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ABSTRACT

The problem of balancing the U-shaped production line is a well-known NP-problem in mass production, where the main objective is
to allocate tasks efficiently to the workstations while minimising idle time and balancing the workload throughout the production line.
The study introduces two new methods to address these issues and increase the efficiency of line balancing: Operators Arrangement for
U-shaped line Balancing (OAUB) and Layout Design for U-shaped line Balancing (LDUB). OAUB optimizes the allocation of workers
by strategically adjusting the assignment of tasks, ensuring that idle time is minimised and that the use of workers is maximised. By
contrast, LDUB alleviates idle time by filling in the gaps between tasks with independent, low-processing tasks from non-critical paths,
thus ensuring a more efficient use of available time during the transitions. Implementation of these methods has shown promising
results and significantly reduced the idle time of the production processes. Specifically, OAUB achieved a reduction of only 0.9 units of
idle time, while LDUB decreased idle time by 3 units. These results are particularly important from a sustainability point of view, as they
contribute to reducing waste through better use of resources and increased production efficiency. Unlike traditional approaches, which
are mainly focused on minimizing the number of workstations or the reduction of cycle times, our methodology provides a more
integrated approach to balancing the workload between workstations. The practical implications of these methods are significant as they
are applicable to the real-world production environment and offer effective and efficient solutions to achieve near complete alignment
on U-shaped assembly lines, thus improving overall productivity and sustainability in an environment of mass production.

Keywords: U-shaped line balancing, OAUB, LDUB, idle time elimination, production efficiency

INTRODUCTION

Since its popularization in 1913, the assembly line has become the cornerstone of mass production [1]. Designing
an assembly line, regardless of its configuration, requires assigning tasks to workstations while adhering to the
precedence relations among tasks [2]. The transition from straight assembly lines to U-shaped assembly lines was
driven by the implementation of lean manufacturing systems and the adoption of the "just-in-time" principle, which
focuses on reducing waste and improving efficiency. A distinctive feature of a U-shaped line is its ability to group
tasks from both the front and back sequences of the assembly belt into a single workstation. This configuration not
only improves operational flexibility but also supports sustainability goals by reducing the number of workstations
required, optimizing space utilization, improving material flow, and reducing transportation waste, all of which are

core principles of lean manufacturing. Building on these practical advantages, research into the USLB problem has
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expanded steadily over the past three decades. The remainder of this review traces that evolution and synthesizes

current knowledge to provide a holistic view of the field’s development.

The concept of U-shaped line balancing (USLB) was first introduced by Miltenberg and Wijngaard [3], who
proposed heuristic algorithms to achieve balance in U-shaped line layouts. They defined the line balancing problem
as the assignment of tasks to workstations with the objectives of minimizing the number of workstations for a given
cycle time or minimizing the cycle time for a given number of workstations. Fundamentally, the primary goal of
line balancing is to minimize the total idle time across all workstations, thereby enhancing efficiency [4]. Expanding
on this groundwork, Miltenburg [5] later explored the mixed-model U-line balancing problem, where tasks from
multiple products are assigned to workstations. In this context, the mixed-model sequencing problem becomes a
crucial factor in optimizing balancing performance. Specifically, sequencing—the order in which different models
are produced—affects the load distribution across workstations. Variations in processing times and task precedence
can cause imbalances, leading to overloading or underloading of certain workstations. Miltenburg’s work highlighted
that effective sequencing, in conjunction with balancing, plays a critical role in minimizing these imbalances and
achieving more efficient production flows. This insight reinforced the significance of both line balancing and

sequencing in ensuring the success of mixed-model production.

To address computational challenges associated with larger problems—typically those involving more than 21
tasks—Urban [6] developed an integer programming formulation. By appending a "phantom" network to the
original precedence network, this method visualized the flexibility of U-shaped lines in allowing tasks to be
performed both backward and forward from the start or end points. This innovative approach enabled the
solving of large-scale USLB problems using commercially available, general-purpose software. Building on the
growing body of research into the structural and operational advantages of U-shaped lines, the advantages of
U-shaped assembly lines have been extensively discussed by researchers, including fewer workstations required,
increased flexibility, improved balancing and material handling, enhanced visibility and information flow, and
better quality control [3], [7]-[9]. However, these benefits come with limitations, such as the need for more
skilled labor and increased coordination efforts, as operators may need to work across multiple tasks and
manage the flow of products between both sides of the U-shaped layout. Beyond single U-shaped line problems,
Miltenburg [10] introduced the concept of the U-line facility problem, developing a dynamic programming
algorithm to balance multiple U-shaped lines. As research progressed from deterministic to more realistic
production environments, the study of stochastic USLB problems began with Guerriero and Miltenburg [11],
who developed a recursive algorithm capable of solving practical-sized instances with stochastic task times.
Further research into the stochastic U-shaped balancing problem, for example, was conducted by Erel [12], and

it is also the first research to implement the heuristic procedure for the stochastic U-shaped balancing problem.

