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Abstract: The in-process inspection procedure is one of the critical operations in the active phar-
maceutical ingredients manufacturing process. This study aims to improve the performance of the
IPI service system in terms of three main criteria, namely service level, cycle time, and maximum
tardy time. In solving this multiple-criteria decision-making problem, the proposed study seeks to
redesign three process control factors, namely the service configuration, the dispatching rule, and
the scheduling rule. The problem is solved using the Taguchi robust design methodology. Since the
Taguchi method handles parameter design problems with only one criterion, Technique for Order
Preference by Similarity to an Ideal Solution, a multiple-criteria decision-making method, is used to
provide a surrogate response to the Taguchi method. The numerical results show that the redesigned
IPI system improves the service level by 28.75%, the cycle time by 18.32%, and the maximum tardy
time by 22.22%.

Keywords: active pharmaceutical ingredients; multiple-criteria decision-making; quality inspection;
simulation; Taguchi method

1. Introduction

The global pharmaceuticals market amounted to 0.8 trillion dollars in 2017 and is
expected to increase to 1.2 trillion dollars by 2024 [1]. Medically, the healing process involves
the transport of active pharmaceutical ingredients (APIs) (Please also refer to nomenclature)
to the target system(s) of the body by means of specific inactive ingredients [2]. Thus,
developing new APIs and bringing them to the market is critical to pharmaceuticals in
earning profits. As a result, pharmaceuticals invest huge amounts of money in the research
and development (R&D) of API every year [3].

However, pharmaceutical companies face many challenges nowadays, including
global competition, the need for green engineering, and ever more stringent government
regulations. Thus, in addition to developing new products, pharmaceutical companies must
also improve their API manufacturing processes in order to meet these challenges and lower
their production costs. The API manufacturing process comprises a carefully-designed
series of chemical reactions, where in-process inspection (IPI) is required after some of
these reaction stages in order to guarantee both the physical and chemical properties of
the product batch. A typical inspection flow between the API manufacturing process
and IPI division is illustrated in Figure 1. Note that there are eleven process lines for the
case company.
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Figure 1. The inspection flow between API manufacturing process and IPI division.

Importantly, the manufacturing process is allowed to move forward to the next stage
only if the inspection result satisfies the agreed requirements. However, since the chemical
reaction still proceeds as the IPI process is carried out, any delay in delivering the inspection
result not only holds up the manufacturing process but may also result in an undesirable
over-reaction of the product. In extreme cases, it may be necessary to reproduce, or even
discard, the in-process batch. Consequently, the performance of the IPI service significantly
impacts the effectiveness and efficiency of the API manufacturing process and ultimately
determines its cost.

An IPI division usually serves several manufacturing lines, each making different
products and having different production schedules. Although the IPI division receives
notice several hours before the physical arrival of a sample batch, it is not easy to prepare
the corresponding inspector and machines to run the IPI exactly on time since the number
of inspectors and machines is much less than that of the manufacturing lines. Furthermore,
the actual arrival time of the batch depends on the manufacturing progress, progress, and
the state of the chemical reactions, which depend in turn on the on-site conditions, and
often cause the arrival time to vary from the scheduled time.

Therefore, an IPI division needs to deploy a systematical arrangement of its inspectors
and machines in order to accommodate the various conditions that it may encounter. Only
by doing so can the IPI division maximize the use of its limited manpower and machine
capacity in such a way as to efficiently handle the in-coming samples. However, to the
best of the authors” knowledge, the literature lacks a detailed investigation into the IPI
service system in the APl manufacturing process and effective means for improving the
performance of this system through a systematic redesign process.

Pharmaceutical companies have long sought a competitive advantage by optimiz-
ing the chemical reaction efficiency and yield or by adopting outsourcing or relocation
strategies such as those described above [4,5]. However, in more recent years, the perfor-
mance benefits to be gained by redesigning the manufacturing planning and scheduling
processes have also attracted growing attention. For example, Blocher et al. [6] modified
the in-process inspection (IPI) dispatching rule in a pharmaceutical company based on a
detailed observation of the empirical data and showed that the modified rule reduced the
throughput time by up to 58% compared to that achieved using a random dispatching
method. Various other authors [7-9] formulated mathematical models to simulate the
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complicated operation of pharmaceuticals and to search for an optimal scheduling man-
ufacturing strategy to approach the management targets of interest. Lamothe et al. [10]
claimed that the IPI service in the pharmaceutical industry is always seriously delayed and
then proposed a new scheduling rule deriving from a simulated annealing procedure to
minimize the total tardiness time.

IP1 is performed at various stages of the API manufacturing process [10]. Each IPI
inspection represents a potential bottleneck in the whole process. Thus, only when the IPI
service is both efficient and timely can the whole process be smooth and productive. How-
ever, to the best of the authors” knowledge, the literature lacks any systematic investigation
into the efficiency of the IPI service in the API manufacturing process.

Lean management is a well-known methodology for fulfilling the requirements of
customers with less waste in the service processes [11,12]. The operation mode with lean
thinking should be a good structure that can be used to construct an efficient IPI service
system. Stabilizing flows of customer orders and well using the resource of processing
lines are two important concepts to construct a lean environment [13,14]. Therefore, three
critical factors to the service flow and limited resource in the IPI system are selected into
the IPI design process, namely the service configuration (i.e., the grouping of the API
manufacturing lines for constructing stable service flows), the dispatching rule (i.e., the
rule used to select waiting product batches for inspection), and the scheduling rule (i.e., the
rule used to assign inspectors to the inspection task).

