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Abstract

Manufacturing systemsare the mode through which organizationscan achieve competitive advantage by producing
products with the desired wants. Hence, selecting a manufacturing system is one of the critical decisionsin
formulating a manufacturing strategy. Currently, there exist four traditional production systems (TPS) (i.e. job-shop,
batch-shop, mass, and continuous) and additive manufacturing system (AMS), which appeared as the alternative for
TPS during Industry 4.0 era. Different process choice criteria (PCC) need to be considered while determining a
suitable system from five or a hybrid (AMS + TPS) configuration. This research has developed a framework
comprising Delphi,voting analytical hierarchy process (VAHP), and machine learning (ML) based Bayesian
network (BN) method techniques for selecting a suitable production system by quantifying the strategic fit between
PCC and production systems. Initially, a pertinentbody of knowledge is researched to identify the critical PCC and
further validated by industry experts through Delphi. This results in retaining thirty-six PCC. The relative
importance of an individual criterion concerning a particular production system is computed using VAHP in the
second stage to understand the alignment of PCC in different production systems for exhibiting the congruence
between PCC and manufacturing systems (TPS and AMS). Total 22 cases falling under different production systems
are evaluated for strategic fit computation to understand the benchmarked values of PCC in each of the production
system environments (TPS and AMS).Finally, a suitable production system is selected for a special case of
hydraulic and pneumatic valve manufacture using a Bayesian network method. The findings offer critical insights
into the different PCC and their level-of-fit in TMS and AMS, which can assist researchers and practitioners in
evaluating a suitable manufacturing system for an organization using identified PCC.
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Manufacturing Strategy, Production systems, Process Choice Criteria, Strategic Fit, Delphi, VAHP, Machine
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1. Introduction

Over the past five decades, since the inception of the Manufacturing Strategy (MS) concept by Skinner (1969), MS
has been studied, analyzed, and evaluated in depth through numerous academic studies highlighting its importance
in creating competitive advantage. The role of manufacturing strategy in configuring the manufacturing decisions to
achieve a long-range advantage by improving manufacturing performance is crucial (Choudhari et al. 2013; Demeter
2003; Dohaleet al. 2022b). PwC (2020) reported that organizations with strategized manufacturing function could be
transformed easily and effectively to retain resilience and competitive advantage. This is why manufacturing
strategy plays a significant role in achieving the overall goal of business strategy (Chatha et al. 2018; Chatha and
Butt 2015). A well-formulated manufacturing strategy gives the manufacturer a competitive advantage to utilize the
uniqgueness of manufacturing functions, viz. “low-cost manufacturing, high-quality production, and manufacturing
flexibility” (Swamidass 1986).

Production system is the core aspect of MS. In the literature, two terms — production system and process choice are

used synonymously to represent the system configuration used in a manufacturing firm for producing tangible goods
(Dohaleet al. 2021b; Hill and Hill 2009; Slack and Lewis 2011). Manufacturing is considered an essential function
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that helps firms achieve the desired competitiveness in the market through the products produced. The type of
production system to retain such competence is crucial for a manufacturing company (Choudhari et al. 2012).
Manufacturing consists of four different types of traditional production systems (also termed as process choices)
based on the product volume and variety (PV) and plant layout, and material flow (LF). The four production systems
or process choices are “Job shop (JSPS), Batch shop (BSPS), Mass/assembly line (M/ALPS), and Continuous flow
(CFPS)” production systems (Hayes and Wheelwright 1979a). On the other hand, in the present Industry 4.0
context, the industrial additive manufacturing system (IAMS) has emerged as one of the significant manufacturing
systems as an alternative to the traditional manufacturing environment (Eyers and Potter 2017; Khorram Niaki and
Nonino 2018).

The manufacturing outputs in the form of competitive priorities, namely — cost, quality, delivery, and flexibility, are
majorly driven by the type of production system or process choice employed at the firm (Hill and Hill 2018; Slack
and Lewis 2018). For example, a wide range of product variety can be produced in a job shop production system
using a highly skilled operator and general-purpose machines with higher flexibility. However, the product cost and
delivery (lead time) will be more compared to other forms of production systems (i.e., batch, mass, or continuous). It
is expected that AMS will outperform well to achieve these criteria at superior levels than the traditional production
systems and can be a step toward mass customization (Minetola et al. 2020; Reeves et al. 2011).

Typically, any firm considers certain priorities at the order winning level as decided by the business strategy by
which the firm performs exceptionally well compared with its competitors. While to sustain the market’s
requirement, some priorities are set at qualifier levels (Hill and Hill 2009; Miltenburg 2005). If appropriately chosen
and configured, the production system retains the order winner priorities desired by business strategy and leads to
improved manufacturing capability, thereby making the firm world-class (Chatha et al. 2018; Dohale et al. 2021b).
A wrong selection of production system results in deviating from the firm’s desired level, i.e., order winning level of
manufacturing outputs resulting in losing market competence (Hill and Hill 2009; Rahman and Rahman 2020).
Hence, selecting a production system or a strategic process choice is considered as one of the most critical steps in
manufacturing strategy formulation (Hill and Hill 2018; Miltenburg 2005; Partovi2007; Slack and Lewis 2018).

2. Literature Review and Research Motivation

In the pioneering study, Hayes and Wheelwright (1979a) developed a graphical model to help practitioners select
suitable traditional production systems (i.e. JSPS, BSPS, M/ALPS, and CFPS). The authors termed the graphical
model as Product-Process Matrix. Apart from this model, Hill (1995) conceptualized a tool to decide process choice
for a firm and termed it as a product profile. Although these frameworks are well-appreciated in the body of
knowledge, both comprise significant lacunas. Firstly, these frameworks are limited in considering the different
criteria for production systems selection and rely only on the traditional criteria, i.e. volume and variety, to decide
the suitable production system for a firm. Secondly, market requirements are not effectively incorporated into these
frameworks (Ahmad and Schroeder 2002; Artto and Turkulainen 2018; Bello-Pintado et al. 2019; McDermott et al.
1997; Partovi 2007). Thirdly, itwas observed that none of the frameworks has considered the characteristics of the
novel AMS and thus lacks the ability to assess AMS. Considering these issues, researchers suggested formulating a
quantitative framework that aids in production system decision-making (Ahmad and Schroeder 2002; Bello-Pintado
et al. 2019).

