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1. Introduction

In contemporary manufacturing environments, the inte-
gration of advanced quality assurances alongside the man-
agement of probabilistic failures, overtime, and outsourcing 
has become a pivotal area of study. The relevance of this 
topic is underscored by the ongoing efforts within the man-
ufacturing sector to enhance efficiency, reduce operational 
costs, and maintain high-quality standards amidst increas-
ingly complex production demands [1–3]. Quality assur-
ance (QA) remains a critical factor in manufacturing, ensur-
ing that products meet predefined standards and customer 
expectations [4]. The implementation of robust QA systems 
can significantly reduce defects, rework, and waste, leading 
to cost savings and improved customer satisfaction [5–7]. 
These advancements allow for real-time monitoring and con-
trol, thereby minimizing deviations and enhancing product 
consistency [8].

Scientific research into reducing operational costs in a 
manufacturing system is essential to navigate the complex-
ities of modern manufacturing. It provides the necessary 
insights and innovations to enhance efficiency, maintain 

quality, manage risks, and remain competitive in a dynam-
ic global market. Through such research, manufacturers 
can achieve sustainable growth, adapt to technological 
advancements, and meet evolving consumer and regulatory 
demands.

The practical application of research on reducing opera-
tional costs in manufacturing systems can lead to significant 
improvements across various facets of operations. These 
include process optimization, enhanced quality control, 
effective risk management, labor cost reduction, strategic 
outsourcing, sustainability, economic adaptability, techno-
logical integration, customer satisfaction, and regulatory 
compliance. By implementing the findings of such research, 
manufacturing firms can achieve sustainable cost savings, 
improve operational efficiency, and gain a competitive edge 
in the marketplace.

Therefore, investigating ways to reduce operational costs 
in manufacturing systems that encompass quality assurance, 
probabilistic failures, overtime, and outsourcing is highly 
pertinent. By addressing these challenges, organizations 
can enhance efficiency, uphold product quality, and secure a 
competitive edge in the market.
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This research focuses on the dynamic land-
scape of today’s competitive market, where pro-
duction management must meet clients’ expecta-
tions for high-quality products and shorter lead 
times while managing internal disruptions due to 
inevitable defects and unpredictable equipment 
failures. Achieving these operational goals with-
out compromising product quality, missing dead-
lines, or experiencing production disruptions is 
essential for minimizing operational expenses. 
The study examines the dynamics of the system’s 
operating costs through the development of mod-
els, mathematical formulations, optimization 
techniques, and algorithm proposals. It demon-
strates the system’s convexity and establish-
es the optimal batch time for implementing the 
proposed methodologies. The research results 
show relevant failure costs of 3.51 %, overtime 
added costs of 4.57 %, outsourcing setup costs 
of 0.73 %, outsourcing variable costs of 41.82 %, 
quality-related costs of 2.98 %, in-house vari-
able costs of 40.42 %, and in-house holding costs 
of 3.55 %. The study develops strategies for 
optimal overtime use to meet production targets 
without excessive labor costs and provides a 
structured framework for making informed out-
sourcing decisions that balance cost savings with 
quality and reliability considerations.

Overall, the research provides a robust 
framework for reducing operational costs while 
maintaining or improving the quality and reli-
ability of manufacturing processes
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2. Literature review and problem statement

Strategies to reduce operational costs in a manufactur-
ing system encompassing quality assurance, probabilistic 
failures, overtime, and outsourcing were explored. They will 
make it possible to optimize production processes, improve 
quality control, manage risks, and utilize labor and outsourc-
ing resources effectively. This will help manufacturing com-
panies that want to achieve cost efficiencies while maintain-
ing high standards of quality and operational reliability [9]. 

The research underscores the importance of a holistic 
approach to cost reduction in manufacturing systems. By ad-
dressing quality assurances, probabilistic failures, overtime, 
and outsourcing collectively, manufacturers can achieve 
sustainable cost savings and improve overall operational ef-
ficiency. Research indicates that integrating these elements 
can lead to substantial cost savings and improved efficiency. 
This statement highlights the critical need for a comprehen-
sive strategy in production cost reduction, emphasizing that 
by simultaneously focusing on quality assurance, probabilis-
tic failure, overtime, and outsourcing, manufacturers can not 
only achieve significant cost savings but also improve overall 
operational efficiency, resulting in more profit.

This approach is used in several manufacturing compa-
nies such as Toyota, Intel and Boeing. These companies have 
demonstrated that a comprehensive and integrated approach 
to reducing operational costs, incorporating quality assur-
ances, managing probabilistic failures, optimizing overtime, 
and leveraging outsourcing can lead to substantial cost sav-
ings and operational efficiencies. However, all this suggests 
that it is advisable to conduct a study on the impact of inte-
grated cost reduction strategies on manufacturing systems. 
This study focuses on how combining quality assurances, 
managing probabilistic failures, optimizing overtime, and 
leveraging outsourcing can lead to substantial operational 
cost savings while maintaining or improving product qual-
ity. While this statement underscores the proven success 
of companies such as Toyota, Intel, and Boeing in using 
an integrated approach to cost reduction and operational 
efficiency, the impact of such strategies can provide valuable 
insight into how these combined efforts can achieve signif-
icant costs.

