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The medical industry incorporates technology and breaks different types of equipment into three
various categories determined according to the technologies and their usage. The first category,
which is the focus of this article, consists of devices that are directly linked to the life of the patients,
for example a ventilator. The purpose of this study is to develop a new reliability technique, based
on the Reliability Block Diagram (RBD) and Petri Net, for Category 1 equipment. The RBD, fo-
cuses on showing how the failure of different parts could affect the sub-systems of the equipment
and how those failures could cause an overall system failure. The second method, Petri Net, is a
tool that is used to analyze various types of information processing systems. Combining these two
methods will allow the user to determine the reliability of the different systems and subsystems
with various pieces of equipment. The knowledge gained by this analysis will be used to determine
the likelihood that the failure of specific subsystems will cause an overall system failure. The over-
all anticipated result is to thoroughly develop this new methodology. The complete process that is
used to finish the calculation process for the subsystems will be shown, in addition to the comple-
tion of the final Reliability Block Diagram.

© 2018 by the authors; licensee Growing Science, Canada

1. Introduction

The use of medical devices can be traced throughout history, from the use of simple dental tools in An-
cient Egypt to the modern-day pacemaker (Dhillon, 2011). The term medical equipment refers to a tool,
for example a machine or instrument, that is used in the treatment, diagnosis, or prevention of illnesses
or conditions, in addition to altering the structure of the body (Dhillon, 2000a). The number of tools and
instruments used in the medical industry today is extremely wide and diverse. Due to that fact, equipment
has been divided into three different categories based on the technology being used and its application
(Dhillon, 2011). The first category of equipment, Category 1, contains devices that are directly linked to
the life of the patient. Many different devices fall within this category, these include the pacemaker and
the ventilator. The second category, Category 2, contains equipment that is primarily used for diagnostic
purposes, such as X-Ray and Ultrasound machines. Lastly, equipment that falls under Category 3 is often
referred to as convenience equipment, with an example being an electric hospital bed.
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The hospitals and the medical industry today use over 5,000 different types of medical devices, with the
reliability of these devices varying based on different factors, such as the purpose and complexity of the
device (Dhillon, 2011). Reliability is defined as the probability that a tool will function at a designated
standard under specific conditions for a designated period of time (Dhillon, 2000a). The different cate-
gories of equipment must meet various standards of reliability, with variation being contributed to how
critical the operation of the machine is. The reliability of the first category of equipment must be ex-
tremely high and the machines must always be operational, because there is a little time for maintenance
or repair. Many different techniques exist that can be used to determine the reliability of these devices.
Some examples of these techniques include Failure Mode and Effects Analysis, Fault Tree Analysis and
the Markov Method (Dhillon, 2000b). The overall purpose of this study is to develop a new method of
analyzing the reliability of Category 1 medical equipment using a combination of the Petri Net technique
and the Reliability Block Diagram (RBD).

The first technique that is going to be used in the creation of this new combination is the Petri Net (PN),
which was developed in 1962 (Pastor et al., 1994). This method is both a graphical and mathematic
system that is used to analyze and define information processing structures (Zaitsev, 2012). The graphical
representation of this method is similar to that of flow charts and block diagrams and uses different types
of nodes. A major factor that makes PNs different from the common diagrams previously mentioned, is
the use of a token to simulate dynamic and concurrent events that will occur throughout the system (Pas-
tor et al., 1994). The use of tokens in PNs are used to represent changes in states during the overall
process, while the use of transitions in the diagram are what allow this representation to take place. The
token and transition components of PNs are the main components of this method that are going to be
used in the new combination technique. The second technique that is used in the creation of this new
combination is the Reliability Block Diagram (RBD). The purpose of this type of diagram is to illustrate
the logical and/or physical components of a system and depict the path of these factors, which are read
from left to right. By analyzing the completed diagram, the total availability of the system can be calcu-
lated (Weyns et al., 2013). An advantage of using RBDs is that they can be used to analyze the different
subsystems that make up a product or process. The analysis of subsystems and the detailed analysis of
how an individual component can affect the overall system are the two main factors that lead to the
selection of this method for the combination technique.