Taguchi method [15] provides a simple and effective means of redesigning many
processes and evaluating their outcomes. The Taguchi method has proven to be an efficient
approach for a variety of applications. However, the Taguchi method is intended specifically
for the redesign of systems based on a single optimization criterion.

Many techniques have been proposed for the solution of Multiple-criteria decision-
making (MCDM) problems, including Simple Multi-attribute Rating Technique (SMART) [16],
Analytic Hierarchy Process (AHP) [17], Grey Systems Theory [18], Technique for Order
Preference by Similarity to an Ideal Solution (TOPSIS) [19], ELECTRE [20], etc. More details
can be found in [21]. These methods to rank the alternatives of an MCDM problem can be
mainly divided into two types, the method of calculating the score of each alternative and
the method of comparing each two alternatives.

Providing proper weighting to each criterion is one of the main tasks for the method
of calculating the score of each alternative. SMARTER extended to ranking (SMARTER-
ROC) [22] is the improved technique from SMART by replacing a new weighting method.
SMARTER-ROC has been used to identify the factors which could increase the risks or
complexity in an engineering project [23] and to organize different technology-based
products and the relative technologies in order to establish a competitive platform [24].
AHP provides a weighting process to sensitively reflect the preference of each criterion
of decision-maker. Recently, AHP has been applied to evaluate the renewable energy
resources in Pakistan [25] and select the locations for solar power plants [26]. As AHP has
to repeatedly track the preference of the decision-maker and evaluate the consistency of
weights, it is time-consuming and complex to implement.

The other main task for the method of calculating the score of each alternative is to pro-
vide a function for well evaluating the alternatives. TOPSIS uses a method of compensatory
aggregation to define a distance between each alternative and the ideal /worst alternative
and then calculate a score for each alternative. As the process of TOPSIS is simple and
easily formulated, it has been applied to select the proper supplier [27,28], build a model to
evaluate the environmental condition for eutrophication levels of lakes [29], and rank the
risks in working places in order to effectively improve job safety [30].

ELECTRE is the most popular pairwise comparison method for MCDM and provides
ranking results for alternatives. ELECTRE has been applied to identify a possible sustain-
able hydrogen production pathway [31] and figure out important items for designing a
tourist website [32]. However, the process of ELECTRE is more complex than TOPSIS and
usually only provides the rankings of alternatives instead of scores. Therefore, TOPSIS is
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often integrated with different weighting methods or design of experiment (DOE) methods
due to it is effective and easy to compute when solving an MCDM problem.

Some studies embed AHP into TOPSIS for weighting the criteria, such as the applica-
tion of selecting the internet of medical things systems [33] and accessing the risk of gas
and oil pipeline systems [34]. Meanwhile, when the precise values for the performance
rating are available, TOPSIS can be adopted for the MCDM problem. When the values of
the performance rating are vague and imprecise, a combined fuzzy theory and TOPSIS
(Fuzzy TOPSIS) can be adopted for the MCDM problem. Yang and Hung [35] adopted both
TOPSIS and fuzzy TOPSIS in solving a layout design problem from the integrated circuit
(IC) packaging process.

TOPSIS usually is applied to calculate the score of each treatment in the Taguchi for
replacing its signal-to-noise ratio. Yang and Chou [36] developed a hybrid Taguchi/TOPSIS
method to solve multi-response simulation optimization problems involving control factors
with discrete values and three control levels. The feasibility of the proposed method was
demonstrated by redesigning the IC manufacturing process in a real-world IC packaging
company. The same method was later applied to determine the most appropriate dis-
patching rule for every workstation in the flow shop of a multi-layer ceramic capacitor
manufacturing system [37]. Recently, Tansel et al. [38] used the method to analyze the
parameters with two criteria, manufacturing lead time and quality, for improving the
manufacturing flexibility, and the influences of different weight scenarios of these two
criteria are also discussed.

As described above, the IPI redesign problem considered in this study involves four
design objectives and three control factors through lean thinking. Furthermore, each control
factor has four possible level settings. As a result, the design problem is ideally suited to
a solution using the hybrid Taguchi/TOPSIS method described above. In particular, the
Taguchi method provides an approach for determining the control factor level settings
which optimize each design criterion individually, while TOPSIS provides the means to
identify the optimal solution which satisfies all three design criteria simultaneously. After
the optimal setting of the three factors for effectively removing wastes in the IPI system
is obtained, a simple IoT technology can be set up soon to control the operation mode for
successful implementation, e.g., e-Kanban [39].

The remainder of this study is organized as follows. Section 2 describes the case
problem considered in the present study. Section 3 introduces the methodology proposed
in this study for optimizing the IPI service system in API manufacturing companies based
on the three criteria described above. Section 4 presents and discusses the empirical results.
Finally, Section 5 draws some brief conclusions and indicates the intended direction of
future research.

2. Case Problem

The present study takes a leading drug company in Taiwan as the case company. The
company has 11 process lines (which operate independently of one another) but only one
IPI division, which works 24 h a day with two shifts (12 h per shift) (see Figure 1).

The IPI division is a company-wide shared resource with incoming samples from the
11 process lines and is subject to capacity constraints from both the available number of
inspectors and the number of machines (or testers). In addition, there is usually a window
time (e.g., maximal allowance time to avoid a potential in-process quality problem) between
the sample generation time and the result return time; thus, the efficiency of IP1 is critical
to assure the in-process quality performance.

