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Abstract

Garment assembly line balancing requires workstation assignments that satisfy precedence,
cycle-time, and machine-compatibility constraints. However, conventional priority-based
heuristics may generate numerically attractive but technologically infeasible configurations.
This study proposes a Feasibility-Oriented Heuristic (FOH) combining deterministic topo-
logical task ordering with incremental verification of workstation capacity and admissible
machine types. The procedure preserves the modeled feasibility requirements through-
out workstation construction under explicitly defined assumptions. Its performance is
evaluated on a 17-operation garment assembly benchmark with a total work content of
20 min and a nominal cycle time of two minutes. Comparisons are conducted against
conventional Ranked Positional Weight, Shortest Processing Time, and Largest Candidate
Rule heuristics, their machine-compatibility-aware variants, and an exact Mixed-Integer
Linear Programming formulation. Under nominal conditions, FOH generates 15 feasible
workstations with a line efficiency of 66.67 percent, matching the proven MILP optimum.
Conventional RPW and LCR produce machine-incompatible configurations despite achiev-
ing higher apparent efficiencies. Across nine deterministic sensitivity scenarios, FOH and
all compatibility-aware variants maintain feasibility. FOH matches the optimal workstation
count in three scenarios, compared with eight for the compatibility-aware Largest Candi-
date Rule, and its maximum optimality gap reaches 16.67 percent. The findings establish
FOH as a transparent and reproducible feasibility-oriented constructive procedure, while
demonstrating that workstation-count performance remains dependent on task-selection
strategies. Further validation on larger and independent industrial benchmarks is required
to assess its generalizability.

Keywords: garment assembly line balancing; feasibility-oriented heuristic; machine
compatibility; operational feasibility; mixed-integer linear programming; workstation
assignment

1. Introduction

Garment manufacturing is a labor-intensive industry in which production perfor-
mance depends on the effective coordination of operations, workstations, and manu-
facturing resources. Assembly line balancing (ALB) plays a central role in organiz-
ing these elements by distributing operations across workstations to improve resource
utilization, reduce idle time, and meet production requirements. In garment assem-
bly lines, balancing decisions are particularly challenging because operations are sub-
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ject to precedence relationships, heterogeneous processing times, and specific machine
requirements [1-3]. Previous studies have demonstrated the potential of line-balancing
techniques and simulation-based approaches to improve productivity and operational
efficiency in garment manufacturing [2—4].

The classical assembly line balancing problem primarily concerns the assignment of
precedence-dependent operations to workstations under a prescribed cycle time, gener-
ally with the objective of minimizing workstation count or improving workload distribu-
tion. However, numerically balanced configurations are not necessarily technologically
feasible when operations require different manufacturing equipment. Generalized assem-
bly line balancing formulations have consequently incorporated additional constraints
involving machine requirements, resource availability, workstation characteristics, and
other operational restrictions [5,6]. The consideration of machine compatibility is there-
fore an established research direction. Nevertheless, the manner in which these con-
straints are incorporated into constructive task-assignment procedures remains an important
methodological consideration.

This distinction is particularly relevant in garment manufacturing, where successive
operations may require lockstitch, overlock, hemming, buttonhole, or finishing technologies.
Bongomin et al. [2] investigated the application of the Ranked Positional Weight (RPW)
method to garment assembly under different resource conditions, demonstrating that
numerically favorable workstation configurations may lose their practical relevance when
equipment restrictions are considered. These findings illustrate that workstation count and
line efficiency alone are insufficient to establish the operational feasibility of a balancing
solution. Technological compatibility must therefore be considered during assignment or
explicitly verified before a configuration can be considered implementable.

More comprehensive approaches have been developed to address the complexity of
garment production systems. Bongomin et al. [3] investigated a complex garment assembly
line through simulation-based optimization, incorporating stochastic processing times and
resource-related constraints. Metaheuristic approaches have also been applied to apparel
line balancing to explore alternative workstation configurations. These methods are particu-
larly valuable when production variability, resource interactions, and complex optimization
objectives must be represented. However, depending on the modeling objectives, they may
require additional operational data, simulation calibration, or algorithmic parameterization.
Deterministic constructive heuristics address a complementary requirement by providing
explicit and reproducible assignment decisions using a limited set of operational parameters.
Their relevance is therefore not based on replacing simulation or advanced optimization, but
on offering a transparent means of constructing and evaluating workstation configurations.