2. Literature Review

A greater understanding of four different subjects was needed in order to fully analyze and create the
new methodology that this article proposes. First, the reliability of electronic equipment was investigated.
The information that was uncovered showed different techniques that are used to analyze broad catego-
ries of devices, as well as standards that were created to ensure the needs of the customer and supplier
were met (Amy & Aglietti, 2009; Poncelin et al., 2010; Pechta et al., 2002). Once a basic understanding
of equipment analysis was gained, then medical equipment reliability was specifically examined. The
focus of this investigation was the different techniques that are currently in use. While investigating this
topic it was discovered that some of the statistical methods that were being practiced, as well as some of
the data that was being collected, was being done so incorrectly (Zaki et al., 2013). The next topic that
was investigated was Petri Nets, specifically the different kinds that are available and different techniques
that this method has been combined with in the past (Kounev et al., 2012; Vileiniskis et al., 2017;
Ajmone~Marsan et al., 1991). The last topic that was investigated was Reliability Block Diagrams in-
cluding different combinations of techniques and how this technique has been used to study the reliability
of electronics (Kim, 2011; Yanjun & Wei, 2011; Weyns & Host, 2012; Weyns et al., 2013). The idea
of combining different aspects of Petri nets with Reliability Block Diagrams is not a completely novel
idea. Some limited documentation on the combined use of these techniques exists, however these ap-
proaches differ from the proposed idea in this research paper for several different reasons. One being that
the versions of RBDs and PNs that are used in these techniques differ from the proposed approach, which
uses aspects of the original concepts instead of altered versions. Some examples of the modified versions



L. Childs et al. /Management Science Letters 8 (2018) 1161

used in existing combinations include dynamic RBDs (Robidoux et al., 2010), colored PNs (Nebel et al.,
2009), stochastic PNs (Ajmone~Marsan et al., 1991). and PNs with aging tokens (Volovoi, 2004). An-
other difference is that many of these approaches have not been applied to a specific industry or field,
while this approach is specifically designed and applied to conducting reliability analysis of Category 1
medical equipment. Lastly, very little published research has been conducted pertaining to the reliability
analysis of Category 1 medical equipment and devices. The overall layout of this paper will include a
description of the problem, specifically the need for this method of analysis and why a combination of
these two reliability tools is needed. Also, a specific procedure pertaining to the use of this new combined
technique will be created and thoroughly explained. Then, an illustrative example of this process will be
presented and described. Lastly, a section showcasing the results of this combination and the future ap-
plications of it will be included.

3. Problem statement

The use of medical equipment has greatly increased over recent years, with the start of the increase dating
back to the late 1990’s, with the demand, complexity, and variety of items increasing. The manufacturing
of medical equipment has become a major industry, with over 10,420 registered companies contributing
to the production of these devices in 1997, with the number increasing due to the rise in demand of the
products (Dhillon, 2000a). Due to the large manufacturing presence, the medical equipment industry also
has a significant impact on the economy. The increased use of these devices has also led to other com-
plications, such as the number of deaths directly caused by the use of faulty medical equipment. Accord-
ing to (Dhillon, 2011), a total of 1,200 deaths in the United States can be directly attributed to the use of
defective equipment. The growth of the industry and the use of the equipment has also led to government
regulations and oversight of all aspects of the product, including the design and manufacturing processes.
The primary force of regulation in the United States for these standards is the Food and Drug Admin-
istration (Dhillon, 2000a). The factors and circumstances above help to showcase the need, not only for
regulations for the design and production of these products, but also the need for reliability analysis and
specific standards that should be met. Though reliability standards and checkpoints are needed for all
medical equipment and devices, the need for sufficient reliability regulations and techniques for Category
1 equipment should be a priority. After an extensive research process, very few studies and articles were
found specifically pertaining to the reliability of Category 1 equipment. Most medical equipment and
technologies that are used today are referred to as complex systems, which means that the system is
composed of a large quantity of components that locally and simultaneously interact (Poncelin et al.,
2010). The many components and the complexity of the systems make calculating the reliability ex-
tremely difficult. A variety of different statistical techniques currently exist that can be used to examine
and determine reliability, however some of these concepts are being applied incorrectly. A study was
found that preformed an extensive investigation into the research that has been completed on the different
techniques that are currently being used. The study primarily focused on medical equipment that
measures continuous data, such as blood pressure, heart rate and oxygen levels. After finding over 500
articles, only 42 were included in this review and only four different methods were found. When they
reviewed the articles, it was determined that eight of the articles showed inappropriate uses of statistical
concepts, which could lead to the acceptance of faulty equipment. Based on the number of faulty tech-
niques that were used, the conclusion was drawn that as many as two out of every ten medical devices
that are currently in use could be faulty (Zaki et al., 2013). The process of determining the reliability of
medical equipment is an extensive process, however finding an accurate way to determine this factor
needs to be a priority. Also, due to the complexity of the different systems and the wide variety of prod-
ucts that are available, a broader range of statistical methods need to be investigated in order to meet the
demand. A key objective when dealing with Category 1 medical equipment is that the reliability percent-
age must be greater, and the maintenance time must be extremely small. The new method involving Petri
nets and RBDs that is being proposed, will provide a more extensive reliability analysis into the system,
in addition to providing a tool to expedite the maintenance process and shorten equipment downtime.
The RBD method was chosen for many different reasons, first it considers both the physical and logical
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components. Also, this method analyzes the subsystems and their relation to the overall system, specifi-
cally what failures can occur that will cause a complete system shutdown. The ability to allow the user
to see the different relationships by using a graphical representation will help limit the amount of mainte-
nance because the most likely causes and failures can be easily determined. The Petri Net model was
selected because it can be used to analyze a variety of different systems and shows the different relation-
ships and states of the various systems. Combining these methods will provide an analysis of the different
subsystems and the states that the equipment can be in. The proposed methodology and step by step
process of the method will be described in the next section of this paper.