The production system selection depends on different criteria. In literature, these criteria are referred as — process
choice criteria/characteristics(PCC), which include — market needs, competitive priorities, and the monetary
investment required for the production system (Dohaleet al. 2021b; Hill and Hill 2009; Hill 1986; Miltenburg 2005).
It is essential to clearly understand these criteria and their alignment with the traditional production systems (TPS)
and additive manufacturing systems (AMS) to effectively adopt the suitable one or hybrid configuration (TPS +
AMS) for retaining the desired manufacturing outputs utilizing the strength of these systems. Thus, it is the need of
the hour to rethink TPS and AMS with a manufacturing strategic lens to understand the level of PCC achievement
through TPS and AMS adoption by determining the strategic fit of PCC with all five production systems.

The strategic fit assessment entails the congruence between the two phenomena. The strategic consistency between
the different aspects can be effectively portrayed using the determination of strategic fit, which has emerged from
the strategic consensus concept (Boyer and McDermott 1999). The strategic fit analysis aids practitioners in
understanding how well two strategic functions match or fit each other in a predetermined standard pattern. A higher
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degree of congruence or strategic fit is associated positively with improved organizational performance (Mirzaei et
al. 2016). The earlier research in the MS domain has highlighted the essentiality of bridging the strategic fit between
different MS aspects (Chatha and Butt 2015; Choudhari et al. 2010, 2013; Dohale et al. 2021a; Mirzaei et al. 2016).
Although it is crucial to demonstrate the strategic fit between different aspects, to the best of the author’s
knowledge, literature is scant in developing the quantitative model that helps evaluate the strategic fit (Dohale et al.
2021a).

Thus, this research tries to formulate a framework that can quantify the strategic fit between different aspects. Here
the applicability of the proposed framework is demonstrated by exhibiting the strategic fit between process choice
criteria and production systems. Further, an attempt is made to formulate a framework that can help manufacturing
strategists in selecting the most suitable production system for their firm.

3. Research Objectives

This thesis attempts to address the following four research objectives (ROs) to accomplish the overall aim of the

research, i.e. quantifying the strategic fit of process choice criteria and production systems —

RO 1. Determining the criteria considered for selecting a production system (process choice criteria)

RO 2. Formulating a framework to quantify the congruence between process choice criteria and the production
systems

RO 3. Using the proposed framework (RO 2) and the multiple case study approach, evaluating the strategic fit
index of process choice criteria and different production systems environments (TPSs and AMS) employed
in manufacturing firms

RO 4. Developing a quantitative framework to determine the suitable production system for a particular firm
considering the PCC

4. Research Methodology

Accomplishing the objectives of the research, a multi-method approach is utilized. Four different methods are
deployed in this research, namely — Delphi, VVoting Analytical Hierarchy Process (VAHP), Multiple case Study
Method, and Bayesian Network (BN). The details of each the research objectives (ROs), research methodologies
used for the specific RO, allied activities, and significant research outcomesare given next.

41RO1

RO 1 deals with the identification of critical PCC responsible for selecting a production system at a manufacturing
firm. An extensive literature review was carried outthat resulted in the identification of 36 PCC, including group
criteria, sub-criteria, and sub-sub-criteria levels. Further, a total of 100 industry experts, 20 from each of the 5
production systems environments, i.e. 4 TPS (JSPS, BSPS, MPS, CFPS) and AMS, are consultedto validate 36 PCC.
A content validity ratio (CVR) method is used for consensus measurement. According to the CVR method, any
criteria having CVR > 0.29 are retained for the study (Dohale et al. 2022a; Emovon et al. 2018). In our analysis, all
36 PCC are retained as the received CVR > 0.29. The list of PCC is given in Table 1.

42RO 2

In RO 2, a multi-criteria decision-making based voting analytical hierarchy process (VAHP) is used. VAHP utilizes
a strong-ordering based mathematical formulation proposed by Noguchi et al. (2002) to evaluate the weights of all
criteria using the linear programming (LP) based DEA formulation (Liu and Hai 2005) as given below in model (1).
Here, 0, is the weighted sum of votes to the rth criteria, S represents the total number of ranking places
(where, S < R), R is the number of criteria, u,; denotes the weight of the sth place with respect to the rth criteria,
and x,¢ are the total votes for the rth criteria at the sth place byn voters. € denotes the difference between the
weights of criteria. In doing VAHP, initially, all the criteria under evaluation need to be arranged in a hierarchy as
group criteria, sub-criteria, sub-sub-criteria, and alternatives (Table 1). Figure 1 illustrates the hierarchy of the PCC.

Table 1. Process Choice Criteria(Dohale et al. 2021a)

Group Criteria Sub-Criteria Sub-Sub-Criteria
Market Requirements Product to be manufactured Volume
(Hayes and Wheelwright 1979a; Hill (Hayes and Wheelwright Variety
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and Hill 2018; Miltenburg 2008)

1979b; Slack and Lewis 2018)

Cost of Product

Competitive Priority
(Mirzaei et al. 2016; Safizadeh et al.
1996; Sansone et al. 2017; Ward et

al. 1998)

Cost
(Miltenburg 2008; Mirzaei et al.
2016; Ward et al. 1998)

Production Cost

Productivity

Capacity utilization

Performance
Features
Quality Reliability
(Garvin 1984; Miltenburg 2008; Conformance
Mirzaei et al. 2016; Sansone et Durability
al. 2017) Serviceability
Aesthetics
Perceived Quality
Product Mix
Flexibility Volume Flexibility

(Gerwin 1993; Miltenburg
2008; Mirzaei et al. 2016;

Changeover Flexibility

Sansone et al. 2017; Upton Modification
1994) Rerouting
Material and Sequencing
Delivery On-time Delivery

(Miltenburg 2008; Mirzaei et al.