Classical constructive heuristics, including RPW, Shortest Processing Time (SPT), and
Largest Candidate Rule (LCR), rely on different task-selection priorities. Although their
conventional formulations primarily consider precedence relationships and processing
times, machine compatibility can be incorporated through additional feasibility checks.
Consequently, the scientific contribution of a new constructive procedure cannot be es-
tablished solely by introducing machine-compatibility constraints. A more meaningful
distinction concerns how operations are selected, how technological feasibility is maintained
throughout workstation construction, and how the resulting configurations perform against
existing heuristics operating under equivalent constraints.

Within this context, the present study proposes a Feasibility-Oriented Heuristic (FOH)
for garment assembly line balancing. The methodological distinction of FOH lies in combin-
ing a predetermined topological task sequence with incremental workstation-capacity and
machine-compatibility verification. Rather than ranking operations according to processing
time or positional weight, FOH follows a deterministic precedence-consistent ordering and
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selects the first operation satisfying the assignment conditions. For each workstation, the
set of admissible machine technologies is initialized and progressively updated through
intersection with the admissible machine set of each accepted operation. An assignment
is permitted only when the resulting intersection remains nonempty and the available
cycle-time capacity is respected.

This construction mechanism establishes a direct relationship between task selection
and technological feasibility. By maintaining a nonempty common admissible machine
set after each accepted assignment, FOH prevents incompatible task combinations dur-
ing workstation formation rather than requiring their subsequent detection and repair.
Its predefined topological sequence also provides an explicit and reproducible order of
assignment decisions. Under the stated assumptions of an acyclic precedence graph, in-
dividually feasible task durations, nonempty machine-admissibility sets, and sufficient
equipment availability, the procedure preserves the modeled feasibility constraints and
terminates after assigning all operations. These properties are formally established in the
methodological section.

The significance of FOH should nevertheless be distinguished from the feasibility
checks themselves, which can also be incorporated into established priority-based heuris-
tics. FOH offers a specific deterministic construction strategy in which task ordering is
separated from technological eligibility, enabling the effects of these two elements to be
examined explicitly. Its value lies in providing a formally specified, interpretable, and
reproducible feasibility-oriented procedure rather than claiming that compatibility enforce-
ment is exclusive to the proposed method. The approach is not designed to guarantee
globally optimal workstation counts; its numerical performance remains dependent on
the precedence structure, processing-time distribution, and machine requirements of the
considered instance.

To investigate the proposed mechanism, FOH is evaluated using a 17-operation garment
assembly benchmark and compared with three conventional heuristics: RPW, SPT, and LCR.
To establish a fair comparison, machine-compatibility-aware variants of these methods,
denoted RPW-MC, SPT-MC, and LCR-MC, are also considered. These variants retain their
original selection priorities while enforcing the same technological feasibility conditions
as FOH. An exact Mixed-Integer Linear Programming (MILP) formulation is employed to
determine the minimum feasible workstation count and provide an optimal reference for
evaluating the constructive solutions.

The experimental assessment considers workstation count, idle time, line efficiency,
workload smoothness, and precedence and machine-compatibility violations. Nine de-
terministic scenarios combining alternative cycle-time limits and processing-time varia-
tions are examined to investigate the sensitivity of the resulting assignments. This com-
parative design distinguishes the effect of machine-compatibility enforcement from that
of task-selection priorities and provides an objective basis for evaluating the proposed
heuristic [5-10].

The study contributes to garment assembly line balancing through the formal spec-
ification of a deterministic feasibility-oriented construction procedure, the mathemati-
cal justification of its feasibility-preservation property under defined assumptions, and
a comparative evaluation against conventional heuristics, compatibility-aware alterna-
tives, and an exact optimization reference. These elements provide a structured frame-
work for analyzing the relationship between technological feasibility and numerical
balancing performance.