At the beginning of each shift, the leader of the API division uses an experience-based
approach to assign an inspector to each process line. For each shift, just four inspectors are
available. Consequently, each inspector is assigned to multiple lines. Figure 2 shows the
current service configuration of each shift in the IPI division.
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Figure 2. Current IPI service configuration.
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In principle, there is a clear work division between the inspectors. Since the sample
arrivals are stochastic due to both the stochastic and dynamic nature of a manufacturing
line, the workloads among the inspectors are also dynamic and are unbalanced most of the
time. The unbalanced workload problem has caused a significant IPI capacity loss and has
deteriorated the IPI performance.

In accordance with current working practice, each production line in the case company
is required to notify the IPI division 6 h before the estimated time at which the sample
will arrive. On receiving this notice, the corresponding inspector is required to set up
the relative inspection items and machines for the incoming sample. Meanwhile, the
production line continues to process the product batch through the specified production
stages until the IPI time arrives, at which point the batch is delivered to the IPI division
(see Figure 3).

One of production lines

Producing | Estimated | Estimated IPI division
Stages | Start Time | End Time
Stagel 02:00 07:00
Stage2 07:00 10:00 l Notice the delivery time of sample ¢> IPI Setup
Stage3 | 10:00 | 12:00 | | | J
IPI 12:00 Deliver the sample d} Run IPI
StageS | 15:00 ' And Make
Report the result of IPI I report
v T i

Figure 3. The interactions between IPI division and production flow (1, 2 and 3 represent the order of

interactions for a batch).

Figure 4 shows the details of the current IPI service procedure, including both the
preparation activities and the actual inspection activity. As shown, the setup process for



Sustainability 2022, 14, 3706

6 of 20

the inspection items and machines lasts for around 4 h, while the inspection procedure
(terminating with the output of an inspection report) lasts for approximately 3 h.

Arrival of inspection notice Arrival of Inspected sample
Time line Preparation for inspection Inspection
(hour)
Operations l‘2|3 4l5|6 7‘8'9

Inspection items ° P o‘ R R |
Machines e B ‘ ° R
P

Prepare corresponding items

R Run the inspection procedure with the corresponding items

Figure 4. IPI operation procedures (1, 2, 3, 4 and 5 represent the order of IPI operation procedures for
a sample).

The machine and labor costs of the inspection process are both high. Consequently,
it is necessary to reduce both the number of machines and the number of inspectors to a
number much lower than that of the manufacturing lines in order to reduce costs and ensure
the competitiveness of the case company located in Tainan, Taiwan. Therefore, as stated
above, each inspector in the API division is currently assigned responsibility for multiple
manufacturing lines in each shift. However, this strategy risks the inspector as being unable
to set up and handle each in-coming sample batch from the busy manufacturing lines
on time, thereby delaying the inspection report and potentially damaging the quality of
the in-process batch. Conversely, some inspectors on the same shift may sit idle if the
production schedules of the corresponding manufacturing lines are loose (see Figure 5).
Due to capacity constraints, a shortage of inspection machines may also occur during the
IPI process, which further prolongs the CT of the IPI procedure.

IPI division

Machines
For
inspection
o Procedure 1 Procedure 2 Procedure 3
Inspector 1 > >

@)

\%?%Insp@]toﬂ
\:é%/lnspe@ctor?»
\__ldle ﬁ]

Inspector 4

TUELT

NININE

Figure 5. Unbalanced situations for job assignments in a shift.
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The current IPI configuration design has its limitations; thus, it is the objective of the
present study to investigate an optimal design to improve the IPI performance, as shown
in the following sections.

3. Proposed Methodology

This section describes the methodology proposed in this study for redesigning critical
operation factors in the IPI system of the case company in such a way as to improve the IPI
performance. Especially, a service system deals with more uncertainty from customers than
a manufacturing system [40]. Thus, the design of a flexible IPI service system should be a
challenge and also is needed for quickly completing the requests from these manufacturing
lines. Recently, the rapid development of synergy of collecting information, analyzing
information, and sharing information in a service or manufacturing system arouses the
fourth industry revolution (industry 4.0) [41], which provides a conceptual framework to
enhance flexibility. However, the requirement of industry 4.0, including the knowledge, the
equipment or the investment of big data, artificial intelligence (Al), and internet of things
(IoT), is too high for a system only in industry 3.0 or less to be realized in an acceptable
time period.

An operation mode of lean management always focuses on stabilizing production
flow and well using limited resources (raw materials, manpower, machines and etc.) in
order to achieve the just-in-time (JIT) service at the lowest possible cost. Therefore, the view
of lean management is applied to design the efficient operation mode for the IPI service
in this study. After such an IPI operation mode is constructed, the simple and cheap tool
for only sharing instant information from IoT is embedded into the operation process to
monitor and then control the service flow. The conceptual framework of the new IPI service
system is shown in Figure 6.

Next service
[ |
A A
| I
Production Y > >\ﬁﬁé/
oductio Y | Inspectors
lln‘es () — v
. — JIT information -~
JIT information .
A »
.~~~ JIT decision
(Effective service
- rules are unclear!)

Figure 6. Conceptual framework of new IPI service system.