2016; Sansone et al. 2017)

Delivery Speed

Delivery Reliability

Monetary investment in resources
(Hill and Hill 2018; Miltenburg 2005;
Slack and Lewis 2018)

Machine Resource Investment

Equipment Cost

Human Resource Investment

Labor Wages

Training Cost
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The ranking of PCC based on their strengths and importance is done in this step. Let us assume; there are n voters
(respondents). Every voter ranks each criterion at 1 to S, and S < R, where S is the number of places, and R is the
number of criteria. The votes for different places corresponding to different PCC at the individual level of the
hierarchy are collected. Generally, the number of respondents (voters) ranges from 8 — 60 (Dohale et al. 2021b).
Even having a sample size above 60 can be feasible (Ayyildiz and Taskin Gumus 2021). As the strength and
importance of criteria vary with respect to the production system, 100 voters (experts), 20 from each production
system (JSPS, BSPS, MPS, CFPS, and AMS) are deployed. These 100 voters are the same experts sampled for the
Delphi method (as discussed in Section 3.2) to acquire consistent expertise. A sample ranking data for BSPS is
given in Table 2. Further, using the formulation explained above in model 1, 8, i. e. weight of each process choice
criterion is evaluated. The normalization of weights is done using an averaging method and used for further
calculation. Table 3 provides a sample calculation of priority weights and global weight of PCC in BSPS.
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Figure 1. PCC hierarchy

43RO 3

A multiple case study approach is utilized to determine the level of PCC achievement in real-life cases to determine
how well these cases adhere to the PCC. For conducting a multiple case study research, a sample of 4 — 10 context-
specific cases is considered adequate(Yin 2018). As our research comprises a total of five production systems (JSPS,
BSPS, MPS, CFPS, and AMS) as context, this sample size is equally distributed over all the five production
systems.In this manner, a total of 22 case studies, comprising 5 cases of JSPS, 4 cases of BSPS, 5 cases of MPS, 4
cases of CFPS, and 4 cases of AMS, are considered in this research work. The performance level of PCC preferred
in different production systems is determined. The performance level of each PCC in these cases is critically
assessed.This helps to determine which PCC are preferred the most and least in various production systems.
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Table 2. Ranking Data — BSPS

Votes Votes
PCC PCC
1st | 2nd | 3rd 1st | 2nd | 3rd | 4th | 5th | 6th | 7th | 8th
Market Need 14 6 0 Performance 6 4 1 2 4 3 0 0
Competitive Priority 13 6 1 Features 5 4 2 3 2 1 2 1
Monetary Investment 12 5 3 Reliability 4 2 3 5 3 2 0 1
Conformance 7 3 5 2 1 1 0 1
pCC Votes Durability 3 6 2 5 1 1 0 2
1st | 2nd | 3rd Serviceability 3 2 1 7 4 1 1 1
On-time delivery 14 4 2 Aesthetics 4 2 1 3 2 3 2 3
Delivery Speed 8 3 9 Perceived Quality 7 4 2 3 1 2 1 0
Delivery reliability 11 9 0
Votes
PCC
PCC Votes 1st | 2nd | 3rd | 4th | 5th | 6th
1st | 2nd Product Mix 9 6 3 2 0 0
Labor Wages 14 6 Volume flexibility 7 6 4 2 0 1
Training Cost 11 9 Changeover 8 2 5 3 1 1
Modification 5 4 5 3 2 1
See Votes Rerouting 2 6 0 5 3 4
1st | 2nd | 3rd Material and Sequencing 4 6 5 2 1 2
Volume 7
Variety 14 4 2 PCC Votes
Cost of Product 7 8 5 1st | 2nd | 3rd
Production Cost
pCC Votes Produc_:tivit)_/ -
1st | 2nd | 3rd | 4th Capacity utilization 8 7 5
Cost 4 8 5 3
Qual.lt}/ : 12 5 2 1 PCC Votes
Flexibility 13 6 1 0 1st | 2nd
Delivery 6 8 4 2 Machine Resource Investment 4 16
Human Resource Investment 16 4
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Table 3. Weight Calculation for BSPS

Priority

Group Pr_iority Normalized o Pr_iority Normalized o weight of N_ormalized Glo_bal
Criteria welght_ of ) welght_ of ) Criteria wel_ght_of Wel_ght_of Sub- Criteria Sub- welgh_t of_Sub- Weight
group criteria  group criteria criteria criteria criteria criteria (GW)
Volume 0.770 0.304 0.106
Market Need 1.0000 0.3481 Product to be 1.000 1.000 Variety 1.000 0.395 0.138
manufactured
Cost of Product 0.760 0.300 0.105
Production Cost 1.000 0.352 0.023
Cost 0.638 0.193 Productivity 0.878 0.309 0.020
Capacity utilization 0.963 0.339 0.022
Performance 0.920 0.139 0.013
Features 0.842 0.127 0.012
Reliability 0.745 0.113 0.011
. Conformance 1.000 0.151 0.014
Quality 0.944 0285 5 rability 0.765 0.116 0.011
Serviceability 0.656 0.099 0.009
Competitive Aesthetics 0.685 0.104 0.010
Priority 0.9608 0.3345 Perceived Quality 1.000 0.151 0.014
Product Mix 1.000 0.209 0.021
Volume 0.889 0.186 0.019
I Changeover 0.886 0.185 0.019
Flexibility 1.000 0302 “Vodification 0.740 0.154 0.016
Rerouting 0.557 0.116 0.012
Material and Sequencing 0.719 0.150 0.015
On-time delivery 1.000 0.370 0.027
Delivery 0.724 0.219 Delivery Speed 0.750 0.278 0.020
Delivery reliability 0.953 0.352 0.026
Monetary Ma‘iﬂ'\;‘:gfﬂf:ﬁfme 0.667 0400  Equipment Cost 1.000 1.000 0.127
Investment in 0.9118 0.3174
resources Human Resource 1.000 0.600 Lab_or_ Wages 1.000 0.523 0.100
Investment Training Cost 0.912 0.477 0.091
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For example, as the manual work content is more than the machine work content in BSPS to produce the variety of
products as per the customers' specifications at lower volumes, more investment is needed in human resources than
machine resource. Hence, the equipment cost is preferred the Least while the labor wages and training cost
corresponding to human resources are preferred the Most. After determining the preferred performance levels, the
performance choice on a five-point Likert scale for each criterion is captured for the respective case of each
production system. The performance values are further assigned based on the choices as given by Liberator’s scale.
The five-point liker scale proposed by Liberator is provided in Table 4. Then the overall performance of the systems
is quantified by adding the performance values of each PCC (Drake et al. 2013).

