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ABSTRACT Competitiveness has reached outstanding levels in every marketplace sector. The Overall
Equipment Effectiveness (OEE) framework has gained increasing interest in different contexts as a leading
measure for improving production. The application of the OFFE as a driver of improvement is an extensively
covered topic in scientific literature. However, the existing research mainly focuses on case studies showing
the obtained results on specific applications, typically in the manufacturing domain. This paper proposes the
adaptation of the OEE framework for its application to service companies. The obtainable results and the
involved possible errors in the use of the framework are addressed. We show the benefits of the proposed
framework for allowing a meaningful comparison of employees performing different types of activities.
Inefficiencies can be identified and classified by associating them with causes. Methods, procedures, and
territorial aspects are related in general to the company organization. The application of the OFEE transforms
the measures from targets to drivers of improvements by identifying the areas of loss in the process. The
proposed framework is demonstrated in a case study consisting of a service company operating in the
telecommunication field. The evaluation has been done over a time-span of 12 months, addressing the
behavior of 952 employees. The analysis allows producing results that are useful to assess the behavior of
the company. In particular, we can distinguish the causes of losses either related to the employees or the ones
related to the company. Different types of losses are quantified, and this information can be used to optimize
the various aspects in detail. The assessment of the losses enables the comparison of the performance among
different areas and different employees.

INDEX TERMS Asset management, business data processing, business intelligence, business process
management, data analysis, digital transformation, overall equipment effectiveness, production management,
resource management, service engineering, total productive maintenance.

I. INTRODUCTION

The focus on performance measurement considers the com-
pany as an economic organization aimed at measuring the
performance of its production processes. Control and mea-
surement systems have grown in importance, becoming
decisive in the creation and maintenance of the company’s
competitive advantage. “These tools do not aim to accurately
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measure the economic reality, but rather the processes that,
if properly designed and implemented, can positively influ-
ence the behavior of individuals and groups, directing them to
the achievement of institutional purposes’ [1]. Performance
measures would result in a useless application of measure-
ment techniques if company management did not use them
to direct the organization’s efforts to achieve the set objec-
tives. Currently, the measurement of company performance
is a consolidated practice: an effective measurement system
“allows decisions to be made and actions to be taken as it
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is able to quantify the efficiency and effectiveness of past
actions through the acquisition, collection, the selection, anal-
ysis, interpretation and dissemination of adequate data’ [2].

Optimization has become one fundamental aspect to
address. However, this has to be pursued with a methodical
approach. To be able to maintain and develop their ability to
compete on a global market, manufacturing companies need
to develop innovative and high-quality products in short lead
time. Robust and flexible production systems are the best
preconditions for operational excellence [3].

The Overall Equipment Effectiveness (OEE) has gained
increasing interest in different contexts as a leading measure
for improving production. The application of the OEE as
a driver of improvement is an extensively covered topic in
scientific literature. The OEE is a framework, intended as
““a network of interlinked concepts that together provide a
comprehensive understanding of a phenomenon or phenom-
ena’” [4], introduced by Nakajima in 1988 [5]. It is part of the
so-called Total Productive Maintenance (TPM). The TPM,
in turn, has been invented in Japan in the 1970s to increase the
equipment effectiveness focusing on maintenance. The OEE
is the measure of the equipment productivity in a manufac-
turing system. Essentially, it is a productivity ratio between
value added time and the total time available to produce.
The OEE is built upon the concepts of Availability (A),
Performance (P) and Quality (Q), which measure the impact
of the various types of losses that reduce the actual total time
available to produce. The goal of the TPM is to increase
the value of the OFEE. This framework is widely accepted
and implemented by industries, mainly in the manufacturing
domain.

There is an extended literature on the OEE. However, the
existing research mainly focuses on case studies showing the
obtained results on specific cases, or the customization of the
OLE to such specific use cases. On the other hand, several
case studies on manufacturing industries discuss the applica-
tion of the OEE as a performance target. The application of
the OEE to service companies is much less addressed in the
scientific literature. The OFE framework has been adapted
from its original purpose, which is the assessment of the
productions of goods in an industry, to assess the performance
of the employees of a service company [6].

In our research, we have identified a lack of literature on
understanding the holistic view of the OEE framework. The
comprehension of phenomena can not be explained solely
by its components taken individually, but it is necessary to
observe and analyze the functional composition of all their
parts. The OEE was conceived with the precise goal of
creating a structure in which the indicators are correlated
with each other, where the variation of one aspect acts on
the others according to a clear logic. We believe that a
deep understanding of the relationships among the elements
composing the OFEE, and the correct interpretation of their
variation, may be useful as a guide for a practical application
and, additionally, to allow the identification of potential areas
of improvement.
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This paper introduces an adaptation of the OEE for its
application to a service company. The aim of the work is
not limited to address the answer of the typical question in
a company with thousands of employees who carry out a
stand-alone job, which is “How is it possible to observe and
calculate the efficiency?”. Indeed, our work aims at more
insightful questions, which are the following:

Q1 How can the efficiency bottlenecks be identified?

Q2 What is the impact of territorial peculiarities on the
efficiency?

Q3 How can different employees working in heterogeneous
territories be compared?

Q4 Which factors can be leveraged to obtain an holistic view
of the efficiency?

Q5 How could typical errors in the use of OEE be mitigated?

Regarding question QS, the main typical error in the appli-
cation of the OEE, which is addressed in this work, is the
use of expected values for the calculations that are too large,
leading to overestimation of the productivity.

We show the benefits of the proposed framework to allow
a meaningful comparison of employees performing different
activities. Inefficiencies can be identified and classified by
associating them with causes. Such causes can be related to
methods, persons and territorial aspects. The application of
the OEE transforms the measures from targets to drivers of
improvements by identifying the areas of loss in the process.

This paper aims at demonstrating the application of the
OLE in the assessment of the performance of a service com-
pany operating in the telecommunication’s field. The evalua-
tion will be done over a timespan of 12 months, addressing
the behavior of 952 employees.

The paper is organized as follows. Section I overviews the
related works, starting from the Toyota Production System
(TPS), and illustrating the pillars that allow to establish the
relationship between TPM and OEE. Concepts of the tra-
ditional OEE are introduced in Section VI. A model for the
losses is presented in Section VII, while Section V describes
the adaptation of the OEE framework to a service company.
Section VI discusses the losses affecting the service com-
pany. The characteristics of the case study are presented in
Section VII, while an analysis of the territorial performance
of the company is provided in Section VIII. Section IX dis-
cusses the results obtained in the application of the proposed
framework to the considered case study. Section X discusses
some limitations of the proposed framework. Section XI
concludes the paper, providing answers to the questions for-
mulated in the introduction section.

Il. RELATED WORKS

The history of the Overall Equipment Effectiveness (OEE)
begins in 1980, when Nakajima proposed the concept of
Total Productive Maintenance (TPM) [5]. TPM is proposed
as the production system that aims at optimizing production
effectiveness by identifying and eliminating losses of both
equipment and efficiency across the whole product life cycle.
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TPM became highly regarded in the manufacturing industry
in the 1980s. OEE is a tool introduced by Nakajima in [5] to
measure the progress made in applying the TPM .

In [7], the authors state that, typically, OEE is implemented
to measure resource utilization in a plant. In companies with
multiple plants, it allows for comparison of facilities. How-
ever, the OEE, implemented as a measure of efficiency, later
becomes the tool to improve effectiveness through the iden-
tification and elimination of losses. In fact, the OEE should
be used as a driver for improvement, not as a performance
measure to compare production units, as stated by Kennedy
in [8]. In [9], the authors discuss how the OFEE is traditionally
used by companies as an operational measure but rarely as
a driver of productivity enhancement actions. The OEE can
be used, in combination with productivity measures, as a
driver for improvements to the process in the manufacturing
industry. The paper presents a set of Key Performance Indica-
tors (KPIs) to guide improvements that should be monitored
before, during and after the improvement project, to capture
capacity improvements. Other factors that impact the success
of the project are the software automation in the calculation
of KPIs and the active involvement of the personnel.

Through the case study based on an automotive com-
pany, [10] brings some conclusions on the misuse of the
OEE. This is a consequence of a misunderstanding about the
concept of the index. The authors raise a doubt regarding
the correct cycle time. In particular, they wonder whether
it should be the ‘“technical” cycle time or the *“‘planned”
cycle time. The authors state that the use of technical time
is a mistake. However, using the planned cycle time leads to
an overestimation of performance and OEE. Another misuse
of the OEE value is its use for bottleneck identification: the
OEE value alone does not help in identifying the sources of
problems.

Back in 1995, Peter De Groote anticipated how the
future will increasingly focus on the effectiveness of the
company through changes in management models [11].
This requires re-engineering the organization and a radi-
cal change in staff behavior. However, quantifiable indica-
tors of economic and technical performance are necessary.
In [11], the OEE is presented as the product of 3 indi-
cators: Availability, Speed (instead of Performance) and
Quality.

The results in [12] suggest changing focus and using a
comprehensive loss model and highlighting the problem of
data collection. According to the study, at the beginning of its
application the OFEE is relatively low, with values below 55%
even if the company is already familiar with the production
process. In [13], Kotze argues that an OEE under 50% is
realistic. On the other hand, [14] reports that an OEE target
of around 85% is not uncommon.

The importance of an accurate estimation of the use of
equipment to identify hidden losses of time and planning in
the correct data collection is reiterated in [15]. The paper
proposes a novel classification scheme of losses for a new
interpretation of the OEE.
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More and more companies are looking for a customized
maintenance concept. The framework introduced in [16]
presents some guidelines for developing this concept. The
authors stress the importance of incorporating all information
available in the company: the experience of the maintainers
and the collected data. How to make each operator or techni-
cian to adopt the TPM plays a crucial role.

A. APPLICATIONS OF THE OEE
There is a large number of applications of the OFE reported
in the scientific literature.

An adaptation of the OEE to the transport domain is
presented in [17]. The framework applied in that context is
extendable to other cases, such as third party logistics or large
companies with a high number of daily routes and delivery
customers.

In their case study [18], the authors propose a new method-
ology for the evaluation of the effectiveness of urban freight
transport systems using the OEE metric. Urban transport of
goods is a small part of the shipping time, but it can account
for up to 28% of the shipping cost. The aim is to optimize
OEE metrics and the profitability of a transportation system
by reducing overall costs and increasing revenues.

The experience in applying optimization methods, includ-
ing the OEE, to Small and Medium-Sized Enterprises
(SMEs) is described in [19]. Critical success factors are
identified that make achieving results within SMEs more
problematic. Factors such as shortages in funding, leadership
and workforce training can negatively affect the general per-
formance of the company.

The literature on maritime port performance presents
sophisticated analyses using parametric and non-parametric
models, but in many cases these results suffer from the con-
tamination of exogenous effects in efficiency calculations.
A methodology is proposed to separate manageable and
unmanageable factors in [20]. A set of performance indicators
is presented to evaluate the efficiency of the terminal based
on the distribution of the OEE, which allows the definition of
achievable efficiency and performance objectives.

In [21], the authors describe a technology to accurately
measure the OFE in real-time to support the latest advance-
ments in the context of Industry 4.0.

B. EXTENSIONS OF THE OEE

Over time, the OEE was adapted to several different and
peculiar contexts. As a result, new indicators have been for-
mulated, based on the original OEE.

From the analysis of evolution and application in indus-
tries, the authors of [22] infer that the OEE is a valuable
measure. The paper provides information on lost time and
lost production. The paper provides a comparison of different
reformulations of the OFE, namely Total Equipment Effec-
tiveness Performance (TEEP) [23], Production Equipment
Effectiveness (PEE) [24], Operational Event (OPE), Overall
Asset Effectiveness (OAE) and Overall Factory Effective-
ness (OFE). However, in low-volume farms, the OFEE and
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its measures are not very efficient, since the unscheduled
production time is too high. Moreover, the accuracy of the
data for the OEE is very important. Without accurate data,
measuring OFEE can easily lead to a lack of credibility. There-
fore, it is important to invest time and money to improve data
collection and automatize it.

Some drawbacks of OEE are presented and discussed
in [25]. One such limitation is that OEE can only measure
the efficiency of individual equipment. However, machines
are typically not isolated but work together in a production
line. To address this problem, a new efficiency metric called
Overall Equipment Effectiveness of a Manufacturing Line
(OEEML) is presented and applied to an industrial case. The
paper concludes that further research is needed to integrate
OEEML with other metrics to monitor equipment operating
costs and inefficiencies in line costs.

The Overall Environmental Equipment Effectiveness
(OEEE) metric is presented in [26] as a possible green and
lean production solution. The conclusions are that the OEEE
allows business decisions to include sustainability aspects
and demonstrates the compatibility between green and lean
manufacturing. This new metric should allow companies
to include sustainability as a criterion in business decision
making.

The Overall Resource Effectiveness (ORE) metric is inves-
tigated, through two case studies, in the measurement of the
effectiveness of production [27]. The ORE allows monitor-
ing of changes in process costs, changes in material costs,
and material efficiency. In certain processes, ORE is more
complete and achievable with respect to the measurement
obtained by the traditional OEE.

The Overall Manufacturing Performance (OMP) is pre-
sented in [28] as a metric that takes into consideration several
factors for the evaluation. The OMP is evaluated at the global
system level across 3 case studies. A framework for the eval-
uation of the OMP is developed, and the OFE is integrated
into the overall measurement system. The authors show that
the OEE is lacking some key aspects w.r.t. the OMP, but it is
a useful part of a global measurement system.