Historically, most research has focused on achieving single objectives, such as minimizing cycle time or the
number of workstations. Recognizing the limitations of this approach, Gok¢en and Agpak [13] were the first to
employ multi-criteria decision-making for simultaneous multi-objective optimization in U-shaped lines. They
emphasized the pursuit of "satisfactory” solutions over "optimal” ones. The growing complexity of modern
production environments has made multi-objective approaches increasingly relevant, as they allow for a more
balanced focus on key factors such as balancing efficiency, resource utilization, and cost, which are all critical
to achieving sustainable and cost-effective production. Given the difficulty decision-makers face in determining
precise multi-objective values due to uncertainties, Toklu and Ozcan [14] introduced a fuzzy goal programming
model to tackle simple U-line balancing problems with multiple goals, allowing decision-makers to prioritize

objectives hierarchically. Subsequent studies, such as Widyadana's [15], expanded on this by developing a three-
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goal model in manufacturing settings, where temporary workers are recruited during a peak demanding

period.

To further exploit the flexibility of U-shaped lines, novel layout strategies have been proposed. Yegul et al. [16]
developed the two-sided U-line. As their study shows, one side of line is viewed as a straight line where
operators are allocated as the normal straight layout, whereas the other side of line is treated as a U-shaped line.
Kucukkoc and Zhang [17] introduced the parallel U-shaped configuration, which parallelizes two separate U-
shaped lines and allows operators to perform tasks across multi-line stations, crossover stations, and regular
stations, thereby improving workstation flexibility. Case studies confirm the advantages of parallel U-shaped
lines in real-world applications. For example, Kucukkoc and Zhang demonstrated that balancing two parallel
U-shaped lines together, rather than independently, significantly reduces the number of required workstations
and improves resource utilization. Such configurations allow production lines to more effectively adapt to

fluctuating demands by sharing tasks across lines, resulting in cost savings and increased operational efficiency.

Over the decades, a multitude of algorithms have been developed to find optimal solutions for USLB. Reviews
by Sivasankaran and Shahabudeen [18] highlight various approaches: simulated annealing algorithms, ant
colony algorithm, shortest path algorithms, and imperialistic competitive algorithms, each aiming to minimize
workstations and balance workloads. The genetic algorithm, first applied to USLB by Ajenblit and Wainwright
[19], proposes six different sub-algorithms for addressing variations such as idle time and workload for each
workstation. Kim et al. [20] further advanced this area by applying endosymbiotic evolutionary algorithms to
the mixed model U-shaped assembly line balancing problem and its sequencing problem in which each task
time is given. As the scope of USLB research expanded to include more practical and technologically advanced
implementations, some researchers have incorporated scheduling tools into USLB. Avikal et al. [21]
innovatively integrated the critical path method into heuristics for task assignment, providing evidence that U-

shaped lines can enhance labor productivity.

Nilakantan and Ponnambalam [22] were pioneers in considering robotic line balancing within U-shaped
configurations, using particle swarm optimization algorithms to improve production rates in automotive lines.
Building on this, Li et al. [23] tackle the cobot-assisted U-shaped line under a budget constraint, formulating
three mixed-integer models that jointly select cobot types and minimise cycle time. Zhang et al. [24] advance
the mixed-model U-shaped robotic assembly line balancing and sequencing problem (MURALBSP),
introducing a hybrid multi-objective dragonfly algorithm (HMODA) that balances energy use and makespan.
In line with Industry 4.0, Mao et al. [25] present one of the first formulations for lines equipped with multiple
cobot types, while Nourmohammadi et al. [26] integrat balancing and scheduling in cobot lines to optimise
station count, cycle time, and energy-related costs. Most recently, under the Industry 5.0 advent,
Nourmohammadi et al. [28] introduce constraint-programming models for U-shaped layouts that minimise

stations, cycle time, and total operational cost within a unified framework.