Accordingly, the work for stabilizing sample flows commences by examining the
possible IPI service configurations for an API manufacturing company with multiple
process lines in order to identify the configuration, i.e., the assignment of inspection resource
to one or more production lines under which the workload can be more evenly distributed
to each inspector and the manpower utilization efficiency correspondingly improved.
Various dispatching rules for the sample inspection waiting list and scheduling rules for
the inspectors to the inspection task are then reviewed for the purpose of optimizing the
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arrangement of manpower and machines. An investigation is then performed to identify
the IPI service configuration, dispatching rule, and scheduling rule, which collectively
improves the performance of the IPI operation in terms of three main criteria, namely the
service level (SL), the cycle time (CT), and the maximum tardiness time (Tardy).

The process of designing the IPI operation mode is both an MCDM problem (i.e., three
main criteria) and a parameter optimization problem (i.e., the IPI service configuration,
dispatching rule, and scheduling rule are each assumed to have several levels for robust
Taguchi experimental design method). Taguchi’s robust design method enables even com-
plex optimization-type problems to be solved using a minimum number of experimental
trials. However, it is intended to solve design problems with a single optimization criterion.
Thus, the Taguchi results for the present MCDM problem are further processed using the
TOPSIS method in order to identify the optimal redesign solution as evaluated over all
three design criteria simultaneously. The feasibility of the proposed redesign methodology
is demonstrated through a practical application.

We are not aware of any literature that specifically optimizes the IPI procedure design
for the API process. Since API manufacturing is an important industrial sector, the present
study addresses an important application problem. Its effectiveness is demonstrated using
a practical case. Especially, we propose an achievable strategy combining lean management
and simple IoT tools to upgrade a system from industry 3.0 or less to as good as industry
4.0. Thus, the empirical results will contribute to both practice and literature.

Having made a careful study of the possible factors affecting the efficiency of the
IPI service in the current system through the three factors are chosen as the basis for the
redesign process, namely the IPI service configuration, the dispatching rule used to select
samples for inspection from the inspection waiting line, and the scheduling rule used to
assign inspectors to the inspection tasks. On the basis of a further survey, four possible level
settings are identified for each redesign factor. Figure 7 presents a schematic illustration of
the proposed redesigned method with five steps.

Step 1. Identification of the service configurations

|

Step 2. Identification of the dispatching rules for waiting list

|

Step 3. Identification of the scheduling rules

l

Step 4. Evaluation of the IPI system design alternatives using Taguchi
orthogonal array and simulation

Step 5. Solution for the IPI system design using hybrid Taguchi /
TOPSIS method

Figure 7. Research process flowchart.

In the proposed redesign methodology, the Taguchi method is used first to determine
the optimal level setting for each factor, taking each of the three design criteria separately
as the objective function. The TOPSIS method is then applied to analyze the Taguchi results
and then generate a single comprehensive value for evaluating the performance of newly
designed system based on a joint consideration of all three criteria simultaneously.

The first three steps of the proposed methodology focus on the design of new IPI ser-
vice configurations and rules, while Steps 4 to 5 apply the hybrid Taguchi/TOPSIS method
to integrate the new configurations and rules to generate new service systems and then se-
lect the optimal design. The details of 5 steps are described in Sections 3.1-3.5 respectively.
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3.1. Identification of the Service Configurations

The 11 manufacturing lines in the case company are separated into 4 groups in accor-
dance with the type of product they produce. The four inspectors in each shift are then
allocated to these groups, resulting in four service lines (see Figure 2).

In queuing theory, the number of service lines has a critical effect on the waiting time.
However, by merging several service lines into one, it is possible to shorten the waiting time
of the original one-line-to-one-server system [42]. Thus, in the present context, by properly
merging some of the service lines, the workloads of the inspectors in the IPI division can be
more evenly distributed, and the efficiency of the IPI service correspondingly improved.

Let the four groups in Figure 8 be denoted as A, B, C and D, respectively. In merging
these groups, three different strategies can theoretically be applied, namely: (i) merge all
4 groups into a single group; (ii) merge any 3 groups and keep the remaining group as
before; and (iii) merge any 2 groups of the original 4 groups to reduce the system to just
2 groups. In practice, however, strategy (ii) can be discounted since the unmerged line may
still risk an imbalanced situation.

@ e — 0568

(a)Single queue line -(ABCD)

All 4 inspectors

O O
+ > ﬁﬁﬁﬁ > @@ 2 inspectors
+ > éé > @[ﬁ] 2 inspectors

(b)Two queue lines -(AB,CD)

(D — LA s
)+l . OO0

2 inspectors

F-Jo E_Jo
E_Jo ECJo

> 2 inspectors
(c)Two queue lines -(AD,BC)
ONO)
+ @_;é:é/ @@ 2 inspectors
O O
T — > Q_@/ —> @@] 2 inspectors

(d)Two queue lines -(AD,BC)

Figure 8. Four possible service configurations.

In strategy (i), all of the samples from groups A, B, C, and D are assigned to the same
service line, and this line is then served by all four inspectors. For convenience, this merging
scenario is denoted as (ABCD) hereafter. Three different merging outcomes are possible for
strategy (iii). For example, the products of groups A and B can be merged into one service
line, while those of C and D are merged into a second line. Two inspectors are then assigned
to each line. For convenience, this scenario is denoted as (AB, CD) hereafter. Similarly, the
four groups can also be merged as (AC, BD) and (AD, BC), respectively. In other words, as
shown in Figure 8, there are four service configurations alternatives—(ABCD), (AB, CD),
(AC, BD), and (AD, BC), which are determined by an exhaustive search approach.
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3.2. Identification of the Dispatching Rules for Waiting List

When more than one sample is waiting for inspection, dispatching rules are required
to determine the sample which should be selected for inspection next. In practice, a proper
design of the dispatching rule is essential in improving the efficiency and throughput of
the service system and hence in improving its performance. The present study, therefore,
considers four common dispatching rules for deployment in the API division, namely
First-In-First-Out (FIFO), Shortest-Processing-Time (SPT), Earliest-Due-Date (EDD), and
Critical-Ratio (CR). FIFO selects the sample which arrives earliest, while SPT chooses the
sample with the shortest processing time. Similarly, EDD selects the sample with the
earliest due date, while CR chooses the sample with the lowest CR rate, which is defined as
Equation (1).