In their article [29], the authors discuss a production system
based on a continuous production line. In this situation, it is
necessary to focus not only on the performance of a single
machine, but also on the performance of the line. OEE is
sufficient to improve the effectiveness of individual produc-
tion equipment. In the paper, the Overall Line Effectiveness
(OLE) is presented as a tool that provides an appropriate
solution for monitoring and improving the production line.

The effectiveness of OFE is reiterated in [30] for mea-
suring the productivity of individual production equipment.
However, the need to improve the performance of the whole
process requires different solutions. The effectiveness of the
OLE is applied to a case study, and a new approach is pro-
posed to evaluate the quality rate of the production system
using the Principal Component Analysis (PCA).

A new indicator called Overall Task Effectiveness (OTE)
has been introduced in [31] as a practical method to analyze
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and evaluate the main causes of loss in a production envi-
ronment characterized by complex final products. The OTE
supports Lean and Six Sigma methodologies [32] and applies
them to companies. The new metric and the losses were veri-
fied by studying a manual station for the assembly of railway
wagons. The results demonstrate that the OTE can help the
analyst in both defining and meeting the target performance
in terms of the time required to complete the expected tasks.

A methodology is proposed in [33] for productivity
improvement. A complex production system can be treated
as the combination of simple subsystems. These are the
combination of Production Process Units (UPP), which are
individual units used in the manufacturing lines. The model
uses different production metrics, including OFEE, Overall
Throughput Effectiveness (OThE), and Cycle Time Effective-
ness (CTE), and applies the theory of constraints.

In [34], the authors present the Overall Equipment Produc-
tivity (OEP) metric as a KPI in the semiconductor industry.
The metric is based on the OFE and it is used to determine
the cycle timeshare of the total process time.

Ill. CONCEPTS FROM THE TRADITIONAL OEE
According to Nakajima [5], the OEE is formulated in terms
of 3 factors, expressed as percentages: Availability (A), Per-
formance (P) and Quality (Q).

Mathematically, the OFEE is calculated by Eq. (1):

OEE=A-P-Q (D

Dunn [35] defines the 3 mentioned factors as answers to
the following questions:

« Availability: Is the machine running or not?

o Performance: How fast is the machine running?

o Quality: How many produced items satisfied the require-

ments?

To motivate this statement, we analyze the elements that
compose the OFEE. Based on the concepts proposed by [5],
we define the following terms.

Definition 1: The Total Time Available (7T) is the total
working time during the day, including scheduled stops dur-
ing which no production is performed (e.g., meetings, forma-
tion, etc.).

Definition 2: The Expected Cycle Time (ECT) is the nec-
essary theoretical time for the production of a compliant
product.

The ECT is also known as Cycle Time, Theoretical Time
or Standard Time. The ECT is a parameter that needs to be
correctly quantified for an accurate evaluation of the OEE.

Definition 3: The Valuable Operating Time (VOT) is the
theoretical time taken by the operating unit to produce added
value.

In the literature, the value of VOT is calculated as the number
of compliant products multiplicated by the ECT [8].

Definition 4: The Total Planned Production Time (PPT)
is the real total time to carry out activities that create value.

The VOT can also be seen as the fraction of the PPT in
which the unit operates in optimal conditions [25].
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The classic formula of efficiency, and therefore the simple
form of the OFE, is expressed by Eq. (2) as a ratio between
VOT and PPT [8]:
vor
PPT @

In this form, the OEE does not allow to identify the bot-
tlenecks, i.e., the causes of the efficiency losses, and thus
does not help in addressing the questions that are posed
in the introduction of this paper, with special reference to
question Q1.

OLE =

IV. MODEL OF LOSSES
The evaluation of the OFE is strictly related to the definition
and the evaluation of the causes of losses that can happen in
the company. Nakajima [5] classifies the losses into 6 cate-
gories, the so-called Six Big Losses.

Definition 5: The six Big Losses are defined as follows:

1) Equipment Failure and Breakdown (BLgrp): The time
loss caused by equipment failure or breakdown.

2) Set-ups and Adjustments (BLgg4): The time loss occur-
ring when a production unit changes the type of prod-
uct, and thus set-ups and adjustments are required to
start the new production.

3) Idling and Minor Stoppages (BLpys): During produc-
tion minor stops can occur; these events are considered
to be difficult or too expensive to record. This loss
includes the time of all the activities that can not be
tracked.

4) Reduced Speed (BLgs): The extra time spent on pro-
duction compared to the ECT . It is a loss of speed in
production, which applies to both compliant and not
compliant products.

5) Process Defects (BLpp): The sum of the ECT's of the
not compliant parts due to defects. Defective products
are not compliant, and may be reworked or rejected.

6) Reduce Yield (BLgy): The time required to produce
rejected parts due to changeovers or incorrect settings
that may take some time to achieve stable production.

The 3 factors that compose the OFE, namely A, P and Q,
is a measure of such losses [28]. In particular, the Availability
measures the downtime losses due to breakdowns (BLgpg)
and set-ups or adjustments (BLgg4). The Performance mea-
sures the speed losses due to minor stoppages (BLjys) and
reduced speed (BLgs), while the Quality measures the losses
due to process defects (BLpp) and reduced yield (BLgy).

As a result, the improvement of the OFE is related to
the production of more compliant products (improving Q),
as fast as possible (improving P), and with fewer stop times
(improving A) [18].

The six big losses can be grouped into 3 families, according
to the following definition.

Definition 6: The 3 families of losses are defined as
follows:

1) Down Time Family Losses (FLpw) — Includes the

losses BLgrp and BLgg 4; it affects the Availability.
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2) Speed Family Losses (FLsp) — Includes the losses
BLjys and BLRg; it affects the Performance.
3) Defect Family Losses (FLpr) — Includes the losses
BLpp and BLgy; it affects the Quality.
The definition of the losses results in the following
relationships:

FLpw = BLgrp + BLsga 3)
FLsp = BLyys + BLgs 4
FLpr = BLpp + BLgy (5

Eq. (6) captures the relationship between the six losses, the
time that generates added value (VOT) and the PPT:

PPT = VOT + (BLgrp + BLsga) + (BLiys + BLgs)
+ (BLpp + BLgy) (6)

Eq. (6) could be rewritten as follows (Eq. (7)), by combin-
ing Eq. (3), Eq. (4) and Eq. (5):

PPT = VOT + (FLpw + FLsp + FLpr) @)

Dividing Eq. (7) by PPT, the formulation of the OEE
becomes:
OFE — 1 — (FLpw + FLsp + FLpF) ®)
PPT
Eq. (8) highlights that the OFEE is equal to 100% minus the
percentage impact of the losses on the PPT .
As introduced in Eq. (1), Nakajima [5] defines the OFE as
a product of the 3 rate percentages factors: A, P and Q. On the
other hand, Eq. (8) shows how the OFEE is directly affected
by the six losses.
To show the relationship among the 3 factors and the losses,
we introduce the following definitions.
Definition 7: The Operating Time (OT) is the available
time to perform the production of goods. It can be calculated
as follows:

OT = PPT — FLpw ©)

Given the relationship between the family losses and the
losses, Eq. (9) can also be written as

OT = PPT — (BLgrp + BLsga) (10)

Definition 8: The Net Operating Time (NOT) is the net
worked time (OT') without the losses caused by slow produc-
tion (BLgs) or short stops difficult to track (BLyys), which
could happen during production. Using the introduced nota-
tion, it holds

NOT = OT — FLgp (11)

By making explicit the relation with the losses, Eq. (11)
can be also written as

NOT = OT — (BLyys + BLgs) (12)

The NOT can also be calculated as the sum of the ECT for
all the N4 products, including compliant and non-compliant
ones:

NOT = N4 - ECT (13)
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As done for OT and NOT, the VOT can also be expressed
as a function of the losses:

VOT = NOT — (BLpp + BLgy) (14)

The Availability (A) can now be defined as follows:
OT  PPT — FLpw

PPT PPT
FL BL BL
_ fhow _ EFB + BLsga (15)
PPT PPT
In the same way, we can express the value of the Perfor-

mance (P):

A=

NOT _ OT — FLgp

or or
FL BL BL
_q_thse s + BLRs (16)
or oT
The Quality (Q) describes the percentage of compliant

production time. It can thus be calculated as follows:
VOT  NOT — FLpr FLpr
@=Nor = wor NOT
Figure 1 summarizes the relationship between all the
parameters and the losses introduced so far. Substituting the
equations defining A (Eq. (15)), P (Eq. (16)) and Q (Eq. (17))
in Eq. (1), the formulation of the OFEE expressed by Eq. (2)
is obtained:

P =

=1 (17)

o1 NoT Vvor VOoT

OEE =A-P-Q= . . =
Q PPT OT NOT  PPT

(18)

V. A FRAMEWORK FOR A SERVICE COMPANY

This section describes how the OEE framework can be
adapted to be applied to a service company. We distinguish a
service company from an industry by the fact that the former
generates profits by providing services to its customers, while
the latter focuses on manufacturing products. The general
characteristics of the service company are:

o Services are provided by Specialized Operators (SOs)
through the execution of activity.

« Activities are performed at the customer’s site.

o The SO is required to personally move to the customer’s
site, i.e., a travel is required before performing the
Activity.

« One single SO carries out multiple Activities at different
customer sites during the working day.

« Activities could be of different types.

A. THE WORKING DAY

The working day is defined as the total time, during one day,
in which the SO is contractually bound to the company. The
working day includes the 77 (Definition 1) and other possible
periods, such as the lunch break. Figure 2 reports the parts of
the working day described in this section.

During the working day, we distinguish between the 77T
and the PPT (Definition 4). The PPT is the total potential
time that is available to carry out the activities, which is
obtained by removing the Planned Maintenance Time (PMT)
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from the TT. The PMT is composed of all the Planned
Maintenance Stops (PMSs). In turn, PMSs are defined as
follows:

Definition 9: A Planned Maintenance Stop (PMS) is

defined as any necessary pause for the SO during which no
added-value work is performed.
Depending on the motivation of the pause, PMS's can be either
included or not included in the 77. The distinction is based
on the fact that the time associated with an included PMS is
paid by the company to the SO, while a not-included PMS
is not paid, although it is part of the working day. Examples
of included PMSs are courses, meetings and work permits,
while not-included PMS's are lunch breaks.

Formally, we denote with PMS the set of PMSs, both
included and not included:

PMS = {PMS; :i € [1, Npus]} 19)

where Npys is the number of PMSs in the working day. Each
element PMS; corresponds to the duration of the i-th PMS
tracked during the working day.
We also define PMT as the sum of all the PMSs:
Npums
PMT = > InTT; - PMS; (20)
i=1
where

1, if PMS; is included in the TT
InTT; = . . . . 21
0, if PMS; is not included in the TT
Therefore, PMT is composed of the PMSs that are included
inthe 77T.
According to the approach proposed by Invancic in [23],
the PPT is obtained by excluding the contribution of the PMT
from the 77':

PPT =TT — PMT (22)

Finally, we introduce the following concept:

Definition 10: The Observed Planned Productive Time

(OPPT) is the total observed (measured) duration of all the
operations planned in the PPT .
The relationship between PPT and OPPT is that the former
represents the expected duration of the operations performed
by the SO, while the latter is the measure of the actual duration
for such operations.

B. TASKS AND ACTIVITIES
During a working day, the OPPT is divided into a sequence of
tasks. We denote with t; the i-th task. Each task is composed
of a travel and the actual operation that must be carried out
during the task itself. We consider 3 types of operations:
activities, service activities and PMSs. The latter is defined
in Definition 9, while the former are defined as follows.
Definition 11: Activities are operations that are related to
the service provided by the company to its customers.
Only a compliant completed activity is paid for by the cus-
tomer; therefore, only compliant activities are recognized as
value-added time.
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Total Time Available [TT]

Loading Time
Total Planned Production Time [PPT]

MaPil:tr:ezZice CEz=ARPRO
) OEE = (VOT / PPT)%
Time

The Six Big Losses

Operating Time [OT]

Losses
[FLpw]

Downtime

1. Equipment Failure /

Breakdown [BLggp] AVAILABILITY

Speed Losses

[A]
2. Setup & Adjustment A=(OT/PPT)%

[BLsgal

3. Idling & Minor Stoppage

[BLiws] PERFORMANCE

Net Operating Time [NOT] [FLgp)
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FIGURE 1. Relationship between all the parameters in the OEE definition. This representation is an adaption of a figure proposed

in [5] using the notation adopted in this work.

Workday

PMS not included in the TT

Lunch Break

Total Time Available [TT] ‘

— |

Planned Maintenance Time [PMT]

Planned Production Time [PPT] ‘

—

s

FIGURE 2. Partitioning of a working day with an example of expected timings for the various sections of the day.

Definition 12: Service activity are operations that are
required to support the work of the SO, but they do not
generate added value for the company.

Service activity can be either scheduled or
unscheduled. In both cases, a service activity
reduces the available time to perform value-added
operations.

The type of activities depends on the core business of
the considered company. For example, the activities for a
telecommunication company can include maintenance inter-
ventions on telecommunication lines, while examples of ser-
vice activities include refuelling of vehicles, picking in the
warehouse, etc.