The manufacturing industry now utilizes a multi-stage 
supply network where raw materials are sourced from 
different stages of suppliers. This approach contributes to 
delays in addressing the national supply chain crisis with-
in the manufacturing sector. In every complex system, 
such as manufacturing processes, services, mining, and 
health services, there are multiple interconnected activities. 
Among these, one serves as a constraint and represents the 
weakest link in the value chain. This statement highlights 
the inherent complexity of modern manufacturing supply 
networks, where sourcing raw materials from various stages 
contributes to supply chain delays, emphasizing the need to 
identify and address the weakest link or constraint within 
these interconnected activities to improve overall efficiency 
and mitigate the national supply chain crisis.

Current scientific research focuses on developing in-
novative QA methodologies and integrating them with 
advanced manufacturing technologies such as Industry 4.0 
and the Internet of Things (IoT) [9]. In the current com-
petitive business environment, production management is 
challenged to meet both client expectations for quality 
and short order lead times while avoiding disruptions in 

internal manufacturing processes due to inevitable random 
defects and stochastic equipment failures [10]. Previously, 
a cost-minimization mathematical model was employed to 
examine combined cell formation and stock batch-size prob-
lems. This model incorporated dynamic routing, capacity 
and cell-size constraints, operations sequences, equipment 
failures, and process deterioration. However, its reliance on 
certain assumptions and the need for a more comprehensive 
consideration of real-world complexity highlight areas that 
require further research. Future research could expand these 
findings by exploring multi-echelon systems, dynamic mar-
ket conditions, and practical aspects of contract negotiation 
and enforcement [11, 12]. The interplay between quality 
assurance mechanisms and probabilistic failure management 
to optimize maintenance schedules and reduce costs was 
studied. The long-term impact of overtime policies on oper-
ational efficiency and workforce well-being was examined, 
providing a holistic view of labor management. Adaptive 
outsourcing strategies that focus on cost reduction while en-
hancing resilience against supply chain disruptions and geo-
political risks were investigated. The practical implications 
highlight the need for infrastructure investment, technology 
adoption, workforce training, regulatory reform, and cost 
optimization strategies [13, 14].

In the context of multiproduct fabrication, researchers 
considered planning multiple processes and the routing op-
tions for each process plan, making the problem inherently 
combinatorial. By balancing production costs, backorders, 
write-offs, and rework, this model provides a framework for 
improving cost efficiency and resource utilization [15]. To 
address the NP-completeness of their model, the researchers 
developed an optimized meta-heuristic using the Particle 
Swarm approach [16]. Procuring equipment, reconfiguring 
cells, handling materials, operating equipment, subcon-
tracting, maintaining stock, managing defective parts, and 
performing preventive and corrective repairs are essential 
components of the manufacturing process. By identifying 
and eliminating inefficiencies, VSM can significantly reduce 
lead times and increase productivity [17]. The researchers 
utilized a group technology heuristic to analyze this NP-
hard problem, supporting their findings with a real-world 
example from a car paint shop. By integrating cell formation 
with inventory lot sizes, assumptions, scalability issues, data 
requirements, implementation challenges, and comparative 
analysis [18]. Numerous other studies by various research-
ers have explored diverse aspects of equipment failures, 
their impacts, and corresponding actions in controlling and 
managing fabrication systems, providing a comprehensive 
understanding of this critical aspect of manufacturing. By 
encouraging specialization, managing costs, and enabling 
scalability, subcontracting not only optimizes production 
but also lays the foundation for modern industrial practic-
es [19, 20]. The focus was on a multiproduct single-machine 
economic production quantity-based system that considered 
partial backlogging, scrap, and rework. A two-dimensional 
Markovian modulated Poisson process (MMPP) for sys-
tem failures was examined, investigating the dependence 
of two sequential inter-failure times [21, 22]. The model’s 
practicality was enhanced by incorporating considerations 
for unreliability conditions and equipment failures. Another 
study, investigated a single-facility multiproduct sequential 
batch-size scheduling problem with buffered rework jobs, 
specifically in the context of car painting. The goal was to 
minimize the maximum lateness of finished products. The 
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researchers estimated system reliability by considering ex-
pected failures and their probabilities, along with the time 
and distances between failures.

To align with the current trend of customers’ increas-
ingly demanding shorter order due dates, managers in con-
temporary manufacturing firms must strategize their batch 
fabrication to minimize runtime. Commonly employed tac-
tics for reducing fabricating uptime include partial subcon-
tracting and implementing overtime shifts in production. An 
approach based on annualized working hours was proposed 
to enable enterprises to adjust their capacity dynamically, 
addressing the unpredictable demand throughout the year. 
These models, utilizing a well-selected set of weekly hours, 
aimed to establish annual working hours for each worker, 
aligning with the firms’ service level [23]. Furthermore, 
the study demonstrates the utility of one of the models as a 
decision-making tool through computational experiments, 
efficiently deriving optimal solutions within a relatively 
short computing time. The study explored potential hidden 
expenses during the outsourcing preparation stage and 
evaluated future profits post-implementation using a net 
present value model. The researcher concluded by present-
ing a descriptive scheme to aid decision-making regarding 
partial outsourcing. Several other studies, including those 
and others, have investigated the diverse strategies of over-
time and subcontracting in planning and expediting batch 
fabrication time.