4. Methodology

The proposed model of this paper is a Petri Net based Reliability Block Diagram, which includes signif-
icant aspects of both methods. The aspects of the RBD that will be included in this model are the rela-
tionships, analysis of subsystems, and reliability calculations for the components, including the subsys-
tems, as well as the overall system. The relationships that will be used in the model are series, which are
when all components are required for the system to operate, and parallel, where only one or a specified
number of components have to be operational for the system to run. For example, a system could have
two motors and the overall system will run if only one of the motors are operational. Also, it is important
to note that if two different components are operating at the same time this is also a parallel relationship,
but usually both elements must be operational for the system to function. The aspects of Petri nets that
will be included in this diagram include transition bars, tokens and directional lines. The tokens are used
to show at what point in the system the process is currently at, while the transition bars are used to show
when the system is changing from one stage to another. Also, the directional lines are used to show the
order of the processes, as well as which tokens must pass through the transition bar in order for the system
to progress. Lastly, the equations that will be used to calculate the reliability of the system includes the
reliability function for exponential distribution, the Mean Time to Failure (MTTF) calculation, and the
series and parallel reliability equations. Overall, the model will provide an in depth look at the complete
system, including the individual subsystems, and provide the total reliability of the system. A step by
step procedure, including diagrams and equations, used to create this new model can be seen in the next
section.

4.1 Procedure

The first step is to analyze the complete process and determine if any subsystems are included. Then, the
relationships that makeup the overall system are examined, specifically the relationship between the sub-
systems and individual components. Next, a sequential layout of the subsystems and additional compo-
nents is created.

Subsystem 1

Fig. 1. Layout of an overall system constructed based on the instructions presented.
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For this diagram, large squares are used to represent the subsystems, while circles are used to represent
the individual components. Once the order has been determined, transition blocks, which are represented
by a small rectangle with a “T” located in the center, are added between the different stages. Then, di-
rectional arrows are used to determine the flow of the network and which nodes connect to which transi-
tion point. Fig.1, depicts the layout of a system with both series and parallel relationships, which was
constructed according to the steps previously presented. Once the basic layout is constructed, the next
step is to analyze the different components that are included in each subsystem and determine if there are
any parallel relationships included inside the subsystem. If any parallel relationships exist they will be
grouped together using an oval shape, the reasoning behind this step will be explained later in the proce-
dure. After the relationships are determined, the previous steps used to create the diagram for the overall
system are used to produce the layout for the components located in the subsystem. The diagram for the
subsystem will be placed inside the block that is designated for that specific subsystem. Then, the next
step is to place the tokens at designated components in the diagram, which should be at the first compo-
nent in each of the different “branches” that make up the process. Here is where the parallel relationships
will be incorporated, if there is a parallel relationship at the start of a branch each of the different com-
ponents will receive a token. The reasoning is that since the components have a parallel relationship,
typically only one of them has to be operational in order for the system to function, so either one or both
could pass the token to the transition block. When operations are occurring at the same time they both
will receive a coin, however the next operation may not start until the transition bar receives coins from
all the operations. Lastly, once the token located in the subsystem has reached the last component, it will
exit the subsystem and go to the corresponding transition block. Tokens are also placed at the first activity
of a branch in the overall network diagram as well. A diagram that shows the layout of the complete
system with the finished subsystems and tokens can be seen below in Fig. 2.

Subsystem 1

Fig. 2. Competed diagram based on the steps presented

The last step to complete the model is to calculate the reliability of the overall system. To complete this
process the first step is to calculate the reliability of each component using the equations for reliability
function for exponential distribution (1). The factors used to determine this value is A, which is the inverse
of the Mean Time to Failure Value, and the time, ¢, over which the product was investigated.