During a working day, there is a total of N tasks composed
of Ny activities, Ng4 service activities and Npys PMSs. The
set 7 of tasks performed during a working day can be defined
as follows:

T={wu:ie[l,N]} (23)

where N = Njg + Nga + Npys.
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To identify the various types of tasks, we use the following
notation:

! = (Bype;, ECT;, OCT;, ETT;, OTT;, C;, K;, S;) (24)

54 = (Bype;, ECT;, OCT;, ETT;, OTT ;) (25)
™S = (Type;, ECT;, OCT;, ETT;, OTT;, InTT;) ~ (26)
where
o Tl-A, tl-SA and tiP MS represent activities, service activities,
PMSs.

o Type, is the type of operation associated with the task;

o ECT; is the Expected Cycle Time (ECT), the expected
(planned) time to complete the task;

e OCT; is the Observed Cycle Time (OCT), the actual
(measured) time required to complete the task;

o ETT; is the Expected Travel Time (ETT), the expected
(planned) duration of the travel;

e OTT; is the Observed Travel Time (OTT), the actual
(measured) duration of the travel;

o C;is the compliance status of a closed activity (Boolean
value);
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Na Activity Task T

N = Na + Nsa + Npus
Total Task and Travel
during the working day

Included in the TT

Not included in the TT

Npys PMS Task TPMS

FIGURE 3. The 3 types of tasks considered in the proposed framework.

1—» Completed Compliant Activity
1
|| Re  Completed non-Compliant Activity
C
Completed
1 = NotCompleted Suspended Activity
L S
Suspended 0—» Not Completed Aborted Activity

FIGURE 4. The types of activities considered in the framework with their
relationships.

Na Activity Task T4

e K; is the completion status of the activity (Boolean
value).

o S; captures the type of problem that occurred to an
uncompleted activity; its value is 1 if the activity is
suspended, or O if it is aborted.

e InTT;is a PMS that is included or not in the 77 .

Figure 3 summarizes the considered types of tasks and
their relationships, while Figure 4 shows the different options
for activities. It is worth recalling that, an activity that is
non-compliant or uncompleted, will the reworked later by the
same or a different SO. This becomes a new task, which is
accounted for as a new activity.

Interestingly, in the notation adopted for rlf“, ‘L'iSA and rl-P MS,
some parameters are common to the three types of tasks,
while other parameters are specific to one type.

The operation carried out during task t;, independently
from the type of task, is tracked by logging the two following
quantities:

e OPE f (Operational Event - Start), when the SO arrives
at the site where the operation is associated with task t;
must be performed, before starting the work;

o OPEﬁE (Operational Event - End) when the SO finishes
the operation, before leaving the site.

For each SO and for each of his working day, a temporally
ordered sequence of pairs of events associated with the per-
formed tasks is generated. For each i-th pair of events, the
following relationship holds:

OPE} < OPEE

Therefore, as shown in Figure 5, the t; task is performed
between OPEE | and OPE®. Formally, the following rela-
tionship holds between the start and finishing times of a task
7; and times tracked for the operation and the travel:

OTT; + OCT; = OPEY — OPE® | (27)
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OPEE OPE{ OPE?

+—— Travel Activity

/ Previous Task (i-1)-th Task i-th

Next Task (i+1)-th /

. OTT,
Observed Task i-th J ocr,

Expected Task i-th

FIGURE 5. The i-th task between the preceding and the next one, and the
two entities composing it: the travel and the activity.

The start event of the 7; task (OPE ZS ) divides the period of
7; into two parts: the first part corresponds to the Observed
Travel Time (OTT), while the second is the Observed Cycle
Time (OCT).

Figure 5 shows the i-th task between the previous (i — 1)-th
and the next (i 4+ 1)-th ones, and the two entities composing
it, i.e., the travel and the operation.

The remainder of this section provides formal definitions
and details regarding the parameters that are used to define a
task.

1) TYPE OF OPERATION AND EXPECTED CYCLE TIME (ECT)
Each task has an associated Type. We define with L the
number of different types of operations that can be performed
by an SO. The term ECT; represents the expected amount of
time required to execute the j-th type of operation. We define
ECT as the set of all the ECT ;:

ECT ={ECT;:j=1...L} (28)

The expected duration of the operation carried out during
task 7; is ECT; € ECT.

2) OBSERVED CYCLE TIME (OCT)

The actual (measured) duration of the operation carried out
during task 7; is defined as OCT;. OCT; is the difference
between the timestamps of the two events associated to the
task:

OCT; = OPEF — OPE? (29)

OCT is defined as the set of OCT;, for every t;:
OCT ={OCT;:ie[1,N]} (30)
Each element of OCT is the actual time taken to perform

the corresponding operation.

3) EXPECTED TRAVEL TIME (ETT)

We define with ETT; the expected time required to reach the
site to perform the i-th operation, moving from the previous
location. ETT is defined as the set of ETT; for all the travels:

ETT = {ETT; : i € [1,N]} 31)

Some processes require an additional travel to occur after
the last task. The expected duration of this optional and
additional travel is denoted ETT 1. The travel starts at the
end of the N-th operation, which belongs to the last task 7y,
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and allows SO to return to the final place of the working day.
This place can be either a home or office. This last travel may
or may not be considered within the PPT without impacting
the reliability of the assessment. The first travel, associated
with task t;, can be also either considered or not without
impacting the proposed framework. In Figure 6, the two
travels are not considered in the PPT; this is outlined by their
gray color in the image.

4) OBSERVED TRAVEL TIME (OTT)

The actual (measured) duration of the travel of task t; is
defined as OTT;. The time interval between OPEf:_ s 1€,
the end of the previous task, and OPE lS , 1.e., the start of the
current operation, corresponds to the required time to reach
the location of the i-th operation moving from the location of

the (i — 1)-th task. The calculation is as follows:

OTT; = OPE? — OPEE | (32)
OTT is defined as the set of N OTT ;:
OTT ={OTT; :i € [1,N]} (33)

The duration of the optional last travel from the last task to the
place where the working day is considered to be concluded,
is denoted with OTT 1.

5) COMPLIANCE

Compliance is a characteristic that is valid only for the Ny
tasks tl.A associated with activities. Compliant activities are
the ones that bring added value to the company, since they
are the only ones paid by customers. The compliance of an
activity is determined by the customer once the activity is
completed, typically on the basis of contractual agreements.
Therefore, they are the only activities that are considered in
the calculation of the OEE. C; represents the compliance of
activity rlA. Itis a Boolean variable that is assigned as follows:

1, if the activity of rlA is compliant

Ci = 34)

0, if the activity of rlA is non-compliant
The set of compliance of all the activities C is defined as:
C={C :Vie[l,Na.], 7 €T} (35)

while the negated values of the C attribute as
C={Ci:Vie[l,Na].Ci=1-C} (36)

where the symbols Na. and Na. denote respectively the
number of compliant and non-compliant activities. Therefore,
the following relationships hold:

Na = Nac + Naz
and
CuC=14
CNnC=o

meaning that an activity can be either compliant or non-
compliant.
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Given the above definitions, it is worth report that various
previously defined terms, under specific assumptions, can
be rewritten to match their traditional formulation in the
scientific literature. This is the case for the following terms.

If all the activities have the same ECT, i.e.,

VECT; e ECT : ECT; = ECT
the VOT can be calculated as follows:
VOT = Ny - ECT (37)

As a consequence, by combining Eq. (37) with Eq. (2), the
value of OEE can be calculated as follows:

OEE = Ny - ECT /PPT

Moreover, two factors composing the OFEE, namely P and Q,
could be expressed as a function of production factors. Using
Eq. (13) and Eq. (16), the value of P can be formulated as
follows:

NOT
P=—— =Ny -ECT/OT
oT

On the other hand, by combining Eq. (17) with Eq. (13) and
Eq. (37), the value of Q can be written as

oo Yor e
~ Nor A4

Interestingly, the value of Q results independent from ECT .
However, to calculate the value of P and Q it is necessary to
know also the number of non-compliant activities.

6) COMPLETION OF ACTIVITIES
We define as K; the Boolean state of the i-th activity t{‘ that
is completed.

We define with K the set of the completion statuses of all
the activities associated with tasks rl-A:

K =(K;:Vie[l,Na], 7 € T} (38)

An activity can be permanently closed (completed) or not
completed. Only a completed and closed activity can be
assessed for its compliance. On the other hand, if the activity
is not completed, it must be reopened later to be concluded.

An uncompleted activity can be annotated by the cause to
improve the possibility of analyzing the phenomenon. This
aspect is further specified in Section V-B8.

We introduce the negated values of the Completion
attribute as

K={K;:Vie[l,Ns].K; =1—K;} (39)

7) RELATIONSHIP BETWEEN COMPLIANCE AND
COMPLETION

Regarding the compliance of activities, an activity can be
non-compliant for several reasons. An activity is rejected
when, after its completion, the work is considered non-
compliant. In case of rejection, the activity is thus completed.
The rejection takes place after completion of the activity, for
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FIGURE 6. Partitioning of a working day with the indication of observed tasks with their observed (measured) timings.

TABLE 1. The possible combinations of the two variables C; and K; for
activities of tasks z. Only 3 of the 4 combinations are possible, as a
compliant activity is always completed.

K;=0 K;=1
7 =0 | UnCompleted and = Completed but
Non-Compliant Non-Compliant
=1 This case is Completed and
not possible Compliant

example when the quality of the performed work does not
comply with contractual terms.

Another case is when an activity can not be completed due
to some external problems. An activity is “uncompleted” if
it is not possible to complete it and it is necessary to inter-
vene again. Therefore, an uncompleted activity is also non-
compliant. In this case, the SO may not use all the expected
time ECT; to work the activity of task 1: . Usually, he stops
the activity work before its completion.

Table 1 describes the possible combinations of the two
variables C; and K; for activities of tasks rlf“. Only 3 out of the
4 combinations are possible, as a compliant activity is always
completed.

8) SUSPENSION AND ABORTION OF ACTIVITIES

An uncompleted activity can be terminated with specific
statuses. Alternatively, it can be either suspended or aborted,
according to the following definitions:

« Suspended: An activity is suspended when a temporary
problem occurs during the operation. The activity is usu-
ally subsequently completed during the same working
day.

o Aborted: An activity is aborted when a blocking situa-
tion does not allow one to carry on the operation. There
is the possibility that the same activity is worked in the
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following days, once the block is removed. The activity
may be assigned to another SO.
Suspension and abortion are mutually exclusive conditions
for an uncompleted activity.
To capture the state of uncompleted activities, we define
as S; the Boolean state of the i-th activity, with the following
meaning:

S — 1, if the activity of task rl-A is suspended (40)
"7 lo, ifnot (the activity of task riA is aborted)
‘We define with S the set of the suspended/aborted states of
all the uncompleted activities:

={S;:Vie[l,Na), 7" € T} 41)

Being uncompleted, aborted or suspended activities are
implicitly non-compliant.
We introduce the negated values of the S attribute as

={Si:Vie[l,Nal,Si=1-S5}) (42)
C. REFORMULATION OF RELEVANT TERMS

This section introduces the reformulation of all the relevant
that have been presented so far, in view of the fact that
different types of activities can be provided by the service
company.

1) VALUABLE OPERATING TIME (VOT)
The VOT, as defined in Definition 3, is the sum of the ECT's
of compliant activities only. Formally, it can be calculated as:

Ny
VOT =% " Ci-ECT; Vrl'eT
i=1

(43)
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2) OEE - SIMPLE EQUATION
The complete formulation of the OEE considers that, during a
time interval equal to the PPT , the SO can work on a sequence
of N4 activities.

We can thus combine Eq. (1) and Eq. (43) to obtain the
following formulation of the OEE:

_YM G ECT
B PPT

OEE viteT (44)
3) NET OPERATING TIME (NOT)
The NOT is the sum of the ECT's of all N4 activities, both
compliant and non-compliant:
Na
NOT = ECT; (45)
i=1
4) P AND Q
Using Eq. (13) and Eq. (15), Eq. (16) that define P can be
written as
NOT  YM ECT: Y ECT;
or oT ~ PPT — FLpwy
Similarly, by combining Eq. (43) and Eq. (45), Q can be
written as

P= (46)

VOT ¥ Ci-ECT; X M C: - ECT;

NOT NOT M ECT;

Q =
(47)

D. REPRESENTATION OF PARAMETERS

This section introduces two views, namely PPT View and
OEE View, under which the results of the analysis will be
represented.

Table 2 shows the 6 losses and the three OEE parameters,
OT, NOT and VOT, grouped by the three factors, A, P and Q.
Each factor in the first column of the table is associated with
the value that corresponds to the sum of the three parameters
reported in the second column. The equations that relate the
various parameters are reported in the third column.

Each of the parameters in the second column can be nor-
malized in two different ways, leading to the aforementioned
views:

o The PPT View is obtained by normalizing with respect
to the PPT (column 4 in Table 2).

« The OEE View is obtained by normalizing with respect
to the relative sum of the parameters (column J), i.e.,
PPT, OT, and NOT, respectively for the parameters
of A, P and Q. In this way, the 6 losses normalized
according to the OEE framework and the three factors
A, P and Q are obtained. It is worth remembering that
the sum of the parameters in the OEE View are always
equal to 100%.

It is interesting to note how the two views are identical for
the parameters related to A, since the normalization parameter
of the OEE View is equal to PPT (Eq. (15)). In PPT View,
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the normalization transforms the NOT parameter into the
following

NOT % = NOT |PPT (48)

while in the OEE View it becomes the P factor (Eq. (16)).

Regarding the VOT, the normalization in the OEE View
transforms the parameter into the Q factor while, in the PPT
View, the value of VOT normalized with respect to the PPT
corresponds to OEE by definition (Eq. (2)). Consequently,
the OEE View is made by 10 parameters, i.e., the 9 parameters
reported in column 5, plus the OEE, while the PPT View is
made by 9 parameters, reported in column 4, since the last
one is the OEE itself.

The numerical example reported in Table 2 shows a com-
parison of the parameters under the two different views. The
value of the 6 losses is set to 10 time units for simplicity,
and PPT = 100 time units. In the PPT View the losses are
always equal to 10%, while in the OEE View the value of
the parameters related to P and Q depends on OT = 80 and
NOT = 60 time units.