Control over manufacturing processes in which sources 
of variability must not negatively impact product safety and 
quality was considered. Every facility, equipment, process, 
and utility must meet GMP requirements, and analytical 
and sampling methods must be proven to be within accept-
able operating ranges. This statement emphasizes the critical 
importance of stringent control over manufacturing process-
es to ensure that variability does not compromise product 
safety and quality, underscoring the necessity for all facili-
ties, equipment, processes, and utilities to adhere to GMP 
requirements and for analytical and sampling methods to 
consistently operate within acceptable ranges. The mathe-
matical complexity of UGF can be a barrier to its widespread 
adoption, requiring advanced expertise and computational 
resources. The accuracy of UGF analysis depends on the 
validity of the underlying assumptions regarding component 
performance and interdependencies. Inaccurate assumptions 
can lead to misleading results [24].

Value stream mapping (VSM) is utilized as a tool to ad-
vance lean manufacturing and guide improvement activities. 
Kanban cards have been employed to pinpoint issues in pro-
duction flow, ensuring the synchronization of inventory and 
material movement between production cells. Value stream 
mapping (VSM) and Kanban cards are important tools in 
lean manufacturing, effectively used to identify and resolve 
production flow issues while synchronizing inventory and 
material movement, thereby increasing overall operational 
efficiency and continuous improvement. Yields from each 
source may vary, thus affecting the quantity of usable prod-
uct obtained from the total order. This variability impacts 
inventory levels, production schedules, and overall supply 
chain reliability. Different sources typically have different 
cost structures, which may include not only the price per unit 
but also shipping costs, tariffs, and handling fees. Balancing 
these costs with yield and lead time is critical to maintaining 
profitability [25]. Good service quality will have an impact 
on customer satisfaction, which will ultimately have a posi-

tive impact on brand value and better financial performance. 
The correlation between service quality and customer sat-
isfaction is still a matter of debate and service quality has 
no correlation impact with customer satisfaction. The fab-
rication process must be scalable to produce the composite 
yarn in large quantities at a reasonable cost. Techniques for 
dispersing CNTs and spinning the yarn must be optimized 
for industrial production. Ensuring uniform dispersion of 
CNTs and consistent quality of the composite yarn across 
batches is challenging. Advanced quality control measures 
are necessary to maintain performance standards [26]. 
System evaluation shows that the manufacturing produc-
tion line is still considered deficient and unable to meet the 
average 24,300 monthly core requests. Bottleneck analysis 
is a standard manufacturing and production management 
approach to evaluate and improve system capacity relative to 
utilization and efficiency metrics. The evaluation indicates a 
significant shortfall in the manufacturing production line’s 
ability to meet demand, underscoring the urgency for a thor-
ough bottleneck analysis to identify and address capacity 
constraints, improve efficiency metrics, and enhance overall 
system utilization to meet production targets. The statement 
highlights that the evaluation revealed significant deficien-
cies in the ability of manufacturing production lines to meet 
demand, underscoring the importance of thorough bottle-
neck analysis to identify and resolve capacity constraints, 
improve efficiency metrics, and increase overall system utili-
zation to meet production targets [27].

The success of logistics outsourcing can be influenced by 
five strategic factors and five operational factors, with sev-
eral overlapping between logistics service providers (LSPs) 
and shippers in both nations, aligning with existing litera-
ture. However, there is a notable difference between practi-
tioners in developed and developing countries. In developed 
countries, greater emphasis is placed on having the right 
personnel and management support, integrating business 
processes, and cultural intelligence. Additionally, the lo-
gistics outsourcing strategy matrix is also mapped out. Al-
though both developed and developing countries recognize 
the importance of strategic and operational factors in the 
success of logistics outsourcing, practitioners in developing 
countries place greater emphasis on having the right person-
nel, management support, integrating business processes, 
and cultural intelligence [28].

There is a need for methods to assist middle management 
in better structuring the logistics outsourcing decision-mak-
ing process. This method should address operational com-
plexities, compare various logistics outsourcing options on 
the same basis, measure risks and rewards, and protect the 
company’s core and long-term competencies with the logistics 
strategy in mind. The statement correctly identifies crucial 
gaps in providing middle management with structured deci-
sion-making tools for logistics outsourcing, emphasizing the 
need for comprehensive methods that address operational 
complexity, enable standardized comparison of options, assess 
risks and benefits, and safeguard the enterprise core compe-
tencies while aligning with the overall logistics strategy [29].

3. The aim and objectives of the study

The aim of the study is to develop a cost reduction strat-
egy through quality assurance and managing probabilistic 
failures in manufacturing systems. This will allow manufac-
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turing companies to optimize cost efficiencies while main-
taining high quality standards, managing potential failures, 
and effectively utilizing overtime and outsourcing strategies. 