Table 4. Five Point Likert Scale (Liberatore 1987; Liberatore and Nydick 1997)

Criteria Preference (Performance Choice) value
Most Preferred Least Preferred

Very High (VH) Very Low (VL) 0.51004
High (H) Low (L) 0.26383
Medium (M) Medium (M) 0.12957
Low (L) High (H) 0.06364
Very Low (VL) Very High (VH) 0.03292

Further, the benchmarked value of each PCC within the different production system environments is determined.
The benchmarked performance value is given by the best performance (maximum value) from the respective group
of cases under evaluation. The benchmarked case is the one that performs exceptionally well on every criterion and
retains the ‘best possible value’ for each criterion. Thereafter, the performance score (P;) of each criterion is
calculated by multiplying the global weight (GW;) with the performance value of each criterion (P;). The overall
performance OP;of the case is calculated by adding all the P, values of the individual cases. Finally, the strategic fit
index (SFI) is evaluated to measure the level-of-fit between the real-life cases under study and the identified
benchmarked case within each production system environment. The SFI is evaluated using the following equation.

OP
SFlcasey = S (Case) x 100 %

OPS (Benchmarked Case)

The sample performance evaluation of the real-life cases and the benchmarked cases within the BSPS is provided in
Table 5 and Table 6. The benchmarked values are determined by identifying the maximum value. For example,
considering the ‘reliability’ criterion, as evident from Table 6, Cases B2, B3, and B4 received a maximum value, i.e.
0.0028, compared with Case B1 (0.0014). Thus, the benchmarked value for the ‘reliability’ criterion within BSPS
cases is taken as 0.0028. Further, the strategic fit index evaluation is as explained. Take an example of Case B2. The
overall performance score of Case B2 is computed as 0.2024, and the overall performance score of Benchmarked
BSPS case is 0.2529 as highlighted in Table 7. The strategic fit index of Case B2 with Benchmarked BSPS case can

be computed using the above equation as — SFl(¢ase p2) = % x 100 = 80.03%.

A similar approach is used to compute the strategic fit index of each case within different production system
environments. The complete evaluation of the strategic fit index of all the cases falling under different production
system environmentsis provided in Table 8.

44RO4

Finally, RO 4 is addressed using an integrated framework including Delphi, VAHP, and Bayesian Network (BN)
model to determine the production system for a manufacturing firm. The applicability of the integrated Delphi-
VAHP-BN framework is illustrated using the real-life case of a high-value manufacturing (HVM) firm producing
hydraulic and pneumatic valves, i.e. the Focus Firm. Delphi is used for determining the most relevant PCC for the
focus firm. The list of 36 PCC is provided to the 20 experts from the focus firm and asked them to select the most
relevant one over which the production system selection can be evaluated. This resulted in the retention of 26 PCC.
Further, the weights of these 26 PCC using the VAHP method are computed to know the criticality of each PCC for
the focus firm. Finally, the weights of PCC are given as input into the Bayesian network (BN) model to determine
the selection probability of the different production systems alternatives. As the focus firm operates in a traditional
environment, only TPS, i.e. JSPS, BSPS, MPS, and CFPS are considered as the alternative system. The BN for MPS
alternative evaluation is shown in Figure 2. Similarly, BNs for other alternatives are constructed.Further, the
selection probability of each of the production system alternatives is evaluated using BN. It is observed that MPS
receives the highest selection probability, i.e. 71.23%, than the other production system alternatives. Figure 3
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provides the selection probabilities of each alternative. Thus, MPS is selected as the “‘best-suited” production system
for the focus firm.
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Table 5. Performance Evaluation of PCC in Case B1

Priority Priority Priority

Group weight of L weight of S weight of Glgbal Performance Case B1 Case B1 Case B1
T Sub-Criteria Sub-Sub- Criteria Weights Performance Performance Score (Ps)
Criteria group Sub- Sub-Sub- i Preferred - ) - .
oot o L (GWy) Choice Value (Pi) (GWi) x (Pi)
criteria criteria criteria
Market Product to be Volgme 0.3043 0.1060 Least L 0.2638 0.0280
Requirement 0.3481 manufactured 1.0000 Variety 0.3953 0.1376 Most H 0.2638 0.0363
Cost of Product 0.3004 0.1046 Least H 0.0636 0.0067
Production Cost 0.3519 0.0227 Least H 0.0636 0.0014
Cost 0.1929 Productivity 0.3090 0.0199 Most H 0.2638 0.0053
Capacity utilization 0.3391 0.0219 Most M 0.1296 0.0028
Performance 0.1391 0.0133 Most VH 0.5100 0.0068
Features 0.1273 0.0122 Most M 0.1296 0.0016
Reliability 0.1126 0.0108 Most M 0.1296 0.0014
Quality 0.2855 Confo.rr.nance 0.1512 0.0144 Most VH 0.5100 0.0074
Durability 0.1157 0.0110 Most VH 0.5100 0.0056
Serviceability 0.0992 0.0095 Most H 0.2638 0.0025
Aesthetics 0.1036 0.0099 Most M 0.1296 0.0013
Com_pet_itive 0.3345 Perceived Quality 0.1512 0.0144 Most H 0.2638 0.0038
Priority ) Product Mix 0.2088 0.0211 Most H 0.2638 0.0056
Volume Flexibility 0.1856 0.0188 Most H 0.2638 0.0050
Char_lg_e(_)ver 0.1849 0.0187 Most H 0.2638 0.0049
Flexibility 0.3025 —Clexibility