The same information is represented graphically in Fig-
ure 7, which clearly shows the contribution of the losses with
respect to PPT for the PPT View and with respect to PPT, OT
and NOT , respectively for the parameters of A, P and Q. From
left to right, the graph shows how the impact of the losses
subtract time from the PPT to obtain the VOT , i.e., the time in
which there is the generation of added-value for the company.
In each reduction step associated with the losses in the same
family, in the PPT View the reductions are always evaluated
w.r.t. to PPT, while in the OEE View they are calculated w.r.t.
to the impact of the losses of the families in the previous steps.

E. THE TRACKING PROCEDURE

The application of the OEE requires the tracking of each
individual OPE's during the working day. The tracking is done
by logging the start and the end of the operations carried out
in every task, according to the following definition:

Definition 13: The Operational Interval (OPI) is the time
interval in which the SO performs an activity, service activity
or PMS.

In this sense, OPI; can be seen as part of the working day
that is associated to start (OPE f) and end (OPE f ) times.

This section describes the procedure for tracking the work-
ing day of the Specialized Operator (SO). The following
information are required:

o The SO identifier.

o The OPE f and OPEﬁE associated to the start and the end

of the operation.

o Type of operation during the OPI, which can be an

activity, service activity, or PMS.

o Optionally, the geographic coordinates of the Opera-

tional Interval.

The start of a new operation involves the simultaneous
termination of the previous travel in the same task. In this
way, the current operation of the SO is known at any moment,
with no untracked downtime gaps.
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TABLE 2. Theoretical and numerical example to compare the PPT and OEE views.

Inde Parameters ~ Sum parameter PPT View OEE View Example
x ump Parameter/PPT Time units PPT View  OEE View
(PPT = 100)
BLgrp BLgrp/PPT BLgrp/PPT 10 10% 10%
A BLgg A PPT (Eq. (10)) BLgg 4 /PPT BLgg A/ PPT 10 10% 10%
or OT/PPT =A OT/PPT =A 80 80% 80%
BLys BLys/PPT BLiys/OT 10 10% 12.5%
P BLRgs OT (Eq. (12)) BLrs/PPT BLRrs/OT 10 10% 12.5%
NOT NOT/PPT = NOT% | NOT/OT =P 60 60% 75%
BLpp BLpp/PPT BLpp/NOT 10 10% 16.7%
Q BLRry NOT (Eq.(14)) | BLgry/PPT BLry/NOT 10 10% 16.7%
voT VOT/PPT = OEE VOT/NOT =Q 40 40% 66.6%
FLpy % reduction from PPT = ’ . r— . o
% ti oT reduction from NOT
, @ sp re/ﬁn rom DF edu
100 &= RS
l & OEE=AxPxQ=
= l 80% x 75% x 66,7% = 40%
N Blers oy RN , 8 o
PPT 10%
PPT 12,5% BLius —
BLiys FPPT ¢ RGN
oT Blys
PPT
OEE VIEW 67% Lo, "
BlLpy  PPT 10% 1R , 40
NOT - » Blapy  PPT
or _, ppr = NoT% S NOT
PPT
vor »
por - VFE
A=1-20% =80% P=1-25%=75% Q=1-33,3% =66,7%
PPT [BLgrg] [BLsgal ot [BLiusl [BLkgs] NOT [BLppl [BLgy] vot
Equipment Setup & Idling and  Reduce Speed Process Defect Reduce Yield
Failure and  Adjustment Minor
Breakdown Stoppages

FIGURE 7. Comparison between OEE View and PPT view. The 6 losses have same value equal to 10 time units; PPT is equal to 100 time units.

This arrangement does not clearly apply to the very first
event of the working day. The first event of the working day
is tracked by the start of the first task.

Figure 8 describes the operational process proposed in
this work, and the relationships among the different types of
operations. In particular, the workflow captures the fact that
a travel is always required for moving from one operation to
the next one. The pair formed by a travel and an operation
composes the task.

The elements that appear in Figure 8 are:

o The activity Operational Interval type is labelled with a
“green V’’; it is the only Operational Interval type that
can generate added value (if the activity is considered
compliant).

o The two Operational Interval types, service activity and
travel, are tagged with a “‘red X’; this indicates that they
do not generate added value; in other terms, they are
losses by definition. Therefore, the travel Operational
Interval type is also a service activity. However, it is
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considered separately due to its great relevance in the
definition of the Task.

o Finally, the Planned Maintenance Stop (PMS) Opera-
tional Interval type is tagged with a “‘gray box”. A
Planned Maintenance Stop (PMS) must be tracked to
determine the PPT net time, but it is excluded from the
OEFE framework.

In terms of relationships among the various types of Oper-
ational Intervals, each working day can start and end with
any Operational Interval type. An Operational Interval can
be followed by any other type of Operational Interval. OPE's
are thus associated with the transitions in Figure 8.

F. EXAMPLE OF RELATIONSHIP AMONG RELEVANT
FACTORS

This section presents a numerical example showing how the
meaning of NOT changes depending on whether it is related
to PPT or OT.
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START
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Planned
Maintenance

Stop
1

OPE Start

OPE Start
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FIGURE 8. The operational process involving the 3 different types of
operations used to represent the SO working day. The transition from one
operation to another always requires a travel. The green icon identifies an
operation that could generate added value, while the red icon is
associated with operations that are always losses. The gray icon is
associated with the PMS, which is not included in the PPT.

The same values of NOT and VOT assume different mean-
ings if compared with different values of OT and NOT,
respectively. The ratio between NOT and the available time
OT is equal to P (Eq. (16)), while the ratio between VOT and
the available time NOT is equal to Q (Eq. (17)). Therefore,
P and Q could be different even for the same value of NOT
and VOT, since their values also depend on OT and NOT,
respectively.

To better understand the relationships among the above
quantities, we provide the examples defined by the quantities
in Table 3. We consider 8 working days having a value of PPT
equal to 8 hours each, and a value of VOT equal to 2 hours.
Therefore, the OFEE is equal to 25% for every working day.
In the calculations, the term NOT % is defined as in Eq. (48).

For the first 4 working days, the value of NOT is equal
to 5 hours; therefore, the value of NOT % is equal to 63%
in every case. However, the value of P must take into account
the 5 hours of NOT with respect to the available time, i.e., the
OT. The value of P is not simply equal to NOT %; the NOT
must be contextualized with respect to OT . Therefore, for the
first 4 working days, the values of P are different, although
NOT values are the same.

The 8 working days have a value of VOT equal to 2 hours.
For the first 4 working days, Q is equal to 40% due to the
fact that the values of NOT are the same. However, in the
latter 4 working days the value of NOT is different. The OEE,
which corresponds to the ratio between VOT and PPT, does
not change. On the other hand, O does change: it grows as the
NOT time decreases, as there is less time for non-compliant
activities.

VI. LOSSES IN A SERVICE COMPANY

Among the main objectives of this work, there is the assess-
ment of the production efficiency of the SOs. These objectives
are mainly addressed by question Q3, but also by question
Q1. Moreover, question Q2 is also relevant, referring to
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the assessment of the performance related to the territory.
According to such objectives, losses are divided between
those attributable to the company and those to the SOs.

The losses that are due to the company depend on all those
actions required for preparing the SO for production. By def-
inition, these are the 6 losses that reduce the PPT of the SO,
since they reduce the Availability. Table 4 shows the list of
losses that are considered in our model. The first 2 losses are
caused by the company and impact the Availability. The other
4 losses are attributable to the SO and impact Performance
and Quality.

Only compliant activities are considered value-added. Any
additional operation performed by the SO during his working
day, i.e., service activities or travels, are considered losses by
definition. PMS's are also losses, but are not considered in the
calculation of the OEE since they are excluded from the PPT
by definition.

This section discusses the losses affecting the processes of
a service company in relation to the losses modeled in the
OEE framework.

A. EQUIPMENT FAILURE AND BREAKDOWN BLgrg
The BLgFp is part of the Down Time Family Losses (FLpw ),
which is the first of the 3 large families of losses FL intro-
duced in Section I'V. This loss has a direct impact in reducing
Availability. This type of loss includes all the problems and
breakdowns of the SO’s equipment that do not allow him
to adequately carry out his work. This type of loss is not
attributable to the SO. All the interruptions must be tracked
as service activities, since they contribute to the calculation
of BLgrp.

Formally speaking, the loss - denoted as BnggSA - can be
calculated as follows:

Nsa
BLEp =Y ECT; vVt eT (49)

i=1

It is worth noting that the Npys ECT's associated to PMS's
are not considered in this equation, since PMS's are excluded
from the PPT by definition.

One type of loss belonging to this class is related to
the refueling of the service vehicle, which is the sum of
all refueling service activities during the PPT. Problems or
breakdowns that may affect the service vehicle are also part
of this type of loss.

Similar problems may be related to defects in the technical
equipment provided to the SO, which is necessary for per-
forming the activities. This loss is equal to the sum of all
durations of Stock Replenishment service activities during
the PPT .

B. SET-UPS AND ADJUSTMENTS BLgg,

The BLgg4 is also part of the Down Time Family Losses
(FLpw), which is the first of the 3 large families of losses
FL introduced in Section IV. Similarly to BLgrp, this loss
has a direct impact on reducing Availability. This type of
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TABLE 3. 8 sample days to show the values of P and Q, and the relationships with the values of OT, NOT, VOT.

workingday PPT OT NOT NOT% P VOoT Q OFE
1 8 8 5 5/8=63% 5/8=63% 2 2/5=40%  2/8=25%
2 8 7 5 5/8=63% 5/7=T1% 2 2/5=40%  2/8=25%
3 8 6 5 5/8=63% 5/6=83% 2 2/5=40%  2/8=25%
4 8 5 5 5/8=63%  5/5=100% 2 2/5=40%  2/8=25%
5 8 8 7 7/8=88% 7/8=88% 2 2/7=29%  2/8=25%
6 8 7 6 6/8=75% 6/7=86% 2 2/6=33%  2/8=25%
7 8 6 5 5/8=63% 5/6=83% 2 2/5=40%  2/8=25%
8 8 5 4 4/8=50% 4/5=80% 2 2/4=50%  2/8=25%

TABLE 4. The six losses are associated with the family, the impacted parameter and the cause (Company or SO).

N. Loss All Big Losses (BL)  Family All Family Losses (FL)  Referto  Attributable to
1 BLgrB DownTime FLpw A Company

2 BLsg A DownTime FLpw A Company

3 BLiys Speed FLgp P SO

4 BLRS Speed FLSP P SO

5 BLpp Defect FLpg Q SO

6 BLpy Defect FLpp Q SO

loss includes all the necessary operations to enable the SO to
perform the assigned activities. Although the work associated
with these operations is not a “problem” in the strict sense,
it corresponds to necessary service activities scheduled by the
company. The corresponding losses are thus attributable to
the company.

Within this type of loss, the travel required by the SO
to perform a new activity, can be considered a ‘“Set-ups
and Adjustments” operation. To draw the comparison with
the manufacturing domain, this type of loss occurs when a
production unit changes the type of good to produce.

In a working day, there are Ng4 + Nsa travels, one for
each performed task of activity (‘E[A) and service activity (rl.SA)
types. The BLEZY is defined as the sum of the ETT's for all
the travels.

Formally, the loss can be calculated as follows:

Na+Nsa
BLEG = > ETT; Vi'.tfheT (50)
i=1
It is worth noting that the Npys travels associated to PMS's

are not considered in Eq. (50) since PMS's are excluded from
the PPT by definition.

C. IDLING AND MINOR STOPPAGES BL,ys
The BLjys is part of the Speed Family Losses (FLgp). They
consist in all the short stops that are hard to track accurately.
They also account for the lost time that is not tracked in all
the other aspects of the model. In other words, they include all
the losses that can not be recorded precisely. This loss reduces
the PPT, and it is thus attributable to the SO.

Formally, the BLjys can be calculated as a difference
between the PPT, the VOT and all the other sources of losses:

BLjys = PPT — VOT — BLgpp — BLsga

—BLgs — BLpp — BLgy  (51)
The equation derives from the relationship in Eq. (6).
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The better the loss tracking, the less untracked time falls
into the BLpyss. As a straightforward consequence, improve-
ments in the tracking of hidden losses enable a better analysis
of overall losses.

1) OBSERVED LOSSES FOR service activities, PMSs, AND
TRAVELS

The extra time used by SO for service activities, PMSs, and
travels, w.r.t. the estimated time, is a loss attributable to the
SO. 1tis the difference between the observed and the expected
durations of the corresponding operations. This extra time can
also be negative, if SO takes less time than expected. When
the extra time is negative, the related loss is mitigated.

The losses corresponding to the 3 types of operations are
denoted as BLg,[CSTSA, BLI(‘z)v[s PMS and BLI%ITST, respectively for
the service activities, PMS's and travels.

The 3 losses can be calculated as follows:

Nsa
BLjid =Y OCT; —ECT; ¥t eT  (52)
i=1
Npys
BLpid ™ =Y OCT; — ECT; Vi eT (53)
i=1
N
BLYT = " o1T; — ETT, 4

i=1

D. REDUCED SPEED BLgg

The Reduced Speed (BLgs) losses refer to the extra time
taken by the SO to perform the activity. It is part of the
Speed Family Losses (FLgp). Their overall effect on the OEE
is to reduce Performance. These losses are related to the
actual time spent on carrying out the activities. The speed
reduction is calculated by comparing the actual time spent
versus the expected time to complete the activity. These losses
are attributable to the SO.
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The following equation allows calculating the total BLgg
loss as the sum of the differences between the OCT and ECT
of each activity:

Na
BLgg™ =Y OCT; —ECT; Vi'eT (55
i=1
A positive value means that the SO takes longer than
expected to perform the activities. Therefore, it is a loss.
Otherwise, it corresponds to a gain w.r.t. the expected time.
A deviation from the ECT, both positive and negative,
represents a problem that needs to be analyzed since it is a
“defect” w.r.t. the standard expected behavior.