Despite three decades of advances in layout design, algorithm development, and robotic integration, most
USLB studies still settle for near balancing rather than achieving complete balance. It is particularly evident
that contemporary research continues to prioritise ever-more sophisticated algorithms that (i) minimise the
number of workstations for a given cycle time (Type 1) or (ii) minimise cycle time for a fixed workstation count
(Type 2), whereas objectives such as maximising line efficiency (Type E) remain comparatively under-explored
[29]. This algorithm-centric bias is understandable: USLB is NP-hard, so exact optimization quickly becomes

intractable as problem size grows, prompting widespread adoption of heuristics, metaheuristics, and other
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approximation techniques that yield high-quality—but not necessarily globally optimal—solutions within
practical computation times [30]. Consequently, existing methods mainly reduce idle time indirectly by
shrinking cycle time or workstation count, yet none guarantee an even distribution of task time across all
stations. Addressing this gap, the present study introduces idle-time-elimination methodologies that target
quasi-complete balance by either assimilating idle time through optimized workforce allocation or filling it
with additional assignable tasks; under appropriate settings, these principles can achieve a fully balanced

workload across every workstation.

The contributions of this paper are multifaceted. It is the first to approach the U-shaped line balancing problem
from a systems perspective rather than relying solely on traditional algorithmic development, providing
practical guidance for achieving complete balance. Two novel approaches are introduced, offering both
theoretical foundations and real-world applicability. In practice, managers can adopt these methodologies to
achieve quasi-complete balance with a controlled degree of unevenness, enabling practical solutions across

various manufacturing scenarios.

The rest of the paper is organized as follows: Section 2, Methods, delineates the U-shaped assembly-line
balancing problem and introduces two novel idle-time-elimination techniques—Operator Arrangement for U-
shaped line Balancing (OAUB) and Layout Design for U-line Balancing (LDUB)—devised to achieve quasi-
complete balance along the line. Section 3, Result and Discussion, evaluates these techniques through a detailed
illustrative case, demonstrating their efficacy in realizing near-complete balance. Finally, Section 4, Conclusion,
synthesizes the principal findings and identifies avenues for future research, including further refinement of the

proposed methods and exploration of their broader industrial applications.
METHODS

Problem Formulation of the U-Shaped Line Balancing Problem

Driven by the principles of Just-In-Time (JIT) production, many manufacturing facilities have increasingly adopted
U-shaped line layouts over traditional straight-line configurations [3], [31]. The ULBP can be elaborated as follows.
Consider a product disassembled into its smallest unit parts that need to be reassembled into a finished product
through a number of processing tasks, denoted by n. For each processing task i (where i = 1, 2, 3, ..., n), the

corresponding task time is represented by t;.

Each processing task must adhere to specific precedence constraints (e.g., the assembly of the shell part must occur
after the correct placement of internal components). These relationships are defined by a precedence network, as
illustrated in Figure 1. The tasks are to be assigned to an unknown number of workstations, denoted by m (where j

=1,2,3,...,m), with j indicating a specific workstation. A key distinction between U-shaped and straight-line layouts

Figure 1. A precedence network example
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Figure 2. Comparing Straight and U-shaped Line Layouts

is that the U-shaped line allows for task assignments both forward and backward simultaneously from the starting
and ending points of the precedence network. In contrast, the straight-line layout can only assign tasks in the forward
direction from the starting node. Although this bidirectional flexibility often reduces the number of workstations
required, it can lead to increased operator movement and pose challenges in high-mix, low-volume production
environments, where task variability may be more pronounced. Figure 2 compares these layouts, with part (a)
depicting the straight-line layout and part (b) representing the U-shaped line layout, both relative to the precedence

relationships in Figure 1.

For each operator, the total processing time per product assigned must not exceed a predefined cycle time C. This
assumption treats operators as having consistent performance levels and does not account for human-centric factors
such as skill variation, fatigue, or learning effects. We introduce a decision variable x;, which indicates whether task

i is assigned to workstation j:

1, if task i is assigned to workstation j, (1)
Xi]' =
0, otherwise;

Our primary objective is to eliminate idle time and ensure that the workload among operators is evenly distributed.
However, holistic line optimization may also involve factors like ergonomic considerations, operator skill levels, and
product variability, which can further influence how workloads are assigned. Denoting the number of operators at j

workstation as nj, the target function is formulated as:

c— (2?:1 ti-xij> ~0 (2)
nj

Subject to:

xi; €{0,1}, Vi€ {1,23,...n}, Vj € {1,23,...m} 3)

Idle Time Elimination Methodologies

Traditionally, USLB has focused on finding optimal solutions to the Type 1 problem (minimizing the number of
workstations for a given cycle time), the Type 2 problem (minimizing the cycle time for a given number of
workstations), or mixed-type problems. However, these approaches often face implementation constraints, such as

handling the NP-hard complexity of large instances, managing uncertainties in task times, or integrating real-world
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factors like operator training and equipment availability. Despite extensive research, existing literature has not
provided a methodology that completely eliminates idle time. To address this gap, we propose two methodologies
aimed at achieving a balanced state in U-shaped assembly lines by eliminating idle time through strategic
arrangement of operators and layout design, rather than solely relying on traditional workstation and task

assignments.