' Modifications 0.1544 0.0156 Most H 0.2638 0.0041
Rerouting 0.1163 0.0118 Most H 0.2638 0.0031
Materlal.and 0.1500 0.0152 Most H 0.2638 0.0040

Sequencing
On-Time Delivery 0.3700 0.0271 Most H 0.2638 0.0072
Delivery 0.2191 Delivery Speed 0.2775 0.0203 Most H 0.2638 0.0054
Delivery Reliability 0.3525 0.0258 Most VH 0.5100 0.0132
Monetary. Maclrr‘]'\;‘ei&eesr‘]’t”me 04000  Equipment Cost 1.0000  0.1270 Least H 0.0636 0.0081
'”‘r’::;’l]‘rigg'” 03174 —uman Resource 06000 _L2bor Wages 05231 0.099 Most H 0.2638 0.0263
Investment ' Training Cost 0.4769 0.0908 Most H 0.2638 0.0240
Overall Performance Score — Case B1 0.2215

© IEOM Saciety International



Proceedings of the5th International Conference on Industrial & Mechanical Engineering and Operations Management (IMEOM 2022), Dhaka, Bangladesh, December 26-

28, 2022
Table 6. Performance Evaluation of PCC in Cases B2, B3, and B4
Case B2 Case B2 Case B2 Case B3 Case B3 Case B3 Case B4 Case B4 Case B4
Global Score Perform Score Perform Score
Group N - - Performanc | Perfor  Performa Perform Perform
L Sub-Criteria Sub-Sub- Criteria  Weights (Ps) ance (Ps) ance (Ps)
Criteria e Preferred mance nce Value : ance ; ance ’
(GWy) Choice ®) (GWi) x Choice Value (GWi) x Choice Value (GWi) x
' (Pi) (Pi) (Pi) (Pi) (Pi)
Market Product to be Volume 0.1060 Least L 0.2638 0.0280 L 0.2638 0.0280 L 0.2638 0.0280
Requirement manufactured Variety 0.1376 Most H 0.2638 0.0363 H 0.2638 0.0363 H 0.2638 0.0363
g Cost of Product 0.1046 Least H 0.0636 0.0067 H 0.0636 0.0067 H 0.0636 0.0067
Production Cost 0.0227 Least H 0.0636 0.0014 H 0.0636 0.0014 H 0.0636 0.0014
Cost Productivity 0.0199 Most H 0.2638 0.0053 H 0.2638 0.0053 H 0.2638 0.0053
Capacity M 0.1296 0.0028 M 0.1296 0.0028 M 0.1296 0.0028
L. 0.0219 Most
utilization
Performance 0.0133 Most VH 0.5100 0.0068 VH 0.5100 0.0068 VH 0.5100 0.0068
Features 0.0122 Most M 0.1296 0.0016 M 0.1296 0.0016 M 0.1296 0.0016
Reliability 0.0108 Most M 0.1296 0.0014 M 0.1296 0.0014 M 0.1296 0.0014
Qualit Conformance 0.0144 Most VH 0.5100 0.0074 VH 0.5100 0.0074 VH 0.5100 0.0074
y Durability 0.0110 Most VH 0.5100 0.0056 VH 0.5100 0.0056 VH 0.5100 0.0056
Serviceability 0.0095 Most H 0.2638 0.0025 H 0.2638 0.0025 H 0.2638 0.0025
Aesthetics 0.0099 Most M 0.1296 0.0013 M 0.1296 0.0013 M 0.1296 0.0013
Competitive Perceived Quality 0.0144 Most H 0.2638 0.0038 H 0.2638 0.0038 H 0.2638 0.0038
Priority Product Mix 0.0211 Most H 0.2638 0.0056 H 0.2638 0.0056 H 0.2638 0.0056
Volume Flexibility  0.0188 Most H 0.2638 0.0050 H 0.2638 0.0050 H 0.2638 0.0050
Changeover H 0.2638 0.0049 H 0.2638 0.0049 H 0.2638 0.0049
Flexibility 0.0187 Most
Flexibility Modifications 0.0156 Most H 0.2638 0.0041 H 0.2638 | 0.0041 H 0.2638 | 0.0041
Rerouting 0.0118 Most H 0.2638 0.0031 H 0.2638 0.0031 H 0.2638 0.0031
Material and H 0.2638 0.0040 H 0.2638 0.0040 H 0.2638 0.0040
. 0.0152 Most
Sequencing
On-Time Delivery 0.0271 Most H 0.2638 0.0072 H 0.2638 0.0072 H 0.2638 0.0072
Delive Delivery Speed 0.0203 Most H 0.2638 0.0054 H 0.2638 0.0054 H 0.2638 0.0054
Yy Delivery VH 0.5100 0.0132 VH 0.5100 0.0132 VH 0.5100 0.0132
4 0.0258 Most
Reliability
Monetary Ma(irrlll\?:sfrﬁgr?turce Equipment Cost 0.1270 Least H 0.0636 0.0081 H 0.0636 0.0081 H 0.0636 0.0081
I'n”}’::;mi’;ts Human Resource _ Labor Wages 0.0996 Most H 0.2638 0.0263 H 0.2638 | 0.0263 H 0.2638 | 0.0263
Investment Training Cost 0.0908 Most H 0.2638 0.0240 H 0.2638 0.0240 H 0.2638 0.0240
Overall Performance Score 0.2024 0.2475 0.2386
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Table 7. Strategic Fit Index Calculation — BSPS

Group o o Performance Scores
Criteria Sub-Criteria Sub-Sub- Criteria Benchmarked Case B1 Case B2 Case B3 Case B4
BSPS Case