Relaibility = et (1)
The next expression, Eq. (2), was used to calculate the MTTF. Using the variables ¢, which is the amount
of time that the products were examined, and #, which is the number of products that were tested.

t

MTTF = - (2)

n
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Once those values have been calculated the reliability of each component is added to their specific symbol
located in the previously completed model. Then, the parallel and series equations seen below are used
to calculate the reliability of the subsystems first, then the overall system. For the parallel equations, if
all the components in the parallel structure must be completed in order for the system to function then
the individual reliability values are multiplied together. The Eq. (3), is used to calculate the parallel reli-
ability of the system, where R is the individual reliability of the components.

Parallel Reliability =1—-(1—-R;)Xx(1—R,) X..x (1 —=R,) 3)

The series reliability, Eq. (4), is also calculated using the individual reliability of each component that
makes up the product.

Series Reliability = R{ X R, X Ry X ... ... X R,,. 4)

When calculating the systems, an expression will be constructed based on the created diagram that will
combine the series and parallel equations based on determined relationships. Lastly, the final calculated
value will be compared to the company’s required reliability for that piece of Category 1 equipment to
determine if the device meets the required standard.

4. Illustrative example

An illustrative example of this unique process can be seen in this section, where a hypothetical piece of
Category 1 medical equipment is analyzed. The components, the direct predecessors for each one, and
the relationship between the components for the overall system can be seen in Table 1.

Table 1
The direct predecessors for each one, and the relationship between the components
Component Predecessor Relationship

Subsystem 1 (S1) -
Subsystem 2 (S2) -

Parallel (One of Two Operational)

Py S1, S2 ‘
Subsystem 3 (S3) S, Sz Parallel (Both Operational) Serics
P; Pi, S3 .
Ps P1, Ss Parallel (Both Operational)
= P2, P3 Series

Based on the data presented above, the overall system layout is constructed, where the transitions are
represented by a rectangle with a “T” located in the center, the subsystems are represented by a square
and the individual components are represented by a circle. The parallel relationships in this system are
contained within an oval, as directed by the instructions in the previous section. The next step is to ana-
lyze and construct the three different subsystems. The second table, Table 2, shows the relationship type,
predecessors, and components for each of the three subsystems.

Table 2

The relationship type, predecessors, and components for each of the three subsystems
Subsystem 1

Component Predecessor Relationship
Ay ---- Parallel (One of Two Operational)
Az -
A3 Ay, Ay Series
Ay As Series
Subsystem 2
Component Predecessor Relationship
B: = Parallel (One of Two Operational)
B: ----
B3 Bi, B, Series
B, By Series
Subsystem 3
Component Predecessor Relationship
(O] === Parallel (One of Two Operational)
C:

Cs Cy, G, Series
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After examining the relationships, the layout for the three different subsystems is created and then placed
in the designated location on the overall system model. Also, the tokens are added to the first activity in
a “branch” during this step as well. The complete overall system model can be seen below in Fig. 3.

N M

ubsystem 3

Fig. 3. Complete system model with tokens.

The next step is to calculate the reliability of each of the different components, given the Mean Time to
Failure (MTTF) values provided by the company that produces the product. Then, Eq. (1) is used to
calculate the reliability of each of the components, an example of the calculation process used to analyze
component Py can be seen below. This process, Eq. (5), is then duplicated for each of the different com-
ponents, even the components in the subsystems.

Reliability,, = o~ m)—e~(E59)150) _ ¢, 905 ®)

The table shown below, Table 3, displays the given MTTF values and the calculated values of reliabil-
ity for each component.

Table 3
MTTF values and the calculated values of reliability for each component
Component Meant Time to Failure (MTTF) Time (t) Reliability

P: 1500 hours 150 hours 0.905

P2 17000 hours 200 hours 0.988

P3 2000 hours 210 hours 0.900

P4 1700 hours 175 hours 0.902
Subsystem 1

A1 1750 hours 200hours 0.892

Az 1500 hours 150 hours 0.905

A3 2000 hours 225 hours 0.894

A4 1700 hours 175 hours 0.902
Subsystem 2

B1 1750 hours 200 hours 0.892

B: 1500 150 hours 0.905

B3 2000 225 hours 0.894

B4 1700 175 hours 0.902
Subsystem 3

Ci 1500 150 hours 0.905

C2 1700 200 hours 0.889

C; 2000 200 hours 0.905

P4
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After the reliability of each component is calculated, each of the subsystems are analyzed individually
and the overall reliability of each is determined using the formulas for series given in Eq. (4) and parallel
reliability in Eq. (3). The calculation process for each of the subsystems can be seen in Table 4.