E. PROCESS DEFECTS BLpp
The Process Defects (BLpp) loss captures the reduction of
the Quality due to the completed activities that are non-
compliant. It is part of the Defect Family Losses (FLpF).
The following equation defines the term BLIID(DC , which rep-
resents the sum of the ECT's for all non-compliant activities
(C; = 1) that are completed (K; = 1):
_ M
BLES =Y Ci-Ki-ECT; Vi!eT (56)
i=1

Such non-compliant activities are not paid by the customer.

F. REDUCE YIELD BLgy
The Reduce Yield (BLgy) loss captures the reduction of
the Quality due to uncompleted activities for suspension or
abortion. It is part of the Defect Family Losses (FLpF).

The following equation defines the term BLgy, represent-
ing the sum of the ECT's for all the uncompleted activities:

Na
BLEK, = ZE "ECT; vViteT (57)
i=1
Uncompleted activities are also non-compliant.

If the impact of uncompleted activities is significant, it is
worth analyzing the composition of BLR?Y more deeply. Con-
sidering Eq. (41), the BLE,, as calculated in Eq. (57), can be
due to two different causes:

1) BLEf is defined as the sum of the ECT's for all uncom-

pleted activities that are suspended, i.e., having S; = 1
(see Section V-BS):

— NA
BLgy = K;-Si-ECT; Vi!'eT  (58)
i=1
2) BL{?[S) is defined as the sum of the ECT's for all uncom-
pleted activities that are aborted, i.e., having S; = 0
(see again Section V-BS):
N NA
BLy =) Ki-S5i-ECT; Vr'eT  (59)
i=1
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The following relationship between losses holds:
BLK, = BLKS + BLES (60)

Table 5 describes the possible combinations of the 3 vari-
ables C (compliance), K (completion) and S (suspen-
sion/abortion). Some combinations are not possible. For
example, a completed activity can not be suspended or
aborted, while an aborted or suspended activity is uncom-
pleted and can not thus be compliant.

G. SUMMARY OF THE LOSSES

A summary of all the losses is reported in Table 6. In the table,
every single loss, described in the previous sections, is asso-
ciated with the family of the loss itself, the corresponding big
loss, the impacting factor and the cause of the loss.

H. USING OCT INSTEAD OF ECT FOR MORE ACCURATE
CALCULATIONS

This section addresses question QS by describing the use
of OCT instead of ECT for more accurate calculations
of P and Q.

Uncompleted activities are suspended or postponed due
to the lack of the necessary operational conditions. In most
cases, this situation is detected almost immediately after the
beginning of the activity. This affects the OCT, since an
uncompleted activity has an observed duration that can be
much shorter than the expected one (ECT). For this reason,
if ECT is used for uncompleted activities in the calculation
of OT , this determines an overestimation of the Performance.
This because an activity would appear to be completed in a
very short time, instead it is prematurely terminated since the
necessary conditions to carry out the activity are not achieved.

Since the value of VOT, and thus the OEE, only depends
from the ECT of completed and compliant activities, the
overestimation of P determines an underestimation of Q.
Figure 9 provides an example showing the difference in using
ECT and OCT in the calculation of P and Q.

The use of OCT instead of ECT for uncompleted activities
solves the problem of the overestimation of P and the under-
estimation of Q. The example reports two cases: the use of
the standard OEE, and the use of the OCT in the calcula-
tions. The two cases are referred to as Standard OEE and
Compensated OEE, respectively. Standard and Compensated
cases use ECT and OCT - respectively — for 2 suspended and
2 aborted activities, to calculate the indicated losses. As can
be seen by the reported numbers, there is a difference in
both BLgrs and BLgy (—8 and +8 time units, respectively).
However, due to the formulation of the losses stated in Eq. (6),
these differences compensate for each other. In the equation,
all but the terms BLgs and BLgy remain unchanged. There-
fore, a positive contribution of one loss must correspond to
the equivalent negative contribution of the other one. On the
other hand, the value of NOT is affected by the change of the
BLgs (see Eq. (11)), changing its value from 27 to 19 time
units. The NOT appears in the formulation of P and Q,
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TABLE 5. The four possible states of an activity, resulting from the
combination of the 3 variables C;, K; and S;. Only the possible
combinations are shown. The n.a. acronym stands for “not applicable”.

Activity status Completion  Compliance  Suspended
(Cy) (K;) (S;)
Completed and Compliant 1 1 n.a.
Completed and Non-Compliant 1 0 n.a.
Uncompleted and Suspended 0 0 1
Uncompleted and Aborted 0 0 0

TABLE 6. Summary of all the considered losses, associated with the
family, the big loss, the impacting factor and the cause of the loss.

Loss OEE  Cause Loss Big
factor Family  Loss

BLECTs4 A Company FLpw BLgpp
BLE{, oor o A Company FLpw  BLgga
BLYLT, BL} ¢ %4, BLjys ™S P SO FLsp  BLpys
BLYSTA P SO FLsp  BLgg
Bng - Q SO FLpr  BLpp
BLES. BLES Q SO FLpr  BLpy

respectively as the numerator and denominator of Eq. (16)
and Eq. (17). This fact leads to different values of P and Q,
which are respectively overestimated and underestimated in
the Standard w.r.t. Compensated cases.

For the above purpose, Eq. (13) that defines the NOT can
be reformulated. The following equation, keeps into account
the contribution of completed activities (for which K; = 1)
using the ECT, and the contribution of uncompleted activities
using OCT (K; = 1):

Na
NOT = "(K; - ECT; + K; - OCT;) Vi e T (61)
i=1

Moreover, Eq. (55) can be re-formulated as follows, where
the term K; is explicitly taken into account:

Na
BLgS™ =Y K{OCT; — ECT)) Vi eT  (62)

i=1

In this new formulation of BLI?SC T4 the contribution of uncom-
pleted activities is suppressed since K; = 0.

The same considerations are made for BLI?SC T4 can be
applied to BLgy. Again, uncompleted activities are suspended
or postponed due to a lack of the necessary operating condi-
tions. If ECT is used for uncompleted activities, it determines
an overestimation of the P, which is compensated by an
increase in BL]I§Y and, therefore, a reduction of the Q.

Similarly to Eq. (62), Eq. (57) that defines BL;e(Y can be
re-formulated as follows:

BLfy =) K;-OCT; Vi!eT (63)
i=1

Eq. (58), which defines BLI?; , can also be reformulated as
— NA

BLE = K;-Si-OCT; Vi!'eT (64)
i=1
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Moreover, the new equation of BLIIQ(E, which is a reformula-

tion of Eq. (59), becomes the following:
BLy =Y Ki-5i-OCT; Vtl'eT (65)

i=1

VII. CASE STUDY

The proposed framework has been applied to a service com-
pany whose characteristics are reported and discussed in this
section.

The considered company is SIRTI S.p.A. The company
was founded in Italy in 1921. It operates in the telecom-
munications, energy and digital solutions sectors. Its main
market area is the telecommunications field. SIRTT is formed
by more than 3, 800 employees (year 2021). The considered
context of our analysis targets the activities performed by
SIRTT’s SOs on the Italian telephone Access Network (AN).

The clients of SIRTI are the primary telecommunications
companies. Such clients provide a fixed network service to
the end user, including Voice, Internet and Voice, and Internet.
The services provided by SIRTI to its clients refer to several
aspects related to the maintenance of physical communica-
tion lines. The telecommunication client companies send a
request to SIRTI every time they need an intervention on the
field for the maintenance of the AN.

On the territory, the company is organized into Cost Cen-
ters (CCs). A CC is bound to a geographical area. Each CC
is associated with one or more warehouses and headquarters.
There is a total of 18 CCs. The CCs are grouped in 5 territo-
ries. Figure 10 shows the map of territories and CCs.

A. DATA SOURCE AND COLLECTION

The SIRTI branch dedicated to the services related to the AN
is composed of 1,200 employees. The data that is used to
evaluate the proposed framework tracks the working days of
973 SOs on a period of 1 year in 2019, from January 1st
to December 31st. The data collection was done with the
informed consent of the employees and comply with the laws
on data protection.

The data collected by technicians (SOs) are related to activ-
ities with economic value but also with legal responsibility.
The operational information used in this thesis and other tech-
nical information are not only recorded for internal use at Sirti
but it is also sent to customers’ information systems. In the
event of a legal dispute by customers, these data have legal
validity. Both internal and customer audits are periodically
carried out on OPEs recordings to verify their quality and
correctness.

Every task related to the AN is assigned to the SO by
a procedure performed by the company’s workforce man-
agement information system. This allows for the dynamic
planning of tasks based on the SO’s availability, skills, and
their position. Moreover, it aims at minimizing the travel time
on the territory.

Each activity is uniquely identified by a number and it
is associated with the end user’s telephone line. Different
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Completed Compliant Completed Compliant

Observed Situation

Activity Activity Activity

Case 1
Standard OEE

Case 2
Compensated OEE

Case 1l

Completed Compliant

Completed non-Compliant  Completed non-Compliant
Activity Activity

OEE =9/27 A=24/27 P=27124=1125% Q=927 =33% BLgs = 3+2-8 = -3 BLgry = 6+6 =12 BLpp=3+3=6
Standard OEE
difference = -1/3 = -33% difference = +14% difference = -8 difference = +8
Case 2 OEE=9/27 A=24/27 P=1924=79.2% Q=9/19=47% BLrs=3+2=5 BLry=2+2=4 BLpp=3+3=6

Compensated OEE

FIGURE 9. Example showing the difference in using ECT and OCT in the calculation of P and Q. The use of OCT instead of ECT
for uncompleted activities solves the problem of overestimation of P and underestimation of Q. Colors are used according to

the palette adopted in Figure 4.

activities, with different unique identifiers, are possible for
the same telephone line. Two or more activities that start
simultaneously can never occur for the same SO.

Each SO is equipped with a smart device, tablet or smart-
phone. When on the field, the SO uses his smart device to
report the start and the end time of each operation, in real-
time. This allows the timely detection of the OPE's associated
with the task assigned and performed by the SO.

Considering the observation period of 1 year, during
which 952 SOs performed their tasks, a total of 66,562
8-hours working days have been tracked, equivalent to
532, 496 hours. A total of 474, 849 activities have been exe-
cuted during this period. The SO is considered to work at a
single CC in each specific working day.

Table 7 summarizes the main data.

VIII. ANALYSIS OF THE TERRITORIAL ORGANIZATION OF
THE COMPANY

This section presents an analysis of the territorial organization
of the company, and their SOs. The goal of the analysis is to
show the contributions of different territories and CCs to the
performance of the whole company.

The analysis of the performance of SOs is observable by
grouping the results according to the CC's or to the territory
where the SO’s work is carried out.

There are no mixed days, where one SO works on two
different CCs. However, a SO can work at different CC on
different working days. It is thus possible to distinguish two
classes of working days: “primary’, if the SO works at its
own CC and ““secondary” if SO works at a different CC.

Each individual SO executes a specific number of activities
during the observed period. This number mainly depends
on the number of working days, but does not represent a
fundamental information to evaluate the performance of the
SOs. In fact, the evaluation of the performance is strongly
affected by the ECT of the activities, and not only on their
number.

Each activity is associated with its co-ordinates, latitude
and longitude. Using the position of all the activities executed
by a SO, it is possible to associate a center of gravity to
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each SO. A center of gravity, or gravity point, corresponds to
the place where the SO works more often. For the calculation
of the gravity points, only the activities performed by the
SO in his primary CC were considered. This is because the
activities executed in secondary CC's are considered outliers
that would shift the gravity points.

The results related to the center of gravity are reported in
two distinct sections: In Section VIII-A, the analysis is done
by territory, while in Section VIII-B it is done by CC.

For the evaluation of the OFEE for each SO, the OEE value
is calculated using Eq. (2), considering the working days and
activities of the specific SO. The number of working days
associated with each SO, therefore, becomes an interesting
parameter to analyze.

Figure 11 shows a scatter plot with the relationship
between the value of the OEE and the number of working
days for each SO.

Figure 11a represents the LOESS Curve Fitting (Local
Polynomial Regression). This is a method for fitting a smooth
curve between two variables, or fitting a smooth surface
between an outcome and up to four predictor variables. The
curve shows an increase in the value of the OEE as the
number of working days performed by SOs increases. This
suggests that greater work continuity and experience are
related to higher performance.
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TABLE 7. The relevant numbers associated to the source of data and its
characteristics.

SOs  8-hour days
952 66,562

Activities
474,849

Hours
532,496

Figure 11b shows the same data in a scatter plot with
a 2-dimensional kernel density estimation. Level curves
show an agglomeration of SOs around 100 working days
and OEE = 50.

A. ANALYSIS OF SO BY TERRITORY
The number of SOs and the executed activities, divided by
primary and secondary territories, are shown in Figure 8.
As can be seen in the #SO column, only 16 SOs work in
a secondary territory. The number of executed activities in
a secondary territory corresponds to 949, which is equal to
0.2% of all activities. It is thus considered as not relevant
for the analysis. Therefore, in the calculation of the gravity
points, only the activities carried out in the primary CC are
considered.

Figure 12 represents the 952 gravity points, one for each
SO. The color of the points distinguishes the belonging to one
of the 5 territories.