Time period from now to the due date

CR rate = - . - — -
Cumulative processing time remaining

)

Although there are many dispatching rules in existing literature, many of them are
not practical. The four chosen dispatching rules are relatively simple and are potentially
feasible for the case problem and, thus, are chosen for the present study.

3.3. Identification of the Scheduling Rules

In addition to an efficient dispatching rule, the IPI service system also requires a
proper scheduling rule to select an inspector to inspect the chosen sample. The present
study considers four common scheduling rules, namely Random (RAND), Cyclical (CYC),
Preferred Order (POR), and Smallest Number Busy (SNB). RAND selects an inspector from
the available inspectors randomly; CYC selects the first available inspector beginning with
the successor of the previously selected inspector in an ordered list of the inspectors; POR
selects the first available inspector in the ordered list of inspectors; SNB selects the inspector
with the least number of to-be-inspected samples. The reasons to choose the scheduling
rules for the present study are the same as the ones for choosing the dispatching rules
mentioned above.

3.4. Evaluation of the IPI System Design Alternatives Using Taguchi Orthogonal Array and
Simulation

In the Taguchi method [15], the experimental trials are configured in an orthogonal
array denoted as L, (af), where a represents the number of treatments in the experiment,
a is the number of control factors, and f§ is the number of levels for each control factor.
For the IPI redesign process considered in this study, 2 = 3 and = 4, as discussed later in
Section 4.

For each run in the orthogonal array (OA), simulations are performed to determine
the corresponding values of the SL, CT, and Tardy performance criteria.

3.5. Solution for the IPI System Design Using Hybrid Taguchi/TOPSIS Method

As described above, the Taguchi method provides an effective approach for solving
single-objective optimization problems. However, the present study involves an MCDM
problem with three performance criteria (i.e., SL, CT, and Tardy). Thus, for each treatment in
the OA, the TOPSIS method is employed to produce a single overall value for the redesign
performance based on all three criteria. This comprehensive value is then used in place of
the original S/N ratio in the Taguchi method to evaluate the optimal solution. The details
of the proposed approach are described in the following.

First, an appropriate loss function is chosen to evaluate the loss cost of the result of
each treatment in the OA for the bias to the given target value for each criterion. Based
on the property of the target value of the concerned criterion, three different types of loss
function may be applicable, namely nominal-the-better, smaller-the-better, and larger-the-
better. Let y;jx denote observation k in treatment i for criterion j. Furthermore, let N be
the total number of observations and p; be the target value of criterion j. The loss cost L;;
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for the smaller-the-better criterion j with respect to the observations of treatment i can be
determined using the following loss function:

P 2
Li=+ Z;Ij:l (]/ijk - Pj) , ()

where P is the loss function coefficient, i.e., the estimated rate for the loss of bias to the
target value. For the smaller-the-better criterion, p; can be taken as zero. Therefore, the loss
function reduces to

P N 2
Lij = N Zk:l yijk . (3)
For the larger-the-better criterion, a large Yijk causes less loss. Consequently, the loss
function can be expressed as
P N 1
Li= — L .
ii= N Y %Zj }

Let m be the number of criteria, n the number of treatments, L}”’”‘ the maximum loss

4)

cost for criterion j and L}"m the minimum loss cost for criterion j. The transition formula
proposed by Tong and Su [43] can be used to convert these loss costs under different criteria
into the same scale such that they can be fairly compared. More specifically, for each
criterion j, the loss cost under treatment i can be standardized as

max __ 71 ..
LI — L,

Y=L 7 ®)

1y max _ Lmin
] ]

In Equation (5), Y;; (0 < Yj; < 1) is the normalized loss function for criterion j at
treatment 7, and a value of Y;; closer to 1 indicates a lower loss.

When having normalized the loss costs, a proper weighting function is required to
weight the importance of each criterion relative to the other criteria. Let w; be the weight
of criterion j. According to the vector normalization approach [23], the normalized and
weighted value v;; for treatment i and criterion j can be computed as

o — Wi Yij
1y m YZ 7
RE=R

where w; has to satisfy the following constraint:

Yo wi=1. @)

Various simple and effective weighting methods are available, including the rank
order centroid method is adopted in the present study. Suppose that m criteria exist and are
to be assigned different weights in accordance with the rank order centroid method [30].
The jth smallest weight value is calculated as,

(6)

1 m 1
W= T ®
Let the positive ideal solution v;" and negative ideal solution v;” be defined respectively as
v;“:max{vij,izl,...,n}, )

and,
y;:min{vij,izl,...,n}. (10)
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The distance to the positive ideal solution Sf and distance to the negative ideal
solution S;” with respect to the result of treatment i can be calculated respectively as

S = \/27—1 (vij - v].+)2, (11)

and

2
— m —
S = \/Zj_l (vij o] ) . (12)
Based on the distances to the positive and negative solutions, the similarity of the
solution for treatment i to the ideal solution can be formulated as
St

Ci=—14+—, 13
st +ss 13

where C; lies between 0 and 1, and a value closer to 1 indicates that the solution is closer to
the ideal solution. Note that in the present study, C; is used in place of the S/N ratio in the
Taguchi method. In particular, the similarity value for each level of a factor is obtained as

the summation of all the C;s associated with this level. The level with the highest similarity
value is then taken to represent the optimal parameter setting for the corresponding factor.