Table 4
The Calculation process for each of the subsystems
Subsystem 1
Parallel; =A; 1A, =1—(1—A4;) x(1—A4,) =1— (1— 0.892) X (1 — 0.905) = 0.9897
Subsystem, = (Parallel;) X A; X A, = (0.905)(0.894)(0.902) = 0.73
Subsystem 2
Parallel, =B, | B,=1— (1—B;) x(1—B;) =1— (1— 0.892) — (1 — 0.905) = 0.9897
Subsystem, = (Parallel,) X B; X B, = (0.905)(0.894)(0.902) = 0.73
Subsystem 3
Parallel; =C, 1 C, =1—(1—-C;) x(1—C;,) =1— (1— 0.905) X (1 — 0.889) = 0.9895
Subsystem; = (Parallel;) X C; = 0.9895 X 0.905 = 0.8955

The calculated reliability values are then added to the diagram that was previously generated and the
complete diagram can be seen below in Fig. 4.

Subsystem 1

\\—/Fig.4. Complete system diagram with reliability values

Once the subsystems have been calculated, the overall system reliability is determined using the same
equations as the process above. Two of the parallel relationships that are seen in the overall structure
specify that all the activities in those relationships must be completed so the reliability will be multi-
plied. The complete calculation process can be seen below in Table 5.

Table 5
The results of the computations

Parrallel, Parallels
R¢iIR¢z=1—-X(1—-Ry,))=1—-(1-0.73) x(1-0.73) = 0.9271 Rp, Il Rpz =0.988 x 0.900 = 0.8890
Rpq Il Rg3= 0.905 X 0.8955 = 0.8104
Complete System
Parallel, X Parallel: X Parallel; X P, = 0.9271 X 0.8104 x 0.8890 X 0.902 = 0.6025

The overall calculated reliability of the system is then compared with the designated standard to deter-
mine if the piece of equipment is acceptable. By completing the calculation process for the reliability of
the entire system, it is determined that the complete system reliability is 0.6025. Analyzing the complete
diagram shows that the combination of Subsystem 3 and P; have the smallest reliability value, which
would be where the most problems are likely to occur.



L. Childs et al. /Management Science Letters 8 (2018) 1167
4. Conclusion

The demand and variety of medical equipment that are available today have led to the creation of three
different categories of medical equipment, with the lives of patients directly relying on Category 1 de-
vices. A minimal amount of research exists today pertaining to the reliability of Category 1 equipment.
The lack of research pertaining to this topic, as well as an increasing need for techniques to analyze these
devices, led to the development of this method. The technique consisted of combining two analysis
methods, Petri Nets and RBDs, to examine the reliability of components and subsystems that make up
Category 1 equipment. The use of this technique has led to the creation of a new type of reliability dia-
gram that considers the reliability of each component and subsystem. By following the procedure pre-
sented in this article, an individual will be able to analyze any given piece of equipment that falls within
this category. The technique that was developed would allow the user to obtain detailed information
about many different aspects of the product. First, the diagram will allow the individuals to see the rela-
tionships between all of the components in the overall system. The relationship of the different subsys-
tems within the overall system, such as whether they work in series or parallel, can be seen in this dia-
gram. Also, by using the token system that is one of the major aspects of Petri Nets, the user will be able
to see the flow of the process and determine where the error occurred. In addition, the reliability of each
component is included in the diagram making it easier for an individual to determine which components
to examine first when a failure occurs. Lastly, this system has the user analyze each subsystem individ-
ually before including them in the overall diagram. By analyzing the different subsystems, a greater
understanding of the layout, as well as where possible errors are most likely to occur can be determined.
While completing the illustrated example, some of the limitations of this technique became clear. One of
the limitations is that the diagram can get very confusing when there are many different components and
subsystems involved. To rectify this problem the user could break the diagram up into sections and create
a simplified diagram of the overall process. Another factor is that the user who creates the diagram must
either be an expert on the equipment or have detailed information about the machine from the company
about the components and subsystems, specifically the relationship and layout. Overall, this new method
that was developed will provide individuals and companies with the tools needed to increase the overall
reliability of these products. The new technique will also give technicians a better idea of where to start
the trouble shooting and maintenance process. Further work needs to be done to determine the overall
impact and usefulness of this new technique. Also, a real-world example that analyzes a machine that is
currently on the market should be completed.
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