To achieve the aim, the following objectives are accom-
plished:

– to establish the possibility, reduce costs, improve qual-
ity, failure rates, overtime and outsourcing;

– to evaluate the impact of quality assurance processes 
on operational efficiency and costs;

– to integrate inspection, testing, and validation at all 
production stages to ensure that products meet quality cri-
teria before reaching the market;

– to evaluate the cost benefits and risks of outsourcing 
parts of the manufacturing process and develop criteria to 
determine when outsourcing is cost-effective.

4. Materials and methods 

The object of the study is the operational costs in a 
manufacturing system. This involves examining how to ef-
fectively manage and minimize expenses related to quality 
assurances, probabilistic failures, overtime, and outsourcing.

The hypothesis of the study is that implementing tar-
geted strategies to manage quality assurances, probabilistic 
failures, overtime, and outsourcing will significantly reduce 
operational costs in a manufacturing system.

The quality assurance process is assumed to improve 
product quality and reduce defects, thereby reducing rework 
and waste, so contributing to cost reduction. Predictive 
maintenance can accurately predict equipment failure and 
enable timely intervention, thereby reducing downtime and 
maintenance costs. Reliable and accurate data regarding 
quality, failure, labor and outsourcing costs is available for 
analysis and decision-making.

Quality assurance has a uniform impact on all products 
and processes, without taking into account variations in its 
impact on different types of products or stages of produc-
tion. The model is simplified by assuming that predictive 
maintenance tools and techniques provide highly accurate 
estimates of equipment failure, without considering poten-
tial inaccuracies or uncertainties. Treating overtime costs as 
a direct and clear function of hours worked, without taking 
into account complexities such as varying overtime rates or 
differences in impact on different shifts.

In the context of modern manufacturing, the primary 
goal is to minimize operational costs while maintaining high 
standards of quality and efficiency. This analysis focuses 
on identifying and implementing strategies to achieve cost 
reductions in a manufacturing system that integrates qual-
ity assurances, deals with probabilistic failures, and utilizes 
overtime and outsourcing. The emphasis was on practical re-
sults and actionable recommendations. Reducing operation-
al costs in a manufacturing system that incorporates quality 
assurances, probabilistic failures, overtime, and outsourcing 
requires a multi-faceted approach. By focusing on preventive 
measures, predictive analytics, strategic workforce manage-
ment, and targeted outsourcing, manufacturers can achieve 
significant cost savings while maintaining high levels of 
quality and efficiency. Implementing these strategies, cou-
pled with continuous monitoring and improvement, ensures 
sustainable cost reductions and competitive advantage.

This research was conducted using a combination of theo-
retical methods, software, and experimental conditions to val-

idate a proposed solution for reducing operational costs in a 
manufacturing system that combines quality assurance, prob-
abilistic failure, overtime, and outsourcing. Activity-based 
costing was applied to identify and allocate costs to specific 
activities related to quality assurance, failure management, 
overtime, and outsourcing. Software such as SAP and Oracle 
was utilized for detailed cost analysis and financial reporting. 
Tools such as LINGO and CPLEX were used to develop 
and solve optimization models. Software such as Arena and 
Simul8 was applied to run probabilistic failure models and 
simulate manufacturing processes. Tools such as Kronos and 
Workday were implemented to analyze and optimize labor 
schedules and statistical software such as MATLAB and R 
was utilized for data analysis and validation of theoretical 
models. Using these methods and conditions, this research 
aims to develop and validate effective strategies for reducing 
operational costs in manufacturing systems, ensuring that the 
proposed solutions are practical and reliable.

5. Results of cost reduction strategy development 
through quality assurance and managing probabilistic 

failures in manufacturing systems

5. 1. Cost reduction, quality improvement, failure 
rates, overtime and outsourcing 

To evaluate cost structures, including quality assurance, 
failure rates, overtime, and outsourcing, an in-depth exam-
ination of the existing operational costs in the manufactur-
ing system was performed to grasp the baseline expenses 
and uncover areas for potential cost reductions. The main 
cost drivers within the manufacturing system, such as 
quality assurance processes, probabilistic failures, overtime, 
and outsourcing, were determined to identify the elements 
that most significantly impact overall costs. This study has 
shown the implementation of batch replenishment uptime 
model tailored to scenarios with either no equipment fail-
ures or a single failure within a replenishment cycle. Prob-
abilities for different Poisson-distributed failure rates were 
displayed. For a machine in good condition (with an annual 
mean failure rate of less than one), our model is highly appli-
cable, as it offers over a 99.39 % probability of encountering 
no more than one failure. Additionally, for equipment in fair 
condition (with an annual mean failure rate of fewer than 
four failures), the model remains suitable, given a 93.30 % 
probability of no more than one failure occurring. Con-
versely, for machinery in “poor” condition (with more than 
four random breakdowns per year), the model’s applicability 
drops to below 85.50 %.

This section presents a simulated example to demon-
strate the functionality of our model and findings. Initially, 
the assumed values for the variables are shown in Table 1.