B. ANALYSIS OF SPECIALIZED OPERATORS BY COST
CENTER

The number of SOs and executed activities, divided among
the CCs, are shown in Figure 9. There are 222 SOs working
in a secondary CC. The number of executed activities in
a secondary CC is 13, 691; it corresponds to 2.88% of all
activities. This percentage is higher w.r.t. the one presented
in Section VIII-A for territories. This is motivated by the fact
that CCs are smaller than territories, and therefore it is easier
for SOs to be loaned between adjacent CCs.

Figure 13 shows the 952 gravity points, one for each SO.
The color of points distinguishes the belonging to the differ-
ent CCs.

It is interesting to note that different SOs typically have
non-overlapping gravity points. This is because different SOs
are assigned to specific areas within the same CC, to leverage
their knowledge and experience about the environment.

IX. RESULTS

The data gathered for the SIRTI company described in
Section VII have been elaborated and are presented under
several viewpoints in this section.

The goal of the results is to show how the use of the pro-
posed framework can help in understanding the underlying
behavior and performance of the SOs during their work, and
to answer the questions posed in this paper. The evaluation
is done using all the working days. The obtained results
are presented under the two different views introduced in
Section V-D:

1) PPT View: As an impact on PPT . Each time interval is

expressed as a percentage of the PPT. To obtain the
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FIGURE 11. OEE value and number of working days for each SO. Each
point in the figures represents a single SO.

TABLE 8. The number of SOs and executed activities, grouped by
territory. The 952 SOs and the executed activities are grouped among the
5 territories. The numbers are divided into two categories, primary or
secondary, based on the working area of the SOs.

TERRITORY ~ PRIMARY SECONDARY Total
Territory #SO %SO #Act  %Actrow #SO %SO #Act %Actrow #SO %SO #Act  %Act row
CcE [ 154 1618% 73346 9984% 1  625% 117  016% 155 1628% 73463  100,00%
NE | 203 2132% 109057 9937% 11 6875% 689  063% 214 22,48% 109746 100,00%
NW | 183 1922% 76531 9987% 5 3125% 102  013% 185 19,43% 76633  100,00%
s1 | 302 3172% 166615 9998% 1  625% 32  002% 303 3183% 166647 100,00%
s2 110 1155% 48351  9998% 1  625% 9  002% 111 11,66% 48360  100,00%
Total 952 100,00% 473900 99,80% 16 100,00% 949  0,20% 952 100,00% 474849 100,00%
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FIGURE 12. The 952 gravity points, one for each SO. Different colors are
used for each of the 5 territories.

percentage, the time interval itself is divided by the
PPT value.
2) OEE View: According to the OEE framework.

The results of each view are presented for the
whole workforce and according to the territorial orga-
nization of the company, i.e., grouping by territory
and by CC.

A. RESULTS FOR THE PPT VIEW

This section presents the results for the PPT View. For a
better understanding, such results are shown in two equivalent
forms: 1) as absolute values of timing duration, and 2) as
percentage of PPT.
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TABLE 9. The number of SOs and executed activities, divided among the
CCs. The 952 SO and the executed activities are divided by the 18 CCs.
The numbers are divided into two categories, primary or secondary, based
on the CC where the SOs work.

cc PRIMARY SECONDARY Total

Territory  #SO %SO #Act %Act_row #SO %SO #Act  %Actrow #SO %SO #Act %Act_row

CE 154 16,18% 73346 99,84% 1 0,45% 117 0,16% 155 13,20% 73463 100,00%
6628 ‘ 7 0,74% 1217 100,00% 7 0,60% 1217  100,00%
6657 66 6,93% 30925  100,00% 66 5,62% 30925 100,00%
6665 ‘ 81 851% 41204 99,72% 1 0,45% 117 0,28% 82 6,98% 41321 100,00%

NE 203 21,32% 107268 97,74% 62 27,93% 2478 2,26% 265 22,57% 109746 100,00%

6653 ‘ 52 546% 23034 98,95% 4 1,80% 244 1,05% 56 4,77% 23278 100,00%
6654 70 735% 35169 9567% 43 1937% 1590 433% 113 9,63% 36759 100,00%

6656 ‘ 44 4,62% 26947 99,99% 1 0,45% 2 0,01% a5 3,83% 26949 100,00%
6681 37 3,89% 22118 97,18% 14 6,31% 642 2,82% 51 4,34% 22760 100,00%
Nw ‘ 183 19,22% 71951 93,89% 94 4234% 4682 6,11% 277 23,59% 76633 100,00%
6611 35 3,68% 12578 99,28% 6 2,70% 91 0,72% 41 3,49% 12669 100,00%
6626 ‘ 53 557% 26313 94,80% 17 766% 1444 5,20% 70 596% 27757 100,00%
6636 30 315% 13436 91,47% 12 541% 1253 8,53% 42 3,58% 14689  100,00%
6646 ‘ 30 3,15% 8592 90,28% 27 12,16% 925 9,72% 57 4,86% 9517  100,00%
6649 35 3,68% 11032 91,93% 32 14,41% 969 8,07% 67 571% 12001 100,00%
s1 ‘ 302 31,72% 160595 96,37% 53 23,87% 6052 3,63% 355 30,24% 166647 100,00%
6661 107 11,24% 50617 91,63% 31 1396% 4626 837% 138 11,75% 55243  100,00%
6670 ‘ 52 546% 33060 100,00% 52 4,43% 33060 100,00%
6673 63 6,62% 39360 99,66% 5 2,25% 136 0,34% 68 579% 39496 100,00%
6680 ‘ 80 8,40% 37558 96,68% 17 7,66% 1290 3,32% 97 8,26% 38848 100,00%
s2 110 11,55% 47998 99,25% 12 5,41% 362 0,75% 122 10,39% 48360 100,00%
6671 ‘ 50 525% 17442 99,60% 2 0,90% 70 0,40% 52 4,43% 17512  100,00%
6672 60 6,30% 30556 99,05% 10 4,50% 292 0,95% 70 596% 30848 100,00%
Total 952 100,00% 461158 97,12% 222 100,00% 13691 2,88% 1174 100,00% 474849 100,00%
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FIGURE 13. The 952 gravity points, one for each SO. They are divided
between the 18 CC.

1) RESULT FOR THE TOTAL WORKFORCE

The bar graph in Figure 14a shows the average value of each
loss for the entire workforce. The weights of the working
days are all equal, since the PPT is the same and equal
to 480 minutes. As can be seen in the figure, the Reduced
Speed (BLgs) is negative, and thus represents a gain of time,
i.e., less time is required to perform the activities. In other
words, the sum of all OCT's (the measured time) is less than
the sum of all ECT's (the expected time) for the performed
activities. Its value increases the total available time during a
working day from 480 minutes, which is the value of PPT,
to 541.2 minutes. This is because the value of VOT has
been increased by the BLgg, which is equal to 61.2 minutes,
representing the average difference between OCT and ECT
in each working day. The sum of VOT and BL corresponds
to the PPT, i.e., 480 minutes, as defined in Eq. (6).

The situation of all the Family Losses is the following:

1) FLpyw, associated with the Availability, involves a loss
of approximately 1 hour and 9 minutes. A total of
50 minutes is the average expected time spent on travels
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during the working day (BLgg4). The remaining losses,
equal to 18 minutes, are due to the time spent for
service activities such as supplying at the warehouse
or refueling (BLgrp). These losses are associated to the
company.

2) FLgp, associated to the Performance, involves a slight
gain of 11 minutes.

3) FLpr leads to a loss of 2.5 hours. A portion of
these time equal to 1 hour and 20 minutes is due
to non-compliant activities (BLfDC ), while 1 hour and
10 minutes is caused by the uncompleted activities
(BLgy), i.e., due to suspensions (BLIIQ(YS = 45.6 min-
utes) and abortions (BLIIQ(; = 24.6 minutes).

The same results can be observed as a fraction of the PPT .
All the reported quantities, i.e., VOT and BL, are thus divided
by PPT = 480 minutes. This result is reported in Figure 14.
The bar chart reaches 112.8%. This value is greater than
100% since it is obtained by dividing 541.2 minutes by 480.
A percentage equal to 31.3% of the PPT is lost due to Quality
problems. Such problems are related to the FLpr family loss,
corresponding to activities that are non-compliant, suspended
or aborted.

2) RESULTS BY TERRITORY
The same information discussed for the total workforce is
presented for the 5 territories.

Table 10a reports the results, expressed in minutes, and
highlighted with a color scale ranging from dark green to
red, representing low to high impact, respectively. Icons with
3 different colors are used, according to the status report code
criterion Red Amber Green (RAG). The colors are assigned
to the icons by column. For each column, the range between
the minimum and maximum values is divided into 3 intervals
of same size. The red color (highest interval) indicates when
there are more losses, and thus there are critical problems,
amber (intermediate interval) is used when there are potential
problems and green (lowest interval) in case of minor prob-
lems. Different icon shapes are used for the 6 losses and the
3 family losses.

The table shows heterogeneity of the results among the
territories. In particular, the following observations can be
done:

1) The NW territory, which reaches the best result in terms
of OEE, has good A, moderate P, but very good Q.
In fact, the value of Q is about 7 percentage points
above the overall group average. This is mainly due to
a low value of BLgy.

2) The second best territory is the NE. The territory does
not have a good value of A, due to the long travels, but
it catches up on P. The value of Q is in the average of
the group. However, it suffers from a high number of
suspended activities.

3) The CE territory is the third in terms of OFEE. This has
the worst value for A; this is explained by the fact that it
is the largest territory, leading to the longest distances

106631



IEEE Access

T. Facchinetti, G. Citterio: Application of the Overall Equipment Effectiveness to a Service Company

©VOT eBL EFB ® BL_S&A * BL IMS ®BL RS #BL_PD ®BL_RY.susp ® BL RY.abort
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(a) Average absolute value of each loss for the entire group and for

all working days, in minutes.
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(b) Percentage impact of each loss for the overall group and for all
working days with respect to PPT (PPT View).

FIGURE 14. Results for the total workforce in minutes and as percentage
of PPT. These latter are associated to the PPT view.

to cover. The P of the territory is above the average but
it loses in terms of Q, mainly due to the abortions of the
activities.

4) The territories of the south, i.e., S/ and S2, do not
have a good Availability; the Performance is below the
average and the Quality is affected by the high value of
BLpp.

The same results can be expressed as a fraction of the PPT,
as reported in Table 10b.

3) RESULT BY CC

Table 11a shows the results by CC, with the entities measured
in minutes. There is heterogeneity among the CC's, also when
they belong to the same territory.

The results by CC are related to the results by territory
presented in Section IX-A2. In fact, the weighted average of
CC'ss determine the results for the territories. The average is
weighted by the number of working days.

On the other hand, within a territory, the behavior of
specific CCs can be very different. For example, in the NW
territory, which is the best performer, there is a remarkable
distinction between the OFEE value obtained by different CCs.

The same results can be observed as a fraction of the PPT,
as shown in Table 11b.

B. RESULTS FOR THE OEE VIEW
This section presents the results under the OEE View.

1) RESULTS FOR THE WHOLE WORKFORCE
The result reported in this section represents the main con-
tribution to the understanding of the performance of the
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company as a whole, and allows to easily visualize the impact
of the various losses.

The presented results refer to the OEE View. The impacts
of factors and the BL are shown in Figure 15. The percentage
impact of each term, with respect to the PPT, is also reported
in brackets for comparison with the PPT View.

The graph can be read from left to right. Starting from the
value of PPT (480 minutes, corresponding to the 100% of
the daily working time), the figure shows the contribution of
every single loss that leads obtaining the final value of VOT
(271.9 minutes), which is by definition the actual time spent
in valuable operations. The value of OFE, calculated with
Eq. (2), is equal to 271.9/480 = 56.64%.

The contributions of BLgrp and BLsg 4, which are the 2 big
losses related to A, are —18.5 minutes (—3.85% of PPT)
and —50.7 minutes (—10.57% of PPT), respectively. The
sum of the 2 big losses, which corresponds to the value of
FLpw, is equal to —69.2 minutes (—14.41%). Consequently,
the value of OT is 410.8 minutes. The value of A is 85.59%,
which is equivalent to the ratio between OT and PPT .

The contributions of BLpyss and BLgrg, which are the
2 losses related to P, are —50.0 minutes (—12.16% of OT)
and +61.2 minutes (414.91% of OT), respectively. The sum
of the 2 losses, which corresponds to the value of FLgp,
is equal to +2.74% of OT and, consequently, the value of
P is equal to 102.74%. The impacts of BLjys and BLgs
on PPT are —10.41% and +12.76%; their sum is +2.35%.
As a result, the contribution of FLpw (—14.41%) and FLsp
(2.74%) gives a total reduction of PPT equal to —12.06%,
since

FLpw + FLsp = —14.41% + 2.74% = —12.06%

The value of NOT is 422.1 minutes and it is equal to
87.94% of the PPT . The value 87.94% can also be obtained
as 100% — 12.06%. B

The contribution of BLgy is divided between BLIIe(YS and
BLIIg. The contributions of BLpp, BL{Q(; and BL{,%? related
to Q, are —80.1 minutes (—18.98% of NOT), —45.6 minutes
(—10.79% of NOT) and —24.6 minutes (—5.82% of NOT),
respectively. The sum of the 3 losses, which correspond to
the value of FLpF, is equal to —35.58% of NOT and, con-
sequently, the value of Q is 64.41%. The impacts of these
3 losses on PPT are —16.69%, —9.49% and —5.12%; their
sumis —31.30%. As aresult, the total reduction of the PPT is
due to the contribution of FLpw, FLsp and FLpF, as follows:

FLpw + FLsp + FLpr = —14.41% + 2.74% — 31.30%
= —43.36%

The value of VOT is 271.9 minutes and it is equal to 56.64%
of the PPT. The OEE value is equal to 56.64%, and it can
also be obtained as 100% — 43.36%.