This study assumes that task times are fixed and unaffected by factors such as operator fatigue or proficiency levels.
Automation can readily satisfy these conditions, significantly reducing the influence of labor variability. We define
the balancing challenge under these assumptions as the Quasi-Complete U-shaped Line Balancing Problem
(QULBP). The primary objectives of QULBP are:

1. Idle time is reduced, achieving complete balance.

2. The solution is practical and applicable in real-world production settings.

Operators Arrangement for U-shaped Line Balancing (OAUB)

The first methodology, termed Operators’ Arrangement for U-line Balancing (OAUB), focuses on eliminating idle
time by optimizing the allocation of operators or robots across workstations. The methodology consists of the

following steps:

Step 1: Assign tasks to workstations using an appropriate algorithm to reduce problem complexity.

Step 2: Determine an acceptable level of deviation d for the number of operators required to achieve complete
balancing. This deviation accounts for practical considerations in production environments, such as scheduling
flexibility and resource availability. The value of d should be set based on the organization's operational constraints.
For instance, an organization may set d = 0.2 if it can accommodate a 0.2-unit variation in operator allocation from
perfect staffing levels. To refine the choice of d, Monte Carlo simulations can be employed, randomly varying d and
analyzing the resulting balance status. By merging simulation outcomes with the organization’s specific constraints
(e.g., operator availability), managers can determine a tailored d that upholds efficiency while remaining
operationally feasible.

Step 3: Allocate a specific number of operators or robots to each workstation based on processing times. Let # be the
number of operators assigned to the workstation with the minimum total processing time T'.i.. The total processing

time for workstation j is denoted as T;. The number of operators N;j assigned to workstation j is calculated as:

N; = round ( :ij X n) (4)

Lxn-nN|<d (5)

Subject to:

Ty = Xisiti - Xij (6)
1, if taski is assigned to workstation j, (7)

Xi; =

0, otherwise;

x;; €{0,1}, Vi€ {1,23,...n}, Vj € {1,2,3,...m} (8)

The round(.) function is used for rounding, and the smallest n that satisfies the constraint (5) is selected.
Importantly, this minimum # must meet all Nj requirements, where N; represents the number of operators for each

workstation.
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Cycle Time: 6 unit time
Station 1 Task Time: 6 unit time
Station 2 Task Time: 5.5unit time
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Figure 3. Operators’ Arrangement for U-line Balancing Layout

Step 4: Deploy N; operators or robots to each workstation j according to the calculated allocations. For example, if

N; =2 and N, = 3, operators are arranged accordingly, as illustrated in Figure 3.

In Figure 3, Station 1 functions as a crossover workstation where tasks are performed concurrently on both the front
and back of the U-shaped line. Operators at the same station employ an interleaved task approach to maximize
efficiency. For instance, Operator ‘b’ is responsible for Products 1 and 10. Upon completing tasks for these products,
Operator ‘b’ transitions to tasks for Products 4 and 12. Similarly, Operator ‘a’ proceeds to tasks on Products 5 and
11 after completing their initial assignments on Products 2 and 9. This interleaving approach ensures continuous
workflow. Nevertheless, implementing interleaved tasks and crossover stations can present practical limitations in
workforce coordination and specialized skill requirements, which may be mitigated through targeted training

programs and task rotation strategies.
Layout Design for U-shaped Line Balancing (LDUB)

While the OAUB methodology provides valuable insights into the QULBP and demonstrates the potential to
eliminate all idle time, it presents significant challenges regarding schedulability. Specifically, OAUB requires:

e Increased Operator Requirements: Achieving complete balance necessitates more than one operator per
workstation.

e Need for Collaborative Skills: Operators must be trained to collaborate effectively, as tasks are performed
alternately, requiring coordination.

e Requirement for a Longer Assembly Line: The increased number of operators implies a longer assembly line,

necessitating substantial initial investment in equipment and space.