Volume 0.0280 0.0280 0.0280 0.0280 0.0280

Rem?rr:r?:ent Product to be manufactured Variety 0.0363 0.0363 0.0178 0.0363 0.0363
Cost of Product 0.0136 0.0067 0.0067 0.0136 0.0067

Production Cost 0.0029 0.0014 0.0014 0.0029 0.0014

Cost Productivity 0.0053 0.0053 0.0026 0.0053 0.0053

Capacity utilization 0.0028 0.0028 0.0028 0.0028 0.0028

Performance 0.0068 0.0068 0.0035 0.0035 0.0068

Features 0.0032 0.0016 0.0032 0.0032 0.0032

Reliability 0.0028 0.0014 0.0028 0.0028 0.0028

Quality Confo_rmance 0.0074 0.0074 0.0038 0.0074 0.0074

Durability 0.0056 0.0056 0.0056 0.0056 0.0056

Serviceability 0.0025 0.0025 0.0025 0.0025 0.0025

Competitive Aesthetics 0.0026 0.0013 0.0026 0.0026 0.0013
Priority Perceived Quality 0.0074 0.0038 0.0074 0.0074 0.0074
Product Mix 0.0056 0.0056 0.0027 0.0056 0.0056

Volume Flexibility 0.0050 0.0050 0.0024 0.0050 0.0050

Flexibility Changeover Flexibility 0.0049 0.0049 0.0049 0.0049 0.0024

Modifications 0.0041 0.0041 0.0020 0.0020 0.0020

Rerouting 0.0031 0.0031 0.0031 0.0031 0.0031

Material and Sequencing 0.0040 0.0040 0.0040 0.0040 0.0040

On-Time Delivery 0.0138 0.0072 0.0072 0.0138 0.0138

Delivery Delivery Speed 0.0054 0.0054 0.0054 0.0054 0.0054

Delivery Reliability 0.0132 0.0132 0.0132 0.0132 0.0132

Monetary Machine Resource Investment | Equipment Cost 0.0165 0.0081 0.0165 0.0165 0.0165
_Investment Labor Wages 0.0263 0.0263 0.0263 0.0263 0.0263
in Resources | Human Resource Investment | ;i oot 0.0240 0.0240 0.0240 0.0240 0.0240
Overall Performance Score (OPS) 0.2529 0.2215 0.2024 0.2475 0.2386

