 63.43% compared to the CM.

An interesting observation that can be obtained from the results, is the fact the mold failures may be distinguished
according to the unavailability caused by them, since, by setting the cost of a proactive action higher than some
malfunctions, the GFT suggested an optimal combination of PdM and CM strategies, by suggesting proactive action
near to severe failures, and allowing CM actions being taken in failures where the CM cost is lower compared to
proactive actions. It is interesting, since it automatically balances proactive and corrective actions based on the cost

Table 2. Different maintenance strategies.
Failure
number

wti CM
(min)

Unavailable time
(CM) (min)

wti PM
(min)

Unavailable time
(PM) (min)

wti GFT
(min)

Unavailable time
(GFT) (min)

1 2485 315 - 315 2155 247.5
2 140 35 - 35 - 35
3 300 180 - 180 - 180
4 55 585 - 585 5 247.5
5 2895 5 - 5 - 5
6 1890 390 - 390 - 390
7 850 725 - 725 680 247.5
8 3030 3915 3025 247.5 2945 247.5
9 2955 35 - 35 - 35
10 170 95 - 95 - 95
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Due to a lack of information about the failure mode and actions that were performed to overcome a given failure
(this information is not maintained in the enterprise’s MES), the cost of a proactive action was fixed as the median of
the unavailable time with the current CM policy (247.5 minutes), which, when discussed with experts, was considered
a conservative approach, since this value is an upper bound of the time that would be needed. The fourth column
presents what would happen with the PM strategy in optimized equally spaced intervals of time. Since it only accounts
for the working time, the majority of mechanical failures of the mold would not be avoided. However, this policy
avoids the failure that causes the most impact in the unavailability of the mold, which may represent savings of
49.86% compared to the CM policy. When using the obtained GFT to optimize maintenance actions, we can see that
the four major failures are avoided (penultimate column of Table 2). In fact, the only failures that are not avoided, are
the ones whose unavailable time is lower than the estimated time needed for a proactive action (247.5 minutes). The
fact that the GFT account for the actual state of molds, given by the BEs’ probability, allows a reduction of the costs
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of the different failures and the model describes and distinguishes the failures with no previous knowledge more than
the unavailability caused by each one.

5. Conclusions

In this work, an improvement of the GFT methodology (introduced by the authors in [18]) was applied to minimize
the unavailability and cost of an injection mold at OLI’s facilities. The training process was modified to optimize
the maintenance costs, and a pruning strategy was adopted to speed up the process. The results show that estimated
savings of 27.05% may be achieved, compared to a PM policy, and 63.43%, when compared with the CM policy.

The fact that the unavailability caused by each failure is very different, makes that not always a proactive action is
the best action to take, since it can take longer time periods when compared to a simple corrective action that takes a
short time. When using the cost-based training process, the GFT structure optimizes interventions according to their
cost and can distinguish the failures according to their severity. Its relevance resides in an optimal combination of
predictive and corrective actions, which is automatically generated to optimize maintenance costs.

The GFT approach brings important features compared with other techniques such as ML, since the generated
model is easily understandable by technicians and engineers, due to its graphical simplicity, moreover, it accounts for
all the events since the last repair. In comparison with statistical methods used in RCM, it uses the real distributions
of data, instead of an approximation to known distributions. Although the computation of the failure probability by
a GFT model is computationally light, the computational complexity of the training process is an aspect that may be
improved, since it is dependent on the number of variables. Some aspects that need further improvement in this use
case, encompass the creation of universal syntax to detail the causes of molds’ malfunctions, which could result in a
diagnostics model, that would give more insights and useful information to the maintenance team.
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The fact that the unavailability caused by each failure is very different, makes that not always a proactive action is
the best action to take, since it can take longer time periods when compared to a simple corrective action that takes a
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model is easily understandable by technicians and engineers, due to its graphical simplicity, moreover, it accounts for
all the events since the last repair. In comparison with statistical methods used in RCM, it uses the real distributions
of data, instead of an approximation to known distributions. Although the computation of the failure probability by
a GFT model is computationally light, the computational complexity of the training process is an aspect that may be
improved, since it is dependent on the number of variables. Some aspects that need further improvement in this use
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