While OAUB is cost-effective for large-scale production over extended periods, these constraints may limit its
practicality in certain manufacturing settings. To address these concerns, we propose the Layout Design for U-Line
Balancing (LDUB) methodology, which mitigates schedulability issues while aiming to eliminate idle time. LDUB
involves identifying tasks on non-critical paths that can be performed independently and utilizing idle time by
assigning these selected tasks to fill gaps in the workflow. The selected tasks, referred to as spare part manufacturing
operations, should have relatively short processing times to fit within the available idle periods. Unlike OAUB,
which relies on expanding the workforce for each station, LDUB balances workloads by distributing spare tasks to
idle slots, thereby reducing the need for additional operators and minimizing coordination challenges. The steps for
LDUB are:

Step 1: Draw the precedence network. LDUB favors employing diagrams to elucidate each individually operable

process rather than consolidating multiple independently operable processes into a single, overarching process. To
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Figure 4. Design for U-line Balancing diagram

achieve a comprehensive and granular breakdown of assembly tasks, refer to the Work Breakdown Structure (WBS)
methodology before drawing a precedence network [31].

Step 2: Select tasks that can be operated independently, and these tasks are referred to as spare part manufacturing
operations. Identifying these spare tasks requires a careful examination of the precedence network. Specially, we
prioritize spare part manufacturing operations with short processing time. Once we select these tasks, they are
removed from the precedence network.

Step 3: Arrange tasks to workstations using an algorithm to reduce the complexity of the problem.

Step 4: Fill idle time with the selected tasks. The layout is illustrated in Figure 4.

As illustrated in Figure 4, the cycle time is established at 6 units. The processing time for Station 1 is 5 units, while
Station 2 requires 4 units. Spare part manufacturing tasks each demand 0.5 units of time. In this layout, Station 1
functions as a crossover station. For example, an operator assembles Products 1 and 5, leaving 1 unit of idle time
before the arrival of Products 2 and 6. During this idle period, Operator a can efficiently assemble two spare parts,
each requiring 0.5 units of time. Similarly, after completing the assembly of Product 3, Operator b is able to

undertake four spare part manufacturing tasks.

It is noteworthy that shorter tasks better fill these idle windows, because even if some idle time remains, it will not
exceed the selected task duration. In contrast, longer tasks may not fit within the remaining idle slot at all, especially
if their processing time surpasses the idle time itself. It is also noteworthy that when evaluating the number of spare

parts being assembled, the sum of task time should not exceed the cycle time.
RESULTS AND DISCUSSION

This section presents two worked examples followed by a discussion of the results. To demonstrate these two
approaches, we solve a modified version of Jackson's problem using the proposed methodologies. Additionally, we
apply a heuristic approach developed by Avikal et al. [21], which is further enhanced by integrating the ‘phantom’
network concept proposed by Urban [6].

An Example of Operators’ Arrangement for U-shaped Line Balancing (OAUB)

Step 1: Algorithmic Task Arrangement for Workstation Complexity Reduction

The implementation of this step is explained in Appendix. The resulting task assignments are summarized in Table

1 and illustrated in Figure 5.
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Table 1. Computed Result of the Heuristic

Workstation Assigned Tasks  Total Task Processing time Idle Time Accumulative Idle Time
1 a 59 1 1

2 bk 60 0 1

3 i 60 0 1

4 i 60 0 1

5 6gh 59 1 2

6 e 60 0 2

7 d 23 37 39

WN: Unique identifier for each workstation.

TA: Specific tasks for a workstation.

CS: Station where tasks are performed on two lines.
RS: Station where tasks are performed on one line.

Entrance ———

1 1 1 |
! WN :1 OWN 2 I1OWN 3 o 4oWN s . WK 7 !
' TA TA bk LLOTA H WN -4 '\ TA cg.h ! WN 6 " TA d !
1 . U
:._ﬁls ________ :: cSs :: cs :I TA i ::_ff ________ L TA e’ ::_R_S ______ ,I
! o ' RS . | RS .
1

Figure 5. Design for U-line Balancing diagram

Step 2: Setting Tolerance Deviation

Despite the heuristic's effectiveness, there remains a cumulative idle time of 39 units, which could be even larger in
different scenarios. To mitigate this, we establish a tolerance deviation d equals 0.23, indicating that we accept
arrangement deviations less than 0.23 operators from a perfectly balanced U-shaped line. Proceeding with this

deviation, we move to the next step.
Step 3: Allocation of Operators or Robots to Workstations