4. Empirical Illustration

As discussed in the previous section, the present study considers three control factors
for the IPI redesign process, namely the service system configuration (C), the dispatching
rule (D), and the scheduling rule (S). Furthermore, each control factor is assigned four
possible level settings (see Table 1).

Table 1. Control factors and level settings.

Factors Level 1 Level 2 Level 3 Level 4
C (ABCD) (AB,CD) (AC,BD) (AD,BC)
D FIFO SPT EDD CR
S RAND CYC POR SNB

Since the redesign problem involves three control factors and four levels, the experi-
mental runs are configured in an Ly¢(4%) OA, as shown in Table 2. Since the present study
has only three factors, the furthest two right columns are not used.

Table 2. Treatments in present redesign experiments.

Treatment No. Level

C D S
1 1 1 .
2 1 2 )
3 1 3 3
4 1 4 A
5 2 1 5
6 2 ’ .
7 2 3 A
8 2 1 3
9 3 1 3
10 3 2 X
11 3 3 ;
12 3 4 )
13 4 1 ]
14 4 2 3
15 4 3 5
16 4 4 1
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In implementing Step Five of the proposed redesign methodology, a computer simula-
tion model of the IPI service system was constructed using Arena® software (Version 14)
by Rockwell Automation located in Milwaukee, Wisconsin, United States of America. The
simulations were run on a PC with an Intel® Core™ i7-3770 CPU@3.4GHz and 4 GB ram.
The data input into the computer simulation model is shown in Table 3. The input data
comes from the practical operational values of the case company.

Table 3. The input data of the computer simulation model.

Items Input Data
Operation hours of IPI 2 shifts, and 12 h each
Number of inspectors for each shift 4 persons
Number of inspecting machines of IPI 15 machines
Number of Manufacturing lines 4 lines
Number of product types 3 types
Arrival time of inspected sample 6 h after receiving notices from manufacturing lines

The simulation run length was set as 30 days. There are 48 replications for each
simulation run. Based on an inspection of the simulated CT results, the warm-up period
for the simulation model was determined to be 10,000 min (about 7 days), as shown in
Figure 9. The 48 replications result in a total of 48 simulation trajectories of CT is shown in
Figure 9. The truncated replications were then collected for further study.

CT (10'min) |

34

A Tt
i Lo

o ] 'H—\.‘—--\_'.‘-_‘- ry

A i T

] A

T T T T T T

\
0 10(about 7 days) 20 30
Time(10’min)

Figure 9. Simulation warm-up period.

Each color with a different line style represents a simulation trajectory of CT, and there
are 48 trajectories. The figure shows that these trajectories converge after 10,000 min (about
7 days).

Before running the computer simulation model for the experimental treatments pre-
scribed in the Taguchi orthogonal array, the model validity was confirmed using the
comparison method shown as Equation (14) [44]. In particular, the mean values of two
of the most important IPI performance criteria (namely the SL and the CT) obtained over
10 replications of the model were compared with the empirical data collected from the
current IPI system. Currently, we can only collect SL and CT data from the case company,
and the other two measurement data of Tardy are not available. Thus, only SL and CT
are used for simulation model validation. Since Tardy data can be collected from the
simulation model and can provide additional managerial insights to the present study, they
are adopted for the empirical analysis.

For each performance measure, the absolute deviation was evaluated as

|Outcome of computer model — Outcome of real system)|

0,
Outcome of the real system x100% . (14)

Absolute deviation =
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As shown in Table 4, the absolute deviations for the SL and CT performance measures
are just 3.27% and 1.87%, respectively. In other words, the accuracy of the simulation model
in representing the current IPI service system is confirmed.

Table 4. Error rates for SL and CT performance measures.

Outcome
Items Unit Computer Errors
Real System Model
SL Y% 67.21 65.01 3.27%
CT Min 194.34 197.98 1.87%

The half-width of the mean value of SL obtained over 10 replications is 1.5%. In order
to have more accurately estimated mean values of important IPI performance criteria for
the following analysis, 48 replications of the simulation model were performed for each
treatment in the orthogonal array. Consequently, the half-width of the mean value of SL
from 48 replications can shrink to 0.67%, according to the simulation result.

As described in the previous section, the TOPSIS method was used to analyze the
outcome of the Taguchi experiments in order to determine the optimal solution for the IPI
service redesign problem. In evaluating the Taguchi results, the larger-the-better criterion
was applied to the SL measure, while the smaller-the-better criterion was applied to the
CT and Tardy measures. In accordance with feedback received from experts in the case
company, the three criteria were ranked in descending order of importance as follows: SL,
CT and Tardy. The weights obtained using rank order centroid method for the three criteria
are evaluated using Equation (8) are listed in Table 5.

Table 5. Weights of three evaluation criteria using rank order centroid method.