Strategic Fit index (SFI) 87.58% 80.03% 97.88% 94.33%
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Table 8. Evaluation of the cases within different production system environment
Criteria Market Needs Competitive Priority Monetary Investment °
- Product to be : i : Machine Human s =
- t lit Fl lit Del 3 =
Sub-Criteria manufactured Cos Quality exibility elivery Resource Resource a 5
c ) 8 X
o | x S 2 2| 3 > | 5 | 2 o w s 8
173 = = = = — —~
s |8 || B8 |z |8 2|8 |2 | 2|2 |5 |8 |z B2/ |8 23| 8 |2|8|5E|:z
o > <] pt > = S @ £ < £ 3 L2 I} = = 2 = £ ® £ < & 8 o O L0 T
Sub-Sub- E kS & s £ = £ 5 = £ i 3 B p 3 T ] s |s2| & 2 < g = > | 5<| 5
L = = =] S = = r~ = © @ < 3 S [ 5 2 <) fuliT) @ o o 2 = = o =
Criteria S s 5 = 3 2 L 3 = e i 2 B S 3 q, 2 £ = g 3 £ ] > E 3 c = 5
> > o 3 IS) 5 C s o] c S > ] 3 IS g 3 5 ) B £ s > s 2 £ = 2
2 S & & & 14 S a oy < S & 5 @ S @ s & = 3 2 = S s = i
e a (@] 19} = = = = = =3 9 = o =
o T & < S c < o = | > ]
S o > 8 o 8 e}
O
Case Al 0.0312 | 0.0331 | 0.0070 | 0.0018 | 0.0070 | 0.0068 | 0.0063 | 0.0037 | 0.0057 | 0.0074 | 0.0025 | 0.0009 | 0.0020 | 0.0038 | 0.0051 | 0.0062 | 0.0095 | 0.0038 | 0.0028 | 0.0027 | 0.0077 [ 0.0068 | 0.0041 | 0.0405 [ 0.0350 | 0.0360 | 0.2792 | 82.92%
Case A2 0.0153 [ 0.0331 [ 0.0142 | 0.0036 | 0.0070 [ 0.0068 | 0.0063 | 0.0037 [ 0.0029 [ 0.0074 | 0.0025 [ 0.0019 [ 0.0020 | 0.0074 | 0.0051 [ 0.0121 | 0.0095 [ 0.0038 | 0.0028 | 0.0013 | 0.0149 | 0.0068 | 0.0041 | 0.0405 [ 0.0350 | 0.0360 [ 0.2858 [84.88%
g Case A3 0.0153 [ 0.0640 | 0.0070 | 0.0018 | 0.0070 [ 0.0068 | 0.0032 | 0.0037 [ 0.0029 [ 0.0074 | 0.0025 [ 0.0019 [ 0.0010 | 0.0074 | 0.0051 [ 0.0062 | 0.0095 [ 0.0038 | 0.0028 | 0.0013 | 0.0149 | 0.0068 | 0.0041 | 0.0405 [0.0350 | 0.0360 [ 0.2978 [88.43%
b4 Case A4 0.0312 [ 0.0640 | 0.0142 | 0.0018 | 0.0070 [ 0.0068 | 0.0063 | 0.0037 [ 0.0057 [ 0.0074 | 0.0025 [ 0.0019 [ 0.0010 | 0.0074 | 0.0051 [ 0.0121 | 0.0095 [ 0.0038 | 0.0028 | 0.0013 | 0.0149 | 0.0068 | 0.0041 | 0.0405 [ 0.0350 | 0.0360 [ 0.3325 [98.74%
Bmgng;::d 0.0312 | 0.0640 | 0.0142 | 0.0036 | 0.0070 | 0.0068 | 0.0063 | 0.0037 | 0.0057 | 0.0074 | 0.0025 | 0.0019 | 0.0020 | 0.0074 | 0.0051 | 0.0121 | 0.0095 | 0.0038 | 0.0028 | 0.0027 | 0.0149 | 0.0068 | 0.0041 | 0.0405 | 0.0350 | 0.0360 | 0.3368
Case J1 0.0436 | 0.0872 | 0.0420 | 0.0109 | 0.0039 | 0.0004 | 0.0035 | 0.0077 | 0.0052 | 0.0077 | 0.0020 | 0.0041 | 0.0052 | 0.0078 | 0.0149 | 0.0122 | 0.0118 | 0.0090 | 0.0030 | 0.0031 | 0.0056 [ 0.0011 [ 0.0102 | 0.0162 [ 0.0301 | 0.0521 | 0.4004 |97.39%
Case J2 0.0436 | 0.0872 | 0.0420 | 0.0109 | 0.0019 | 0.0008 | 0.0067 | 0.0077 | 0.0027 | 0.0040 | 0.0020 | 0.0041 | 0.0027 | 0.0078 | 0.0149 | 0.0122 | 0.0061 | 0.0046 | 0.0030 | 0.0031 | 0.0108 [ 0.0011 [ 0.0053 | 0.0080 [ 0.0301 | 0.0521 | 0.3754 |91.29%
I Case J3 0.0436 | 0.0872 | 0.0420 | 0.0109 | 0.0039 | 0.0004 | 0.0035 | 0.0040 | 0.0052 | 0.0040 | 0.0020 | 0.0021 | 0.0027 | 0.0078 | 0.0077 | 0.0063 | 0.0118 | 0.0090 | 0.0015 | 0.0031 | 0.0056 | 0.0006 | 0.0053 | 0.0080 [ 0.0301 | 0.0521 | 0.3601 |87.59%
% Case J4 0.0436 | 0.0872 | 0.0420 | 0.0109 | 0.0019 | 0.0004 | 0.0035 | 0.0077 | 0.0052 | 0.0077 | 0.0020 | 0.0041 | 0.0052 | 0.0078 | 0.0077 | 0.0122 | 0.0118 | 0.0046 | 0.0030 | 0.0031 | 0.0056 [ 0.0011 [ 0.0102 | 0.0162 [ 0.0301 | 0.0521 | 0.3869 |94.11%
- Case J5 0.0436 | 0.0872 | 0.0420 | 0.0109 | 0.0039 | 0.0008 | 0.0067 | 0.0077 | 0.0052 | 0.0077 | 0.0039 | 0.0021 | 0.0052 | 0.0078 | 0.0077 [ 0.0122 | 0.0118 | 0.0023 | 0.0015 | 0.0031 | 0.0108 [ 0.0011 [ 0.0102 | 0.0162 | 0.0301 | 0.0521 | 0.3938 |95.77%
ng;gn?g:d 0.0436 | 0.0872 | 0.0420 | 0.0109 | 0.0039 | 0.0008 | 0.0067 | 0.0077 | 0.0052 | 0.0077 | 0.0039 | 0.0041 | 0.0052 | 0.0078 | 0.0149 | 0.0122 | 0.0118 | 0.0090 | 0.0030 | 0.0031 | 0.0108 | 0.0011 | 0.0102 | 0.0162 | 0.0301 | 0.0521 | 0.4112
Case M1 0.0351 [ 0.0541 [ 0.0330 | 0.0073 | 0.0073 [ 0.0077 | 0.0025 | 0.0043 [ 0.0030 [ 0.0061 | 0.0025 [ 0.0046 | 0.0006 | 0.0068 | 0.0036 [ 0.0028 | 0.0026 | 0.0026 | 0.0022 | 0.0023 | 0.0157 | 0.0129 | 0.0144 | 0.0449 [0.0200 | 0.0207 [ 0.3194 [87.00%
Case M2 0.0172 [ 0.0280 | 0.0638 | 0.0073 | 0.0073 [ 0.0149 [ 0.0049 | 0.0043 [ 0.0030 [ 0.0061 | 0.0025 [ 0.0046 | 0.0011 | 0.0035 | 0.0036 [ 0.0028 | 0.0026 | 0.0026 | 0.0022 | 0.0023 | 0.0157 | 0.0129 | 0.0144 | 0.0221 [ 0.0200 | 0.0207 [ 0.2902 [ 79.04%
14 Case M3 0.0351 | 0.0541 | 0.0330 | 0.0036 | 0.0073 | 0.0077 | 0.0025 | 0.0043 | 0.0030 | 0.0031 | 0.0025 | 0.0046 | 0.0006 | 0.0068 | 0.0036 | 0.0028 | 0.0026 | 0.0026 | 0.0022 | 0.0023 | 0.0157 [ 0.0129 [ 0.0144 | 0.0449 [0.0200 | 0.0207 | 0.3128 | 85.19%
;(‘ Case M4 0.0351 | 0.0541 | 0.0330 | 0.0073 | 0.0073 | 0.0077 | 0.0025 | 0.0043 | 0.0030 | 0.0031 | 0.0025 | 0.0024 | 0.0006 | 0.0068 | 0.0036 | 0.0028 | 0.0026 | 0.0026 | 0.0022 | 0.0023 | 0.0081 [ 0.0066 [ 0.0075 | 0.0449 [ 0.0200 | 0.0207 | 0.2935 | 79.95%
s Case M5 0.0351 | 0.0541 | 0.0638 | 0.0073 | 0.0142 | 0.0149 | 0.0049 | 0.0043 | 0.0030 | 0.0061 | 0.0025 | 0.0046 | 0.0006 | 0.0068 | 0.0036 | 0.0028 | 0.0026 | 0.0026 | 0.0022 | 0.0023 | 0.0081 [ 0.0129 [ 0.0144 | 0.0449 [0.0098 | 0.0102 | 0.3383 |92.14%
B:/r:;gn;rsltd 0.0351 | 0.0541 | 0.0638 | 0.0073 | 0.0142 | 0.0149 | 0.0049 | 0.0043 | 0.0030 | 0.0061 | 0.0025 | 0.0046 | 0.0011 | 0.0068 | 0.0036 | 0.0028 | 0.0026 | 0.0026 | 0.0022 | 0.0023 | 0.0157 | 0.0129 | 0.0144 | 0.0449 | 0.0200 | 0.0207 | 0.3672
Case C1 0.0716 | 0.0325 | 0.0577 | 0.0168 | 0.0082 | 0.0094 | 0.0063 | 0.0018 | 0.0029 | 0.0061 | 0.0025 | 0.0029 | 0.0022 | 0.0018 | 0.0043 | 0.0042 | 0.0035 | 0.0043 | 0.0030 | 0.0038 | 0.0165 [ 0.0171 [ 0.0157 | 0.0571 [0.0195|0.0175|0.3891 |95.51%
Case C2 0.0716 | 0.0325 | 0.0577 | 0.0087 | 0.0082 | 0.0182 | 0.0033 | 0.0018 | 0.0029 | 0.0061 | 0.0025 | 0.0007 | 0.0022 | 0.0036 | 0.0043 | 0.0042 | 0.0035 | 0.0043 | 0.0030 | 0.0038 | 0.0165 [ 0.0171 [ 0.0157 | 0.0571 [0.0195|0.0175 | 0.3863 | 94.83%
4 Case C3 0.0716 | 0.0325 | 0.0577 | 0.0168 | 0.0159 | 0.0182 | 0.0033 | 0.0018 | 0.0029 | 0.0061 | 0.0025 | 0.0029 | 0.0022 | 0.0036 | 0.0043 | 0.0042 | 0.0035 | 0.0043 | 0.0030 | 0.0038 | 0.0165 [ 0.0171 [ 0.0157 | 0.0571 [0.0195|0.0175 | 0.4043 |99.25%
% Case C4 0.0716 | 0.0325 | 0.0577 | 0.0087 | 0.0159 | 0.0182 | 0.0033 | 0.0018 | 0.0029 | 0.0061 | 0.0025 | 0.0029 | 0.0022 | 0.0036 | 0.0043 | 0.0042 | 0.0035 | 0.0043 | 0.0030 | 0.0038 | 0.0165 [ 0.0171 [ 0.0157 | 0.0571 [0.0195|0.0175|0.3962 |97.26%
Bér;;h;]g;::d 0.0716 | 0.0325 | 0.0577 | 0.0168 | 0.0159 | 0.0182 | 0.0063 | 0.0018 | 0.0029 | 0.0061 | 0.0025 | 0.0029 | 0.0022 | 0.0036 | 0.0043 | 0.0042 | 0.0035 | 0.0043 | 0.0030 | 0.0038 | 0.0165 | 0.0171 | 0.0157 | 0.0571 | 0.0195 |0.0175 | 0.4074
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Figure 2. Bayesian Network model for MPS
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Figure 3. Selection probability for production systems