Using Formula 4 from the OAUB methodology, we determine the smallest n and corresponding N; values, as
presented in Table 2. The minimum task time T, is 23 units (see Table 1). Calculations reveal that the smallest »

satisfying all N; is 2, resulting in N; to Ny each being 5 operators. Each workstation meets the condition that

Table 2. Number of Operators Required for Each Workstation

Workstation Assigned Tasks Number of Operators Time Required per Idle Time (units) Cumulative Idle

N; Product (units) Time (units)
1 a 5 11.8 0.2 0.2
2 b k' 5 12 0 0.2
3 if 5 12 0 0.2
4 i’ 5 12 0 0.2
5 agh 5 11.8 0.2 0.4
6 e’ 5 12 0 0.4
7 d 2 11.5 0.5 0.9
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WI: Workstation identifier.

TA: Specific tasks for a workstation.

CS: Crossover workstation where tasks are performed on two lines.
RS: Regular workstation where tasks are performed on one line.

Entrance ———>
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Figure 6. A Final Configuration Using the OAUB methodology

deviations are smaller than 0.23. For example, the optimal number of operators for Workstation 1 is 5.21; allocating

5 operators yields a deviation of only 0.21.

Step 4: Allocation of N; Operators/Robots to Each Workstation

The computational results indicate that multiple operators or robots are assigned to certain workstations, as depicted
in Figure 6. We adopt the interleaved task approach discussed earlier to ensure efficient utilization of resources. By
implementing the OAUB methodology, which permits a deviation of 0.23 operators from a perfectly balanced line,

we achieve a substantial reduction in idle time from 39 units to merely 0.9 units.

While the OAUB methodology has the potential to achieve complete balance with zero deviation, schedulability
remains a critical consideration when addressing the QULBP. As illustrated in Table 3, attaining complete balance
with zero deviation necessitates an impractically large number of operators, rendering it unfeasible for current
manufacturing environments. This envisioned scenario might become feasible in future precision-operated robotic
factories but exceeds the capabilities of current manufacturing settings. Nonetheless, the concept holds potential
benefits for microscale cooperation. For example, at the electron or particle level, such strategies could enhance
computational efficiency, particularly in quantum computing applications. Additionally, the proposed approach can

be integrated into algorithms aiming for complete balance when computational bottlenecks arise.
An Example for Layout Design for U-shaped Line Balancing (LDUB)

Step 1: Draw the Precedence Network

The modified precedence network, which was used in the previous section, serves as the foundation for the LDUB
method. This network is a graphical representation of tasks and their dependencies, showing the sequence in which

tasks must be completed.

Table 3. The Number of Operators Required for Complete Balance

Workstation Assigned Tasks  Number of Operators Time Required per Idle Time (units)
Product (units)
1 a 59 1 0
2 b k' 60 1 0
3 ihf 60 1 0
4 i 60 1 0
5 agh 59 1 0
6 e' 60 1 0
7 d 23 1 0
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Figure 7. Modified Precedence Network after Removal of Independent Tasks

Step 2: Select Tasks That Can Be Operated Independently

In this step, we distinguish between independent and inseparable tasks. Independent tasks, typically related to the
assembly of spare parts, can be isolated and performed separately without disrupting the overall assembly process.
Meanwhile, inseparable tasks—though not always on the critical path—must remain linked due to

interdependencies with other components or parts of the product. The guideline for identifying suitable tasks is:

 Bill of Materials (BOM) Review: Components below the top-level finished product (Level 0) or first-level
assemblies are often eligible for separation. Tasks involving second-level or deeper subcomponents typically
qualify as independent if they can be assembled in parallel.

o Work Breakdown Structure (WBS) Review: Aside from the first-level assembly tasks, tasks at the second or lower
levels of the WBS can typically be performed independently, since they do not affect or block the primary

assembly steps.

It is important to note that not all assemblies contain easily isolated tasks. Certain products may have no
subcomponents, making it impossible to identify spare tasks. Once independent tasks are identified, those with
shorter processing times should be selected first. For instance, in our example, task h is classified as independent and

is thus removed from the precedence network, as shown in Figure 7.
Step 3: Arrange the tasks into Workstations

We then apply Avikal's [21] heuristic to arrange the remaining tasks into workstations, reducing the complexity of
the task assignment. The results of this heuristic, as applied to the modified network after task h has been removed,

are summarized in Table 4.
Step 4: Fill Idle Time with the Selected Tasks

In the final step, we address the idle time in workstations by assigning spare part assembly tasks. Workstations 5 and
7, which have enough idle time, can utilize this time for the assembly of spare parts. Specifically, Workstation 5 can

assemble one spare part, while Workstation 7 can perform six spare part tasks in the Spare Part Zone (SPZ). The