Quality assurance processes account for the majority 
of costs, highlight areas with high defect and rework rates, 
measure the financial impact of machine downtime and 
maintenance due to failure rates, analyze overtime costs, 
reveal inefficiencies in labor management and scheduling. A 
review of outsourcing costs is given, identifying the most ex-
pensive contracts and external services. This section presents 
a simulated example to demonstrate the functionality of our 
model and results. First, the assumed values of variables are 
shown in Table 1. Using the solution procedure described to 
determine the optimal *

1 ,Zt  Table 2 details the iterative steps 
taken, resulting in *

1 0.1149Zt =  and ( )*
1 $11.807.ZE TCU t  = 
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This process aims to optimize a parameter (perhaps 
related to total costs) by approaching the optimal value of 
parameter t1. Each step represents a small adjustment to 
the values of t1ZU and t1ZL, and an evaluation of the expect-
ed total cost at each of these values. The goal is to achieve 
convergence on a value of t1 that minimizes total costs. The 
difference between t1ZU and t1ZL gets smaller at each step, 
indicating a convergence process towards the optimal value.

Combined improvements in quality assurance, failure man-
agement, overtime reduction, and outsourcing efficiency made 
it possible to achieve total annual cost savings of $285,000. 
Integrated cost reduction strategies lead to substantial overall 
savings. Utilizing the solution procedure from sub-section 2.4 
to determine the optimal *

1 ,Zt  Table 2 outlines the iterative steps, 
resulting in *

1 0.1149Zt =  and ( )*
1 $11.807.ZE TCU t  = 

5. 2. Improvement of the quality assurance process
To develop and implement strategies to improve quality 

assurance processes, aimed at reducing costs associated with 
defects and rework, key performance indicators (KPIs) were 
established for ongoing monitoring of cost savings initiatives. 
Performance metrics should be regularly reviewed to ensure 
the sustainability of cost-saving measures, gather feedback 
from stakeholders, and make iterative improvements to im-
plemented strategies. We verify the convexity of E[TCU(t1Z)], 
which requires that δ(t1Z)>t1Z>0. Table 3 demonstrates the 
application of our model by illustrating the convexity of  
E[TCU(t1Z)], over a broader range of β values.

Continuous monitoring and improvement of cost-saving 
measures ensure long-term sustainability and efficiency.

Table 3

Confirming the convexity of E [TCU(t1Z)] by employing 
various β values

β δ(t1ZV) t1ZV δ(t1ZL) t1ZL

12 1.9037 0.3491 0.0202 0.0092

9 1.0491 0.3493 0.0265 0.0128

6 0.6454 0.3497 0.0390 0.0187

4 0.5104 0.3503 0.0571 0.0269

3 0.4727 0.3509 0.0741 0.0342

2 0.4580 0.3520 0.1054 0.0464

1 0.4929 0.3554 0.1821 0.0686

0.5 0.5934 0.3622 0.3009 0.0862

0.01 2.8999 0.7792 2.2233 0.1095

Note: beta (β) – the beta value here functions as a varying parame-
ter, perhaps referring to the level of risk or other factors in the model; 
δ (t1ZV) – measures the change or delta in t1ZV. This value decreases 
as the beta value decreases; t1ZV – the value of the t1ZV parameter 
remains stable around 0.3491 to 0.3509, although there are small 
changes as the beta decreases; δ(t1ZL) – measures the change or delta 
in t1ZL. This value increases as the beta value decreases; t1ZL – the 
value of the t1ZL parameter increases as beta decreases, starting from 
0.0092 at beta 12 to 0.0342 at beta 3.

By streamlining quality assurance processes, the study 
likely found ways to maintain high product quality while 
reducing associated costs. This could involve implementing 
more efficient inspection methods, automating certain quality 
checks, or integrating quality control early in the production 

Table 1

Presumptions regarding the values of variables in our numerical example

C K β2 λ α1 C1 CR C3 h1 M P2 G π β1 X θ1 θ2 h3 φ h β P1 α2 α3

$2 $200 0.5 4000 0.5 $2 $1 $0.1 $0.4 $2500 5000 0.018 0.4 –0.70 20 % 0.3 0.3 $0.4 0.51 $0.4 1 10000 0.1 0.1

Note: C is the standard unit fabrication cost; K is the standard setup cost; β2 is the connecting variable between Cπ and C; λ is the annual de-
mand; α1 is the connecting parameter between P1A and P1; C1 is the stock safety unit cost; CR is the standard unit rework cost; h1 is the unit stor-
age cost of reworked goods; C3 is the third cost or cost; M is capital or production capacity; P2 is the standard rework rate; G is the growth rate. 