According to the formulation of the OEE, and using the
terms that appear in Figure 15, its value can also be calculated
in the following ways:

« as a function of the total loss: 100% — BL.,;
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TABLE 10. Results for the total workforce by territories in minutes and as percentage of PPT. These latter are associated to the PPT view.

Terrtory #wd. %wd.  VOT(min) BLEFB BLS®A FLDW  OT(min) BLIMS BLRS FL_SP NOT (min) BLLPD  BLRY.susp BLRY.abort BLRY  FLDF
CE 10833 1628% | 27611 403,85 434,33 41,58 52,25 X
NE 15283 22,96% 4’ 289,81 407,71 447,55 51,36 25,76 '\ X
NW 10460 1571% 1’ 307,77 416,42 431,83 28,00 20,89 Y
s1 22558 33,89% ~b 249,44 413,87 400,77 52,68 12,79 '\ X
s2 7428 1116% N 246,18 41031 402,98 42,55 22,72 X
Totale | 66562 100,00% 271,85 1846 50,71 69,17 410,83 49,97  -61,24  -1127 422,10 80,11 45,56 2457 70,13 150,25
(a) Results by territories; losses are expressed in minutes.
Territory #wd. %w.d. OEE BLEFB% BLS&A% FLDW% A BLIMS% BLRS% FLSP% NOT% BLPD% BLRY.susp% BLRY abort% BLRY% FLDF%
CE 10833 163% | 57,5 184,14 90,49
NE 15283 23,0% 4 60,38 84,94 93,24
NW 10460  157% ‘f’ 64,12 86,75 89,96
S1 22558 339% Wb 5197 86,22 83,49
s2 7428 112% W 51,20 185,48 83,95
Totale | 66562 100,0% 56,64 3,85 10,57 14,41 85,59 10,41 -12,76 235 87,94 16,69 9,49 5,12 14,61 31,30
(b) Results by territories as percentage impact of PPT (PPT View).
TABLE 11. Results by CCs in minutes and as percentage of PPT. These latter are associated to the PPT view.
Territory / CC #wd. %wd.  VOT(min) BLEFB BLS&A FLDW  OT(min) BLIMS  BLRS FL_SP NOT (min) BLPD  BLRY.susp BLRYabort BLRY FL_DF
CE 10833 16,28% 276,11 2428 51,87 7615 403,85 35,64 -66,12 43433 64,40 41,58 52,25 93,82
6628 - Toscana 247 0,37% = 289,57 384,15 368,37 25,81 11,50
6657 - Lazio 4805 7,22% * 310,76 420,96 441,26 - 33,38 37,60
6665 - Sardegna 5781 869% N 24674 431,39 49,07 66,16
NE 15283 22,96% 289,81 18,31 447,55 51,36 25,76 77,12
6653 - Veneto West | 3202 495% . 291,20 43478 55,53 21,55
6654 - Veneto North 5455 8,20% = 277,43 442,05 52,69 28,60
6656 - Emilia 3436 5,16% * 328,31 470,53 39,53 24,22
6681 - Friuli 3100 466% N 26746 445,34 57,70 2694
NW 10460 1571% 307,77 16,06 431,83 28,00 20,89
6611 - Piemonte 1665 250% N 260,00 372,92 30,80 21,08
6626 - Milano 3295 4,95% ? 347,23 447,16 17,29 16,72
6636 - Varese 1997 3,00% * 328,28 446,67 13,97 17,59
6646 - Alessandria 1700 255% ;o 27833 [\ 432,07 57,28
6649 - Novara 1803 271% o 28482 [N 441,53 32,90
s1 22558 33,89% 249,44 16,30 400,77 52,68
6661 - Napoli West 7949 11,94% * 231,06 ‘\*7/ 400,69 69,11
6670 - Puglia North | 4268  641% b 25441 ] 391,92 36,69
6673 - PugliaSouth | 4615 6,93% b 26735 (] 412,91 38,62
6680 - Campania 5726 860% N 25683 Y 397,68 53,12
s2 7428 11,16% 24618 2021 49,48 -46,82 402,98 42,55
6671 - Sicilia West 2865 430% A 22923 A (1] 391,24 42,69
6672 - Sicilia East 4563 686% N 25681 9 4') 41036 42,46
Totale 66562 100,00% 271,85 1846 50,71 69,17 410,83 49,97 61,24 -1127 422,10 80,11 45,56 24,57 7013 150,25
(a) Results in minutes by the CC.
Territory / CC #wd. %wd. OFE BLEFB% BLS&A% FLDW% A BLIMS% BLRS% FLSP% NOT% BLPD% BLRY.susp% BLRYabort% BLRY% FLDF%
CE 10833 163%  57.52 5,06 10,81 15,86 84,14 742 -13,77 635 90,49 13,42 8,66 10,88 19,55 32,96
6628 - Toscana 247 04% i 6033 80,03 76,74
6657 - Lazio 4805 7% A 6474 87,70 A 91,93
6665 - Sardegna 5781 87% N 5140 A 81.35 A 89,87
NE 15283  23,0% 60,38 3,81 11,25 15,06 8494 11,29  -19,59 8,30 9324 16,80 10,70 537 1607 32,86
6653 - Veneto West | 3292 49% | 6067 0 83,99 90,58
6654 - Veneto North | 5455 82% i 57,80 @ 85,66 92,09
6656 - Emilia 3436 52% M 6840 P S ] 84,24 98,03
6681 - Friuli 3100 47% W 5572 g 85,45 92,78
NW 10460 157% 64,12 86,75 89,96 15,66
6611 - Piemonte 1665 2,5% A 54,17 g 86,97 77,69
6626 - Milano 3205 50% AN 7234 9 87.68 93,16
6636 - Varese 1997 30% A 6839 g 87,96 93,06
6646 - Alessandria 1700 2,6% g 85,89 90,02
6649 - Novara 1803 27% O 84,33 91,99
s1 22558  33,9% 86,22 83,49 17,89
6661 - Napoli West | 7949 11,9% 9 87,42 83,48
6670 - Puglia North | 4268  6,4% 84,19 81,65
6673 - Puglia South | 4615  6,9% 83,84 86,02
6680 - Campania 5726 86% 88,00 82,85
s2 7428 112% 85,48 11,28 -9,75 83,95 19 07 13,60 32,67
6672 - Sicilia East 4563 69% i 85,49
Totale 66562 100,0% 56,64 3,85 1057 1441 8559 1041  -12,76 2,35 87,94 16,69 1461 31,30
(b) Results by the CC's as percentage impact of PPT (PPT View).
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OEE (simple form) = VOT / PPT = 271,9 / 480 = 56,64%

OEE=AxPxQ=285,59% x 102,74% x 64,41% = 56,64%

OEE = 100% - BL*= 100% - FL* = 100% - 14,41% + 2,35% - 31,30% = 56,64%

FLpy Down Time (-14,41% of PPT)

-96% -14,41% -12,067 -43,36‘7
480,0 ¢ g J -
g 18,5 2
(100%) (3,85%) | 74% . -35,59%
2 a10,8 [lLse Speed(+2,35% of PPT)  422,1 FLpy Defect (-31,30% of PPT)
-3,85% lﬁ"-777"""""(85,59%)7 7777777777 . . (87,98%)
Lt | o | |
*% reduction from PPT 12,16%  +1491% 18.98% 1 """ - (52&) 271,9
*% reduction from OT 1] (56,64%)
-10,79% Y-
5,82%
*% reduction from NOT
Availability Performance Quality
A=1-14,41% = 85,59% P=1+2,74% =102,74% Q=1-35,59% = 64,41%
PPT (BLgrgl  [BLsgal ot (BLiys]  [BLgs] NOT [BLpp]  [BLES [BLES vort
Equipment  Setup & Idling and Reduce Process  Reduce Yield Reduce Yield
Failure and Adjustment Minor Speed Defect Suspended  Aborted
Breakdown Stoppages

FIGURE 15. The graph shows the OEE results by comparing the representation of the parameters and factors, and the weight of each loss respect to

the PPT.

« alternatively, as a function of the total loss expressed as
the 3 families of losses: 100% — FL,;
« as the product of the 3 factors, i.e., A- P - Q.

2) RESULTS BY TERRITORY

Table 12 shows all parameters and factors comparing the
results among the territories. These results address the ques-
tion Q2 stated in the introduction, which is related to the
impact of territorial peculiarities on efficiency.

The relevant losses to consider are BLgrg and BLgg 4, since
they refer to the impact of the territory on the activities. The
two losses are related, respectively, to the organization of
the company in the territory and the geographical peculiari-
ties that affect the activities. This summary table shows the
value of BL, the 3 factors and OEE for the 5 territories.
The table identifies problems and strengths and the reasons
that determine the final value of the OEE for each territory.
In particular:

o The NW territory has the highest OEE value (64.12%);
its strong point is a high value for Q (71.21%).

o The second territory by OEE value is the NE (60.38%).
P is very high (109.77%), but unfortunately Q has a
low value (64.76%) due to a high number of suspended
activities.

o The third territory is CE. It has a good value of P
(107.55%), thanks to the low value of A (84.14%).
Its weak point is Q, due to a high number of aborted
activities.
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o For S1 and S2 territories, the results show problems with
alow P and Q values due to a high number of completed
but non-compliant activities.

3) RESULTS BY COST CENTER

Table 13 shows all the parameters and the factors comparing
the results among the CCs. As for the territories, these results
also address question Q2.

This summary table shows the value of BL, the 3 factors
and OEE for the 18 CCs. This table identifies problems and
strengths, and the reasons that determine the final value of the
OEE for each CCs. CC's, belonging to the same territory and
with comparable OFEFE values, have different problems:

o The 5 CCs belonging to the NW territory have different
outcomes: 6611 has low P, other 6626 and 6636 have a
very high Q.

o The 4 CCs belonging to the NE territory have good P
but each CC exhibits different types of problems on Q,
related to the problems in completing the activities or on
their compliance.

o The 3 CCs belonging to the CE territory also show
different outcomes. In detail, 6665 and 6628 suffer a low
A. 6628 has good Q but alow P; otherwise 6665 has good
P but poor Q due to a high number of aborted activities.

e The 6 CCs belonging to S/ and S2 territories, have a
low OEE value. The values of P are low due to a longer
OCTs to perform the activities. Despite longer OCTs,
Q poses a problem, mainly due to the high number of
completed but non-compliant activities.
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TABLE 12. The table reports the OEE result by the territories.

Territory  OEE

BL_EFB BL_S&A FL_DW A BL_IMS BL_RS FL_SP P BL_PD BL_RY_susp BL_RY_abort BL_RY FL_DF

4& 51, 29 i
Totale 56,64 3,846 10,565 14,411 85,59 12,16 -14,91 2,74 102,74 18,980 10,79 5,82 16,61 35,59 64,41
TABLE 13. The table reports the OEE result by the CC.

Territory / CC OEE BLLEFB  BLS&A  FLDW A BLIMS  BL.RS FL_SP P BL_PD BL_RY_susp BL_RY_abort BL_RY FL_DF Q

CE 5752 5058 10,806 15,864 84,14 882  -1637 -7,55 107,55 14,826 9,57 12,03 21,60 36,43 63,57
6628 - Toscana 60,33 3 80,03 95,89 78,61
6657 - Lazio A 6474 9 87,70 A 104,82 A A 70,42
6665 - Sardegna b 51,40 A X 81,35 A 11048 | % A 57,20

NE 60,38 3,814 11,247 15,061 8494 13,29  -23,07 109,77 18,014 576 17,23 3524 64,76
6653 - Veneto West |~ 60,67 (1) 83,99 A 107,84 66,98
6654 - Veneto North || 57,80 @ 85,66 A 107,51 62,76
6656 - Emilia A 6840 I\ o 84,24 116,36 69,77
6681 - Friuli N 5572 < 85,45 108,58 60,06

NW 64,12 3,346 9,901 13,246 86,75 103,70 17,407 484 11,32 2873 71,27
6611 - Piemonte W 5417 @ 86,97 [\ 3 89,33 69,72
6626 - Milano A 7234 ) 87,68 A (] 106,24 77,65
6636 - Varese A 6839 ) 87,96 A (] 105,79 73,50
6646 - Alessandria 57,99 ) 85,89 A (] 104,81 64,42
6649 - Novara 59,34 o 84,33 A g 109,08 64,51

s1 51,97 3,396 10,381 86,22 2 96,83 21,422 37,76 62,24
6661 - Napoli West | b 48,14 & 87,42 95,49 57,67
6670 - Puglia North | & 53,00 (] 84,19 IV ' 96,98 64,91
6673 - Puglia South | &b 5570 (] 83,84 A 102,60 64,75
6680 - Campania N 5351 < 88,00 94,15 64,58

s2 51,20 4211 10308 14,519 8548 13,20  -11.41 179 9821 zz 714 16,20 3891 61.09
6672 - Sicilia East 40 53,50 2 186,53 98,80 62 58

Totale 56,64 3,846 10,565 14,411 8559 12,16  -1491 274 10274 18,980 10,79 82 1661 3559 64,41

C. RESULTS BY SPECIALIZED OPERATOR

The OEE framework allows a precise evaluation of all the
parameters for each SO. This evaluation addresses question
Q3 stated in the introduction.

By associating the first 2 big losses correlated to the Avail-
ability (BLgrp and BLgg 4 ), with the losses attributable to the
company, the Operating Time (OT) is obtained, which is the
available time for each SO to perform the activities in each
working day.