SL CT Tardy
Weights 0.6111 0.2778 0.1111

Table 6 shows the observations of each treatment in Table 2 for SL, CT, and Tardy and the
numerical result of TOPSIS for S, S:” and C; is defined by Equations (11)-(13), respectively.

Table 6. Numerical result of TOPSIS.

Treatment Observations o+ . ¢,
No. SL CT Tardy ! !
1 80.47 169.24 692.24 0.1325 0.1859 0.5839
2 80.57 168.04 692.92 0.2090 0.1871 0.4724
3 80.29 168.35 676.18 0.2624 0.2420 0.4797
4 81.01 168.03 707.21 0.1660 0.1399 0.4574
5 81.40 168.05 717.30 0.1384 0.1079 0.4382
6 81.66 168.01 705.29 0.1696 0.1476 0.4654
7 81.56 168.15 698.65 0.1902 0.1688 0.4703
8 81.76 168.11 702.05 0.1795 0.1581 0.4683
9 80.68 170.09 737.92 0.1321 0.0296 0.1829
10 80.40 169.69 717.08 0.1587 0.0990 0.3840
11 80.39 170.37 743.27 0.1356 0.0166 0.1089
12 79.89 171.44 703.07 0.2104 0.1454 0.4087
13 82.86 164.77 691.18 0.1941 0.2120 0.5220
14 83.68 161.44 694.77 0.1745 0.2268 0.5651
15 83.31 163.03 700.71 0.1563 0.1973 0.5579
16 83.66 160.87 688.93 0.1946 0.2469 0.5592
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Table 7 shows the response table results (C;, i =1, ..., 16) obtained for the outcomes
of the 16 experimental trials in the Taguchi orthogonal array.

Table 7. Response table for similarity values of factors in different levels.

Level
Factor Max-Min
1 2 3 4
C 0.2383 0.4405 0.1428 0.8519 0.71
D 0.3862 0.4393 0.4056 0.4424 0.06
S 0.4215 0.3926 0.4464 0.4130 0.05

According to the results, the optimal design parameters for the IPI service system are
as follows: C4D4S3. In other words, in the redesigned IPI service system, the IPI service is
configured as (AD, BC), the samples waiting for inspection are selected in accordance with
the CR dispatching rule, and the inspectors are assigned to the inspection task using the
POR scheduling rule.

The validity of the proposed IPI redesign was confirmed by comparing the SL, CT,
and Tardy results with those obtained from the original system. As shown in Table 8,
the proposed redesign improves the three performance measures by 28.75%, 18.32%, and
22.22%, respectively. Consequently, the validity of the redesigned IPI process is confirmed.

Table 8. Performance comparison between redesigned and original systems.

Performance Measures Percentage of
Items Unit
Current System Suggested System Improvement
SL % 65.01 83.70 28.75%
CT Min 197.98 161.71 18.32%
Tardy Min 893.33 694.85 22.22%

Then, a sensitivity analysis was performed to compare the performance of the pro-
posed redesigned system with that of alternative systems obtained using different orders of
importance of the three criteria (Table 9) or based on only one of the three criteria (Table 10).

Table 9. Outputs of proposed hybrid method given different weights of three performance criteria.

N Weights to Each Criterion The Output Performance Measures
° SL CT Tardy IPT System SL (%) CT (min) Tardy (min)
1 0.6111 0.2778 0.1111 (AD, BC), CR, POR 83.70 161.71 694.85
2 0.6111 0.1111 0.2778 (AD, BC), CR, POR 83.70 161.71 694.85
3 0.2778 0.6111 0.1111 (AD, BC), SPT, POR 83.68 161.44 694.77
4 0.1111 0.6111 0.2778 (AD, BC), SPT, POR 83.68 161.44 694.77
5 0.2778 0.1111 0.6111 (AD, BC), CR, CYC 83.54 161.86 663.55
6 0.1111 0.2778 0.6111 (AD, BC), CR, CYC 83.54 161.86 663.55

Table 10. Outputs of proposed hybrid method obtained using single performance criterion.

Considered The Output of Differences of Performances
Criterion IPI System SL (%) CT (min) Tardy (min)
SL (AD, BC), CR, POR 0% 0% 0%
CT (AD, BC), SPT, POR 0.02% —0.17% —0.01%
Tardy (AD, BC), CR, CYC 0.19% 0.09% —4.50%

The results presented in Table 9 show that the performance of the redesigned IPI service
system (upper row) is similar to that of all the other systems obtained using different orders



Sustainability 2022, 14, 3706

16 of 20

of importance of the three main performance criteria. In addition, the optimal service
configuration is found to be (AD, BC) irrespective of the relative importance assigned to
the three criteria. However, the optimal dispatching rule (CR in the proposed redesign)
is replaced by SPT when CT is deemed to be the most important performance criterion.
Finally, when Tardy is taken as the most important criterion, CR is found to be the optimal
dispatching rule once again, while CYC (POR) is the optimal scheduling rule when the SL
(CT) criterion is deemed to be the second most important performance measure.

The results presented in Table 10 show that the performance of the proposed re-
designed system (top row) is close to that of the three systems obtained using only one
of the three performance measures as the design criterion. Overall, the results presented
in Table 9; Table 10 indicate that the suggested IPI service system redesign represents a
feasible and reliable solution for the case company.