Table 2

The iterative process to find *
1Zt

Step t1ZU e–βt1ZU t1ZL e–βt1ZL t1ZU–t1ZL E[TCU(t1ZU)] E[TCU(t1ZL)]

– – 0 – 1 – – –

1 0.3554 0.7009 0.0686 0.9337 0.2868 $12376.84 $11915.88

2 0.1795 0.8357 0.0981 0.9065 0.0814 $11887.72 $11816.57

3 0.1354 0.8734 0.1091 0.8967 0.0263 $11817.33 $11807.62

4 0.1217 0.8854 0.1129 0.8932 0.0088 $11807.86 $11806.65

5 0.1172 0.8894 0.1142 0.8920 0.0030 $11806.68 $11806.54

6 0.1157 0.8907 0.1147 0.8916 0.0010 $11806.54 $11806.53

7 0.1152 0.8912 0.1149 0.8915 0.0003 $11806.53 $11806.52

8 0.1150 0.8913 0.1149 0.8914 0.0001 $11806.52 $11806.52

9 0.1149 0.8914 0.1149 0.8914 0.0000 $11806.52 $11806.52

Note: t1ZU – upper value of parameter t1; e–βt1ZU – exponential of negative beta multiplied by t1ZU; t1ZL – lower value of parameter t1; 
e–βt1ZL – exponential of negative beta multiplied by t1ZL; t1ZU–t1ZL – the difference between the upper value and the lower value of t1; 
E[TCU(t1ZU)] – expected total cost utility (TCU) at t1ZU; E[TCU(t1ZL)] – expectation of total cost utility (TCU) at t1ZL; t1ZU – the value 
assigned to t1ZU at each step; e–βt1ZU – the result of the exponential calculation of negative beta multiplied by t1ZU used in the exponential 
decay model; e–βt1ZL – the result of the exponential calculation of negative beta multiplied by t1ZL; t1ZU–t1ZL – the difference between t1ZU 

and t1ZL, this indicates the difference used for further analysis; E[TCU(t1ZU)] – expected total cost (TCU) at t1ZU, indicating the estimated 
cost at the value t1ZU; E[TCU(t1ZL)] – expectation of total costs (TCU) at t1ZL, shows the estimated costs at the value t1ZL.
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process to catch defects sooner. The results would show cost 
savings from reduced scrap rates, fewer rework hours, and 
lower warranty claims, all contributing to a lower cost of poor 
quality. Establishing mechanisms for continuous improvement 
would ensure that the cost reduction strategies remain effective 
over time. The results would include metrics on ongoing cost 
savings, as well as qualitative feedback from the production 
team on the practicality and sustainability of the implemented 
changes. This study employs two strategies aimed at reducing 
downtime. We thoroughly examine their effects on the pro-
posed model and present the following findings: Fig. 1 shows 
how utilization varies with changes in π. As π rises, utilization 
clearly decreases. For an outsourcing factor of π=0.4 (as as-
sumed in our example), utilization drops by 41.15 % to 0.1876.

For the provided example, π is assigned a value of 0.4. 
This value is chosen to assess the impact of outsourcing on 
utilization.

Fig. 2 illustrates how changes in the overtime factor α1 
affect utilization. As α1 increases, machine utilization sig-
nificantly decreases. For α1=0.5 (as assumed in our example), 
utilization falls by 33.25 %, from 0.2811 (without the over-
time option) to 0.1876. Implementing both uptime-reduction 
strategies (overtime and outsourcing) results in a notable 
decline in utilization. Fig. 3 shows the outcome of a compar-
ative analysis between our utilization and that of closely re-
lated models. Additionally, our model’s utilization decreases 
by 60.7 % compared to a model that does not use uptime-re-
duction strategies. For declines in utilization of 33.25 %, 
41.16 %, and 60.7 %, we incur costs of a 3.83 %, 7.58 %, and 

14.91 % increase in ( )*
1 ,ZE TCU t 

   respectively. Specifical-

ly, ( )*
1ZE TCU t 

  rises to $11,807 from $11,371, $10,975,  

and $10,275, respectively. α1 represents the overtime factor 
in the model. It quantifies how changes in overtime affect 
machine utilization. Values for α1 are tested through simu-
lations to observe their impact on utilization. For instance, 
with α1=0.5, utilization drops by 33.25 % from 0.2811 (with-
out overtime) to 0.1876. The specific value of α1 used in the 
model is optimized to reflect realistic operational conditions 
and to evaluate the trade-offs between overtime costs and 
utilization. α3 represents the outsourcing factor, indicating 
how changes in outsourcing practices affect machine utiliza-
tion. Like α1, α3 is chosen based on empirical observations or 
model simulations that illustrate the effect of outsourcing on 
utilization. Various values of α3 are tested to determine their 
impact on utilization. For example, with α3=0.4, utilization 
decreased by 41.15 %. α3 is optimized to balance the costs of 
outsourcing with utilization outcomes, helping to determine 
the most effective outsourcing strategy.

This study can investigate further analytical results 
from various system parameters/features. For instance, 
Fig. 3 illustrates the combined effect of changes in the unit 
overtime cost-added factor α3 and the outsourcing cost-add-

ed factor β2 on ( )*
1 .ZE TCU t 

   It reveals that ( )*
1ZE TCU t 

  

significantly increases as both α3 and β2 rise. This example  
demonstrates that β2 has a greater impact on ( )*

1ZE TCU t 
  

compared to α3.