Table 4. Results of the Heuristic in the Modified Network

Workstation Assigned Tasks Total Task Processing Time Idle Time Accumulative Idle Time
1 a 59 1 1

2 b k' 60 0 1

3 i f 60 0 1

4 i’ 60 0 1

5 a8 53 7 8

6 e' 60 0 8

7 23 37 45
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Table 5. Results of the Heuristic in the Modified Network

Workstation Assigned Tasks  Total Task Processing Time  Idle Time Accumulative Idle Time
1 a 59 1 1
2 bk 60 0 1
3 i f 60 0 1
4 i 60 0 1
5 g 59 1 2
6 e 60 0 2
7 59 1 3

WN: Workstation Identifier.

TA: Specific tasks for a workstation.

CS: Station where tasks are performed on two lines.
RS: Station where tasks are performed on one line.
SPZ: The area where spare parts are produced

Entrance ———
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Figure 8. Configuration Using the LDUB Methodology

results after filling idle time with selected tasks are shown in Table 5, and the final workstation configuration is

illustrated in Figure 8.

The application of the LDUB methodology provides greater flexibility compared to the OAUB methodology.
However, a notable drawback of LDUB is the potential for unnecessary increases in spare part inventory due to the
allocation of idle time for spare part assembly. To mitigate this, manufacturers should be cautious about
overproduction—especially when demand for spare parts is low. A practical alternative is to use idle time for other
beneficial activities, such as operator training or preventive maintenance. These tasks do not lead to excess inventory
and can further optimize production processes. If there is a high demand for spare parts in another product line,
and each task is brief or setup-free, those tasks could still be integrated into the Spare Part Zone without disrupting
the main assembly flow. Hence, LDUB remains a practical way to address QULBP with fewer schedulability

constraints, provided that inventory levels and workflow management are carefully monitored.

CONCLUSION

This study proposes two methodologies—OAUB and LDUB—that achieve quasi-complete balance in practical
settings and complete balance in idealized scenarios. The OAUB methodology focuses on eliminating idle time
through a systematic process that includes algorithmic task arrangement, setting an acceptable level of deviation,
and allocating operators to stations. While this approach shows the potential for achieving complete balance, it

demands a higher number of operators, enhanced collaborative skills, and a longer assembly line. Consequently,
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OAUB is most suited to large-scale operations where operator capacity and line length are less constrained, but its
scalability in resource-limited environments remains challenging. Conversely, the LDUB methodology simplifies the
balancing process by identifying independent tasks from the non-critical path and filling idle time with spare part
assembly tasks. Although LDUB reduces complexity and schedulability concerns, it poses the risk of generating
excess inventory. Implementing demand-driven production strategies or using idle time for other beneficial tasks

(e.g., training, maintenance) can help manage spare part accumulation effectively.

Both OAUB and LDUB underscore the importance of selecting an appropriate precedence network and integrating
product design considerations, such as separable subassemblies, to streamline task assignments. This study
demonstrates their practicality by adapting Avikal’s [21] heuristic, though more specialized algorithms for managing
the complexity of QULBP are still required. Future work should also explore heuristics and metaheuristics that
address stochastic task times and operator-centric factors—such as fatigue and skill variation—and include pilot
studies in environments with fluctuating demand and limited resources to validate these methods. Robotic assembly
lines offer a particularly promising context for refining OAUB and LDUB, thanks to the precision of automated tasks.
Meanwhile, micro-scale applications—such as quantum computing and high-throughput information systems—can
benefit from idle time elimination on smaller, resource-sensitive scales. Specifically, the information transmission
process can be viewed as a production process, where idle time may occur between a time-consuming task and

subsequent steps.
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Appendix: OAUB Algorithmic Example

We consider a modified precedence network based on Jackson's problem (see Figure 9) [32]. In this network, tasks
are represented by nodes, and the connecting lines indicate the precedence relationships extending from the starting
point 'a’ to the endpoint 'k'. The letters within the nodes denote task identities, and the numbers above the nodes

represent task times.

To enhance task assignment flexibility, a ‘phantom’ network is appended to the original precedence network. This
addition allows tasks to be arranged either in a forward direction from 'a' to 'k’ through the original network or in a
backward direction from 'k" to 'a" through the phantom network. The longest path in the network, known as the
critical path, is highlighted in bold.