Finally, our results are compared with those obtained using SMARTER-ROC and
ELECTRE. The detailed explanations for SMARTER-ROC and ELECTRE are described in
Section 1. The weight sum score of SMARTER-ROC [22] or the net advantage value of
ELECTRE [45] with weights by the rank order centroid method, shown as Equation (8), is
used in place of SN ratios for the further process of searching optimally designed parameters
in the Taguchi. The resulting comparison is summarized in Table 11. Both TOPSIS and
ELECTRE concluded the same optimal design configuration. SMARTER-ROC concluded a
slightly different design configuration. However, the final system performances from the
three methods are almost the same, as shown in Table 11. In conclusion, TOPSIS is quite
robust to solve the proposed MCDM problem.

Table 11. Comparison of results obtained using SMARTER-ROC, ELECTRE and TOPSIS.

Performance Measures
Method The Output
IPI System SL (%) CT (min) Tardy (min)
SMARTER-ROC (AD, BC), SPT, POR 83.68 161.44 694.77
ELECTRE (AD, BC), CR, POR 83.70 161.71 694.85
TOPSIS (AD, BC), CR, POR 83.70 161.71 694.85

The above study designs a new robust and efficient lean IPI service rule. Then the
simple IoT tools mentioned in the three tasks in Step Six should be constructed for obtaining
and sharing needed information immediately to each inspector in order to smooth the
operation of the lean IPI service. In fact, the combination of the lean operation mode
and the simple IoT tools is an achievable strategy to improve the performance to a to-be
industry 4.0 status with low investment and time cost. Figure 10 shows the framework of
new designed IPI service system.

The proposed methodology successfully solved the case problem with significant
improvements. The use of TOPSIS can convert an MCDM problem using a surrogate
function for the proposed three system performance criteria. The surrogate function is then
used for solving the parameter design problem using the proposed Taguchi method, as
shown in Table 7. The resulting optimal solution based on the surrogate function is proven
to be an effective solution by the examination of the improved individual performance
criterion, which ranges from 18.32% to 28.75%, as shown in Table 8.

The proposed methodology adopted the order centroid method to determine the
weights of the three evaluation criteria since different weighting methods may influence
the solution results. Thus, we also performed sensitivity analysis by examining different
weighting scenarios for the case problem. We examined six weighting scenarios, as shown
in Table 9, which showed a quite consistent improvement rate for the three performance
criteria across the different weighting scenarios. Thus, the proposed methodology is proven
to be a robust approach in solving the proposed problem. In addition, from Table 11,
the performance of the three criteria based on the output IPI system obtained by our
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proposed method is almost the same as the one obtained by the popular MCDM solver,

SMARTER-ROC, or ELECTRE.
Next service
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Figure 10. Framework of new designed IPI service system.

The efficiency of the proposed IPI service redesign has been demonstrated through
numerical simulations. As a future development, the performance of the IPI operation mode
in the actual physical context of the considered case company can be further confirmed
with the construction of mentioned simple IoT tools in order to realize of benefits of a
digital manufacturing environment.

5. Conclusions

The efficiency of the IPI service plays a critical role in ensuring the competitiveness
of the API manufacturing company. In practice, the efficiency of the chemical reaction
process is determined by the on-site conditions and is hence subject to variability. Very
few studies have investigated the effects of the IPI performance on the overall efficiency
and profitability of the API production process. The present study has proposed a hybrid
methodology based on the Taguchi robust design method and TOPSIS to redesign the IPI
process in a typical large-scale API manufacturing company. In the proposed approach, the
Taguchi method is implemented using three control factors and four different level settings.
For each run in the Taguchi OA, simulations are performed to determine the corresponding
values of three main criteria. Finally, the TOPSIS method is used to determine the redesign
solution which yields the best overall performance, as evaluated jointly across all three
performance criteria. The resulting optimal solution is proven to be an effective solution
by the examination of the improved individual performance criterion. It has been shown
that the proposed redesigned IPI process improves the SL by 28.75% compared to that
in the current case company. Furthermore, the CT is reduced by 18.32% since different
weighting methods may influence the solution results. Thus, we also performed sensitivity
analysis by examining different weighting scenarios for the case problem. The sensitivity
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analysis results have further confirmed that the proposed IPI service redesign provides a
robust and effective solution for the considered case company. In addition, by comparing
our method with the other two popular MCDM methods, SMARTER-ROC and ELECTRE,
the results from these two methods are almost the same as ours, which shows that our
proposed method is robust.

The process described in this study has assumed normal day-to-day running con-
ditions of the case company. Therefore, future studies should test the robustness of the
proposed redesigned IPI service system in the face of possible emergency conditions, such
as the lack of standard materials, solvents, and test equipment, and then analyze the conse-
quent results in order to establish optimal response strategies beforehand. Consequently,
future studies may also consider the implementation of such an approach in the considered
case company and employ the proposed Taguchi/TOPSIS methodology to redesign the IPI
operation mode accordingly.
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Nomenclature

Al Artificial Intelligence

API Active Pharmaceutical Ingredients
CT Cycle Time

CR Critical-Ratio

CYC Cyclical
EDD Earliest-Due-Date
FIFO First-In-First-Out

IC Integrated Circuit

IP1 In-Process Inspection

IoT Internet of Things

JIT Just-In-Time

MCDM  Multiple-Criteria Decision-Making
OA Orthogonal Array

POR Preferred Order
RAND Random
R&D Research and Development

SL Service Level

SNB Smallest Number Busy
SPT Shortest-Processing-Time
Tardy Maximum Tardiness Time

TOPSIS  Technique for Order Preference by Similarity to an Ideal Solution
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