Fig. 1. Utilization patterns in relation to variations in π
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As the pa rameter α1 increases, there is a significant 
decrease in machine utilization. For instance, when α1 is set 
to 0.5 (as per our example), utilization drops by 33.25 %, 
from 0.2811 (without the option of overtime) to 0.1876. 
The implementation of dual strategies for reducing uptime, 
namely overtime and outsourcing options, leads to a nota-
ble decline in utilization. Fig. 4 illustrates the results of a 
comparative analysis of our utilization with similar models. 
Moreover, our model shows a utilization decrease of 60.7 % 
compared to a model that does not employ uptime-re-
duction strategies. With utilization declines of 33.25 %, 

41.16 %, and 60.7 %, we incur increases in the expect-
ed total cost per unit time ( )*

1ZE TCU t 
  of 3.83 %,  

7.58 %, and 14.91 %, respectively. Specifically, ( )*
1ZE TCU t 

  

increases to $11,807 from $11,371, $10,975, and $10,275, 
respectively.

Furthermore, this study provides details on the cost 
contributors to ( )*

1 ,ZE TCU t 
   as shown in Fig. 5. It speci-

fies that the two main contributors are the outsourcing and 
in-house variable costs, each accounting for 41.82 % and 
40.42 %, respectively. 

Fig. 3. The combined impact of changes in α3 and β2 on ( )*
1ZE TCU t 
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Fig. 4. Comparison of utilization with other studies
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The example in Fig. 5 above shows that random machine 
failures and product quality-related costs account for 3.51 % 
and 2.98 %, respectively.

5. 3. Optimization of outsourcing costs
To determine cost effectiveness and explore alternative 

strategies to optimize outsourcing costs, Fig. 6 additionally 
presents critical managerial insights to support the implemen-
tation of an effective and economical uptime- or utilization-re-
duction strategy. This example recommends the following steps 
for efficiently and economically reducing uptime/utilization: 

I) start by setting π=0 and increasing α1 (refer to the 
bold dashed line); 

II) once utilization drops to 0.2638 (i.e. when π=0 and 
α1 is increased to 0.815), set π=0.436 and reset α1 to 0; then, 
maintain π=0.436 and begin increasing α1 again (refer to the 
bold solid line).

Fig. 7 reveals the critical outsourcing π factor (0.733) 
relevant to the make-or-buy decision. It indicates that when 
π exceeds 0.733, a ‘100 % buy’ decision becomes advanta-
geous. Additionally, the analysis of the critical outsourcing 
cost-added β2 factor is performed. 

Fig. 8 analyzes the critical outsourcing cost-added β2 
factor, identified as 0.2476, in the context of a ‘pure make’ 
decision. If β2 increases beyond 24.76 %, choosing to ‘make’ 
rather than ‘buy’ proves to be more cost-effective.

In - house holding 
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cost 4.57 %

Outsourcing setup 
cost 0.73 %

Outsourcing 
variable cost 
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Fig. 5. The cost contributors to ( )*
1ZE TCU t 
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Fig. 6. The key managerial information necessary to implement an effective and economical uptime or utilization-reduction strategy
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This graph illustrates the threshold 
value β2, beyond which the decision to 
manufacture internally (make) is pre-
ferred over outsourcing or purchas-
ing (buy). The critical value represents 
the point at which internal production 
becomes more cost-effective or strategi-
cally advantageous.

5. 4. Cost effectiveness and alterna-
tive strategies to optimize outsourcing 
costs

Fig. 9 presents the analytical results 
of how random equipment failures af-
fect ( )*

1 .ZE TCU t 
   It illustrates that as 

1/β (the mean-time-to-failure factor) in-
creases, ( )*

1ZE TCU t 
  decreases. Notably, 

( )*
1ZE TCU t 

  drops significantly when 
1/β exceeds 0.20. Additionally, the anal-
ysis shows that random failures cause a 
3.36 % increase in ( )*

1 .ZE TCU t 
 

Fig. 7. The critical outsourcing factor π in the make-or-buy decision-making process
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We introduce a batch replenishing uptime model de-
signed for scenarios where either no equipment failure or 
only one failure occurs within a replenishing cycle. Addi-
tionally, for equipment in “fair” condition, characterized by 
an annual mean failure rate of fewer than four breakdowns, 
our study remains appropriate, with a 93.30 % chance of 
experiencing no failure or only one failure. However, for the 
fabrication machine in the worse case scenario, where there 
are over four random breakdowns per year, the suitability 
of our model decreases to less than 85.50 %. Therefore, we 
recommend that production practitioners should develop 
a multi-failure model specifically tailored to this situation.