Figure 9. A Precedence Network with a 'Phantom' Network

Tasks on the critical path are prioritized and allocated to workstations first. Tasks on non-critical paths are only

assigned if assigning critical path tasks alone would violate precedence relationships. Once tasks are assigned from
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either network to a workstation, they are marked off the diagram. The notations used in executing the heuristic are

as follows:

e Crepresents the cycle time;

e jrepresents the index of workstation;

e irepresents the index of tasks, and tasks are {a, b, ..., k};

e T;(-) represents the total task time for the workstation j when a set of tasks is assigned;
e  SA represents the set of tasks is assigned to stations;

e SUrepresents the set of tasks is unassigned to stations;

e SCP represents the set of tasks on the critical path;

e SCP~ represents the set of tasks on non-critical path.

Illustration of the Computational Procedure

To simplify the problem, we apply Avikal's heuristic, which involves the following seven iterations:

16

Initialization
1. SetSU={a, b, ..k a,b,.., k}andj=1.
2. From Figure 5, identify SCP = {a, b, ¢, i, j, k, a’, b’, ¢, i}, j, k'} and SCP—— = SU-SCP.
3. Establish the cycle time C = 60 units.
Iteration 1
1. Create a new, empty workstation;
2. Available tasks are {a} and {k’};
3. Evaluate task time: T;(a) = 59 units and T;( k’) = 42 units. Since T;(a) > T;( k), assign task a to Workstation
1 (SA = {a});
4. Mark off tasks {a} and {a’} from the network, updating SU={b, ¢, ... k, b, ¢, ... k'};
5. Incrementj to 2.
Iteration 2
1. Create a new, empty workstation;
2. Available tasks are as follows: {k'}, {b}, {f}, {g}, {h} (b, ¢}, (b, f}, {b, g}, (b, b}, (b, K}, {f g {f W), {f K'Y {g b,
th, k'}, {b, ¢ f}, (b, ¢, b}, {b, f, hi, {f, & B} {f by k'L {b, o, f, B
The combination {b, k'} yields a total task time of 60 units, matching the cycle time;
Assign {b, k'] to Workstation 2 (SA={b, k'}) as it is on the critical path;
Mark off the tasks {b}, {’}, {k} and {k’} from the network, updating SU={c, d, ... j, ¢’ d’, ... j'};

6. Incrementjto 3.

ok W

Iteration 3
1. Create a new, empty workstation;
2. Available tasks are as follows: {j'}, {e'}, {c}, {f}, {g}, th}, §j’ ), i’ hh {e f} o g e, W {f g6 {f ), {g B}, {c,
f ) e fogh f & 1
3. Both {e'}, {j’, f}, and [c, f, g} have total task times of 60 units;
4. Assign {j, f} to Workstation 3 (SA={j’, f}) due to higher priority on the critical path;
5. Mark off the corresponding tasks from the network, updating SU={c, d, g h, e, i,c’, d’ g, h' e, i’}
6. Incrementj to 4.
Iteration 4
1. Create a new, empty workstation;
2. Available tasks are as follows: {e'}, {i'}, {g}, {h}, {c}, {c, g}, {c, b}, {g h}, {c, g h);
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3. Tasks {i'} and {e'} both have task times of 60 units;
4. Assign task {i'} to Workstation 4 (SA={i'}) since it is on the critical path;
5. Mark off the corresponding tasks from the network, updating SU={c, d, g h, e, ¢’ d’, g’ h’, e'};
6. Incrementjto 5.
e Jteration 5
1. Create a new, empty workstation;
2. Available tasks are as follows: {e'}, {g}, {h}, {c}, {c, g}, {c, h}, {g h}, {c, g h};
3. The combination {c, g h} totals 59 units, slightly less than T,(e') =60;
4. Since task {c} is on the critical path, we decide to assign tasks {c, g, h} to the workstation 5 SA = {c, g h};
5.  Mark off the corresponding tasks from the network, updating SU = {d, e, d’, '};
6. Incrementj to 6.
e teration 6
1. Create a new, empty workstation;
2. Available tasks are as follows: {d}, {e'};
3. Task {e'} has a task time of 60 units;
4. Assign {e'} to Workstation 6 (SA={e'});
5. Mark off the corresponding tasks from the network, updating SU = {d, d'};

6. Incrementj to 6.
e Iteration 7

1. Create a new, empty workstation;
2. The only remaining task is {d} or {d’};
3. Assign {d} to Workstation 7 (SA={d}) and terminate the process.
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