5. Results and Analysis

For the multiple case studies, within-case and cross-case analyses are conducted to determine the resemblance and
divergence in PCC performance levels of the real-life cases and the benchmarked cases. The impact of the number
of mismatches between the PCC levels of real-life cases and the benchmarked cases over the SFI isanalyzed.
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Further, PCC that contributes the most to the overall performance of benchmarked cases are identified to determine
the critical ones. The analyses depict that the real-life cases that comprise the maximum mismatches with the
benchmarked cases in terms of critical PCC receive the least overall performance and SFI.

From the cross-case analyses, It can be concluded that the more the real-life firms make a perfect match with the
benchmarked case in terms of critical PCC, the more the SFI it will gain and, in turn, provide production
competence to the firm (Dohale et al. 2021). Higher SFI of real-life cases indicates a better alignment of these cases
with the benchmarked case. So, the approach should be to have perfect congruence with the benchmarked case for
gaining strategic competence.

6. Conclusion and Research Implications

The present research has utilized VAHP methodology to establish the congruence of PCC and production systems
using the 22 realistic case studies of different production system environments (TPS and AMS). Further, in this
thesis work, the implication of the proposed three-stage Delphi-MCDM-BN methodology is illustrated in a real-life
case of a hydraulic and pneumatic valve manufacturing firm. This reflects that the present research promises
significant implications to the body of knowledge and for practitioners and manufacturing strategists.

e This research work is the primitive study that has developed the quantifiable framework based on the VAHP
method to evaluate strategic fit or congruence between different aspects, which was missing in the existing
body of knowledge.

e The role of machine learning (ML) algorithms in solving strategic decision-making problems in the productions
and operations management domain is crucial (Kang et al. 2020). However, in recent review articles, it is
observed that the utilization of ML techniques in the MS domain is still nascent (Dohale et al. 2021a; Dohale et
al. 2022b). The present research made an initial attempt to overcome this gap by utilizing the ML-based
Bayesian network (BN) method to solve a decision-making problem in the MS domain.

e The application of the proposed methodology helps in determining the most suitable production system for a
manufacturing firm. The identified PCC can be utilized by manufacturing strategists and practitioners for
strategic decision-making of the production system. Thus, the present research work can be utilized by
manufacturing strategists for —
¢ Evaluation of Existing Production System
The proposed VAHP framework can aid practitioners and manufacturing strategists in computing the strategic
fit index of the production system deployed at their firm. This helps them strategically audit the existing
production system at their manufacturing firm to assess the strategic fit between PCC and the production
systems. This can guide practitioners in understanding whether the existing production system is properly in
sync with the benchmarked production system or not? And if not, over which criteria do they need to work to
enhance the strategic fit index.
¢ Deciding Production System
The practitioners and manufacturing strategists are advised to utilize the integrated three-stage Delphi-MCDM-
BN framework for selecting suitable production systems for their new manufacturing plant or while introducing
new products.
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