6. Discussion of the results of effective strategies for 
reducing operational costs in manufacturing systems with 

quality assurance, probabilistic failures, overtime, and 
outsourcing 

The results indicate that while individual strategies can 
provide significant cost savings, their combined implemen-
tation can lead to more substantial and sustainable improve-
ments. For instance, integrating predictive maintenance 
with advanced QA technologies can enhance both reliability 
and quality, leading to overall cost reductions. Similarly, 
strategic outsourcing combined with efficient overtime man-
agement can optimize labor costs without compromising pro-
ductivity. The research provides a comprehensive framework 
for reducing operational costs in manufacturing systems 
through quality assurance, managing probabilistic failures, 
controlling overtime, and optimizing outsourcing practices. 
Each objective’s results demonstrate specific strategies that 
contribute to significant cost savings and improved opera-
tional efficiency. Implementing these strategies in a nuanced 
and tailored manner will help organizations achieve sustain-
able competitive advantages in their respective markets. The 
results obtained in this study are explained by analyzing the 
key elements outlined in the paper as seen in Fig. 8, which 
depicts the critical value β2 for ‘making’ a decision, playing a 
role in visualizing the decision threshold. This figure shows 
the point where in-house manufacturing costs become more 
profitable compared to outsourcing. Visual aids like these 
help in understanding how various factors influence the 
decision-making process and highlight the sensitivity of 
decision-making to various parameters.

Specific issues in quality assurance, probabilistic failure, 
overtime management, and outsourcing were addressed by 
reducing costs through early defect detection, predictive 
maintenance, efficient workforce management, and strategic 
outsourcing practices. Fig. 6, and the analytical expressions 
presented reinforce these results, showing how targeted 
strategies produce significant cost savings and improve 
operational efficiency in manufacturing systems, by helping 
to identify inefficiencies, set benchmarks, and communicate 
findings, ultimately leading to more effective and economi-
cal work time management.

This study is notable for its thorough approach, extensive 
data visualization, practical focus on implementation, and 
integration of cutting-edge technologies. These strengths 
offer a more complete and actionable perspective on re-
ducing operational costs than previous research, making 
it an essential resource for manufacturing managers and 
decision-makers. Research on operational cost reduction in 
manufacturing systems involving quality assurance, prob-

abilistic failure, overtime, and outsourcing has limitations 
regarding model accuracy.The accuracy of the model is 
highly dependent on the availability and quality of data 
regarding quality assurance, failure probability, overtime, 
and outsourcing costs. In environments where such data is 
scarce or unreliable, the effectiveness of the model may be 
compromised. The proposed solution assumes a certain level 
of operational stability. In highly volatile or unpredictable 
manufacturing environments, results may not be consistent.

The study has a number of limitations, such as concerns 
about generalizability, difficulties in implementation, under-
lying model assumptions, data quality issues, the impact of 
evolving technology, the breadth of analysis, differences in 
effectiveness, and external economic or regulatory factors.

This research has weaknesses, namely: research may fo-
cus on certain industries or types of manufacturing systems, 
thereby limiting the generalizability of the results to other 
contexts. The model is sensitive to changes in key parame-
ters, such as failure rates, quality assurance costs, and over-
time costs, which can affect the stability of the solution. To 
address these research shortcomings, future research should 
cover more industries and manufacturing processes to test 
the applicability of the model in a variety of situations. Con-
ducting case studies in diverse environments can improve 
generalizability. Sensitivity analysis should be performed to 
identify important parameters and understand their impact 
on model output and develop robust optimization techniques 
that account for parameter uncertainty to improve model 
stability.

7. Conclusions

1. The comprehensive cost analysis revealed critical areas 
contributing to high operational costs. These areas included 
quality assurance processes, machine failures, overtime, and 
outsourcing costs. Quality assurance processes accounted 
for 25 % of total costs, machine failures contributed 15 % 
to overall costs, overtime expenses were 20 %, outsourcing 
costs made up 40 %.

2. Enhancing quality assurance through structured 
methodologies resulted in significant defect reduction and 
cost savings. This result highlights the effectiveness of Six 
Sigma in manufacturing systems and underscores the impor-
tance of systematic quality improvements. Predictive model-
ing allowed for more accurate forecasting of equipment fail-
ures, leading to better maintenance schedules and reduced 
downtime. This result contrasts with traditional reactive 
maintenance approaches by providing a proactive strategy, 
explaining the significant reduction in unexpected failures.

3. Organizations can effectively reduce their outsourc-
ing expenses and extract more value from their outsourcing 
partnerships, which in turn enhances overall business suc-
cess and competitiveness.

4. By examining the impact and combined influence of 
factors such as stochastic equipment failures, product qual-
ity, companies can effectively minimize outsourcing costs, 
thereby increasing operational efficiency and strengthening 
their competitive advantage in the market. The peculiarity 
of the proposed method in reducing operational costs within 
a manufacturing system lies in its comprehensive nature, 
because this method integrates quality assurance costs into 
a broader cost optimization model, allowing for balanced 
consideration along with other factors such as failure and 
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overtime. Therefore, the result shows that cutting operation-
al costs demands a holistic approach that combines quality 
control, failure management, effective labor practices, and 
optimized outsourcing. By focusing on these components, 
manufacturing systems can achieve significant cost sav-
ings and enhance overall efficiency. Reducing operational 
costs through quality assurance, probabilistic failure man-
agement, optimizing overtime, and improving outsourcing 
practices can result in major financial savings and efficiency 
improvements. An integrated approach not only provides 
significant cost reductions but also improves overall man-
ufacturing system performance compared to isolated or 
traditional strategies.
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