The value of P for each SO is calculated considering the net
available time (NOT /OT) and not with respect to the entire
duration of the working day (PPT). This means that the value
of P for the SOs can be compared as they are normalized with
respect to the OT . For example, the P of a SO working in an
area where travel times are long can be compared with a SO
working in an urban area.

Figure 16 shows the results for 952 SOs; QO and P values are
on X- and Y-axis, respectively. The color intensity is related
to the OEE value, which depends on P and Q, but also on
A. Clearly, the OEE value grows moving from the lower left
corner, where P and Q are low, to the upper right corner with
high P and Q. In practice, the graph is the representation,
for each SO, of his position with respect to the rest of the
population of SOs. This graph allows to objectively compare
the SOs, having excluded from the result the component
related to the company, the territory and its organization,
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which are all elements related to the Availability. The graph
also shows level density curves, which allows identifying an
agglomeration point for Q ~ 62.5 and P ~ 100.

D. DISCUSSION ON THE CORRELATIONS AMONG ALL
THE PARAMETERS

This section discusses the correlation between the Big Losses,
the 3 factors and the OFEE value. We also want to show how
the structure of the OEE framework manages to generate a
correct correlation between the factors, providing the holistic
view that is necessary for the correct understanding of the
phenomenon with the final objective of selecting correc-
tive actions to increase performance. This is the answer the
question Q4.

The correlation matrix and the correlation network are two
tools for evaluating the relationship between variables [36],
[37]. The correlation matrix is meant for visual exploration.
It helps in the detection of hidden patterns among variables.
The correlation network provides a useful visual picture of the
correlations. In a correlation network, the relative thickness
and color density of the bands indicate the strength of Pearson
coefficients. The color of each band indicates a positive or
negative correlation: red for negative and green for positive.
Typically, it also provides p-values and confidence intervals
to help users determine the statistical significance of the
correlations.
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FIGURE 16. Q vs. P and OEE value for 952 SOs.

OEE

OEE 1.00

(a) Correlation matrix among A4, P, @ and OFE.

Minimum: 0.2 Maximum: 0.64

(b) Network correlation among A, P, @ and OEE.

FIGURE 17. Network and matrix correlation among A, P, Q and OEE.

In the derivation of the correlation network, we set ¢ =
0.05 as the limit in the visualization of the correlation
bands.
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(b) Network correlation among A, P, @, BL and OEE.
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FIGURE 18. Network and matrix correlation among A, P, Q, BL and OEE.
The reported values refer to the OEE view. Therefore, the values are
calculated with reference to the OEE View framework.

Figures 18a and 18b show a strong direct correlation
between P and OEE, equal to +0.52, and between Q and
OEE, equal to +-0.64. This confirms that as P and Q increase,
the value of OEE increases as well.

There is no correlation between A and OEE (40.14). This
can be explained as an increase in available time does not
directly translate into an increase in the OFE. Indeed, there
is an inverse correlation between A and P, equal to —0.31.
This shows that the increase in available time is not used to
perform an extra expected activity. The extra available time
only increases the OT value. Keeping the NOT value constant
involves a decrease of P.

In a further evaluation, the losses are added to the correla-
tion analysis.

The strong inverse relationships between the
BL and the 3 factors is due to the OFEE frame-
work structure. Hence, we have the following inverse
relationships:
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FIGURE 19. Network correlation among A, NOT, BL and OEE as
percentage of PPT. The reported values thus refer to the PPT view.
Therefore, the values are calculated with reference to the PPT View
framework.

o For BLgrp, BLsgs and A the correlation values are
respectively, —0.71 and —0.67.

o For BLjys, BLrs and P the correlation values are respec-
tively, —0.71 and —0.67.

o For BLpp, BLIIQ{; s BLI%; and Q the correlation values are
respectively, —0.71, —0.44 and —0.33. The correlation
between BLry and Q is equal to —0.58.

The remaining relationships are particularly interesting to
analyze. The inverse correlation between A and P is related
to the inverse correlation between BLgg4 and BLgs, equal to
—0.27. The first is motivated by the OPE's tracking method
of the process described in Figure 8. This also arises in
the correlation between BLjys and BLgs, equal to —0.22.
An incorrect declaration of the end of the travel that happens
before the actual ending implies a longer duration of the sub-
sequent activity, and vice-versa. This previous relationship
also motivates the lower inverse relationship between BLjys
and P, despite the impact of BLjys being considered in terms
of percentage compared to PPT . Hence, the increase in BLjss
is partially offset by the reduction in BLgs.

The second effect is that the more time available does not
translate into an extra performed activity. It is interesting,
once again, that there are no relations between BLjys and
OEE, and between BLgrg and BLsg4 and OEE. As a result,
the extra time available does not directly translate into better
final performance.

BLRg is certainly one of the parameters that most affect the
OEE. Performing simple activities requiring less time than
expected, leads to greater productivity.

There are strong inverse correlations between the BLpp,
the BLry and the OEE, respectively equal to —0.47 and
—0.36. There are inverse correlations also between the two
losses of the BLgy, BLIIQ(; and BLIIQ(I?, and OEE; the values
are respectively —0.23 and —0.25. This confirms the impact
of having a poor Quality on the overall performance. It is
important to observe the independence of Q and its losses
from A, P and the corresponding 4 losses.
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As explained below, it is questionable whether these pieces
of evidence would be visible without leveraging the OEE
framework.

In Figure 19, we consider all the losses in a percentage
value with respect to PPT (PPT View). In the figure, we can
highlight the following fundamental aspects:

o The relation between A and P (which is equal to NOT
according to the above considerations) and their 4 losses
are lost.

« A and its losses appear to be irrelevant to the OEE value.

o The problem of poor Quality appears less evident w.r.t.
the use of the whole OFE framework.

o The OEE value is completely determined by the produc-
tivity value NOT .

o Having losses in Q, due to suspension of activities
(BLI,’Q(};9 ) and completed non-compliant activities (BLgy ),
seems to be a benefit, because they increase the value of
NOT.

In conclusion, the comparison of the two views shows the
incorrect reading of the BL, when it is done by using PPT
View. In fact, the PPT View:

« does not allow a holistic view of the OEE framework to

understand the situation;

« does not highlight the correct relationships, and indeed

e could lead to incorrect interpretation of the phe-
nomena and possibly wrong actions to solve the
problems.

E. COMPLETION AND COMPLIANCE

This section presents an evaluation of completion and com-
pliance of activities. The observations reported in this section
address and quantify a hidden efficiency bottleneck that is
part of the answer to question Q1.

Since the value of NOT is composed of VOT and the losses
related to O, we start by decomposing the NOT value into
4 components. According to the classification explained in
Table 5 and Figure 4, there are 4 possible states of closure of
activities:

1) completed and compliant activities; they determine the

VoT .
2) completed and non-compliant activities; they corre-
spond to BL{D(DC .

3) uncompleted and suspended activities (BLIIQ(,;S ).

4) uncompleted and aborted activities (BLII%?).

By definition, the NOT is the overall time used to perform
useful work. This time is the sum of the ECT s of the activities.
The NOT without the two losses belonging to Defect Family
Losses is equal to the VOT (Eq. (14)); VOT divided by PPT
corresponds to the OEE (Eq. (2)), while VOT divided by NOT
is equal to Q (Eq. (17)).

Therefore, it is possible to determine the percentage impact
of each loss that belongs to FLpr, which is the family loss
related to Q, with respect to the NOT. Q corresponds to
the difference between 100% (the NOT) and the percentage
impacts of the losses (Eq. (17)). The relevant values related
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TABLE 14. Relevant values related to Q for the whole workforce; results
are reported in terms of number of activities and ECTs.

C_QualityState_Complete n.Activities %Act.
a

ECT (minutes) % time

complete 365886  77,05% 23427746  83,39%
compliance 294700  62,06% 18095136  64,41%
Complete 294700 18095136
non_compliance 71186 14,99% 5332610 18,98%
Complete 71186 5332610
not_complete 108963  22,95% 4668094  16,61%
non_compliance 108963 22,95% 4668094 16,61%
Aborted 9,22 1635489 5,82%
Suspended 65179 3032605 |0 10,79%
Total 474849  100,00% 28095840  100,00%

to Q for the whole workforce are shown in Table 14. Results
are reported in the table in terms of a number of activities and
ECTs.

It can be observed that the percentage ECT of com-
pleted activities is greater than the percentage number
of completed activities. This is because, for uncompleted
activities, the value of OCT is used instead of ECT to
improve the accuracy of the calculations; as already moti-
vated in Section VI-D, the OCT for uncompleted activ-
ities is often lower than ECT, due to suspensions and
abortions.

From the results of the number of activities in Table 14, itis
possible to conclude that:

e 62.06% of activities are completed and compliant. The
sum of the ECTs of these activities corresponds to
64.41% of the NOT ; this time is equal to the VOT .

e 37.94% of activities are non-compliant; it corresponds
to 35.59% of the NOT . The non-compliant activities are
further characterized as follows:

— 14.99% of activities are completed; the loss BLIID(DC
is 18.98% of the NOT . B

— 13.73% of activities are suspended; the loss BL,IQ(;S
is 10.79% of the NOT . .

— 9.22% of activities are aborted; the loss BLI{%? is
5.82% of NOT .

The result presented in this section allows looking at
BLgg 4, the loss related to travels, differently. Since 37.94%
of the worked activities are non-compliant, which means
that there have been up to 37.94% of travels that did not
lead to some useful work. This is an approximation due to
the calculation of the best path that has been done in the
case of non-compliant activities, since it is not possible to
exactly calculate the overall best travel path by excluding
the non-compliant activities. However, the data provides an
indication of the extent of the problem. SOs traveled up
to about 61% (37.94/62.06) more than what would have
been required in case of the absence of non-compliant activ-
ities. This corresponds to an average of 19.24 minutes per
working day, equal to 4% of the PPT. It is worth outlin-
ing that “lost travels” have associated costs, e.g., vehicle
usage, fuel, etc. whose estimation is beyond the scope of
this paper.
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X. LIMITATIONS

The reliability of the results provided by the proposed frame-
work depends on the quality and the volume of the collected
data. To achieve high data quality, a periodic assessment
of the quality is required. Therefore, important economic
investments and rigorous procedures may be necessary for
an effective application of the framework [12]. For these
reasons, the framework is recommended for medium to large
service companies.

Another limitation of the proposed framework is that it is
suited on service companies whose employees are required to
travel across the territory, as specified in the assumptions of
the framework itself listed in Section V.

Finally, the framework has been tested on one single ser-
vice company, although very representative of the type of
company that could benefit from the insights derived by the
application of the framework. Further testing may confirm the
applicability and usefulness of the framework.

XI. CONCLUSION
In this paper, the OEE framework has been revised and
adapted for its application to a service company. Every loss
and parameter has been described in detail, in compliance
with rules and principles of the adapted framework in order
to obtain the correct measurements. The framework was
applied to the case study of an Italian service company with
about 1000 Specialized Operators (SOs) who travel across the
country for interventions in telecommunication networks.
The obtained results answer to the questions presented in
Section . In particular:

o Q1: The application of our framework provides objec-
tive and clear measures of the 3 factors and the losses,
which allow identifying the source of efficiency bottle-
necks; this was done in Section V by carefully charac-
terizing the various losses for a service company in the
context of the OEE framework.

e Q2: The framework distinguishes between the losses
attributable to the company and the SO (Table 4). The
former are associated with the territory. Our framework
allows us to group the information regarding the SO’s
working days by geographical area. This enables to per-
form statistical analyses on the A factor, which is related
to the company, in different areas. For the case study,
the results for different geographic territories and CC's
are assessed in Section IX-B. It is interesting to note that
the application of the proposed framework, thanks to the
results related to the Availability factor, may contribute
to addressing some Environmental, Social and Gover-
nance (ESG) aspects [38]. Availability is the measure of
the effectiveness of doing the necessary things, defining
the correct priorities and, at the same time, the efficiency
in carrying them out. The Availability is a measure of
both travels and service activities. Once the measure is
done, it is possible to identify the most efficient and
effective areas within the organization and develop the
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best practices that can be extended to the entire company,
with benefits to the governance. Moreover, the optimiza-
tion of travels can reduce the emissions associated with
the activities of the company.

Q3: Inefficiencies related to business organization
impact only on Availability, while the inefficiencies
related to the SOs have an impact on Performance and
Quality. The assessment of the losses in detail enables
the comparison of different SOs among different areas,
which are represented by territories or CCs in the case
study (Section IX-C).

Q4: The OFEE framework allows the examination the
overall results of a production unit (the SO), of an area or
the entire company by considering all the working days,
each one with its PPT . The holistic aspect of the process
is achieved through the processing of many working
days (more than 66, 000, in the case study). Using a such
large amount of data, it is possible both to identify the
individual causes of the inefficiency and to correlate the
losses, the factors and the OFE value. The coefficients
are in fact correlated and it is possible to show how the
variation of each one affects the others. Our proposed
analysis is also compared with a network correlation of
the losses and coefficients, developed in Section IX-D.
It is observed that, not only the results are substantially
different, but in the network correlation approach the
conclusions are also incorrect. The values of the losses
are considered not only with respect to the time, or with
respect to the PPT (PPT View), but with respect to the
relative net time available, with reference to the OEE
framework (OEE View).

Q5: The use of the OCT instead of the ECT for
suspended and aborted activities, as described in
Section VI-H, allows a more accurate calculation of
the various factors w.r.t. the typical application of the
standard OFEE framework.

In conclusion, a valid framework has been obtained that
allows assessing the performance of the company, in order to
possibly plan actions for improving productivity, and quanti-
tatively evaluate the extent of the improvement.
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