The experimental investigation is restricted to a single 17-operation benchmark and its
deterministic variations. Although this setting allows detailed verification of assignment
decisions and comparison with exact solutions, it does not establish the computational
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scalability or general effectiveness of FOH on larger industrial routing matrices. Additional
evaluations involving independent garment styles, larger precedence networks, and more
heterogeneous machine requirements are therefore necessary. Further extensions may also
incorporate machine-quantity restrictions, stochastic processing times, and operator-specific
characteristics to improve the representation of industrial operating conditions.

2. Literature Review

Assembly line balancing has been extensively investigated through heuristic, exact,
metaheuristic, and simulation-based approaches. Classical formulations primarily address
the assignment of precedence-related tasks to workstations under a prescribed cycle time,
whereas generalized formulations extend this structure by incorporating technological,
resource, spatial, workforce, and other assignment restrictions [5-10]. In garment manu-
facturing, these extensions are particularly relevant because sewing operations frequently
require heterogeneous machine technologies, and numerically attractive task groupings
may not necessarily correspond to implementable workstation configurations [2,5].

Accordingly, the present review focuses on four areas directly related to the scope of this
study: classical assembly line balancing methods, resource- and machine-constrained for-
mulations, garment-specific balancing approaches, and the methodological gap addressed
by the proposed Feasibility-Oriented Heuristic (FOH).

2.1. Classical Assembly Line Balancing and Benchmark Heuristics

Assembly line balancing concerns the allocation of interdependent operations to work-
stations while satisfying precedence relationships and cycle-time restrictions. Depending
on the production objectives, the problem may involve minimizing the number of work-
stations, reducing idle capacity, or improving the distribution of workload across the line.
These objectives have motivated extensive research into exact optimization procedures and
heuristic solution methods [5,9].

Exact approaches, including integer programming and branch-and-bound algorithms,
provide a rigorous framework for identifying optimal solutions. However, tHoHheir com-
putational requirements can increase considerably with the number of operations and
the complexity of the constraints. Constructive heuristics offer a less computationally
demanding alternative by assigning tasks according to predefined priority rules. Scholl
and Becker [9] reviewed the principal exact and heuristic approaches developed for the
simple assembly line balancing problem, highlighting the range of methods available for
addressing different problem configurations.

Among conventional constructive heuristics, Ranked Positional Weight (RPW), Short-
est Processing Time (SPT), and Largest Candidate Rule (LCR) are particularly relevant
as benchmark methods. RPW assigns priority according to the processing time of each
operation and its successors, thereby accounting for the downstream consequences of
task selection. SPT favors eligible operations with shorter processing times, whereas LCR
gives preference to longer operations that can be accommodated within the remaining
workstation capacity. Their relatively simple decision rules facilitate implementation and
allow assignment sequences to be reproduced when eligibility conditions and tie-breaking
procedures are consistently specified [2,9].

Despite these advantages, the conventional formulations of these heuristics primar-
ily address processing times and precedence relationships. Machine compatibility is
not inherently incorporated into their priority rules. Consequently, operations may be
grouped within the same workstation even when they require incompatible equipment.
Although such assignments may produce favorable numerical balancing indicators, their
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practical implementation may be impossible under the technological conditions of the
production line.

This limitation does not imply that classical priority-based heuristics cannot ac-
commodate machine restrictions. Rather, it highlights the importance of distinguish-
ing the task-selection rule from the feasibility conditions imposed during workstation
construction. Conventional heuristics can be extended to account for machine require-
ments, but these additional checks may influence the resulting assignment sequence and
workstation configuration.

The industrial significance of resource restrictions was illustrated by Bongomin et al. [2],
who investigated RPW-based balancing in garment manufacturing under different resource
conditions. Their findings indicated that solutions obtained without resource restrictions
could lose much of their numerical advantage when the equipment requirements of indi-
vidual operations were considered.

Classical constructive heuristics therefore remain useful reference methods, particu-
larly for examining the influence of priority rules on workload allocation. Nevertheless,
their evaluation in industrial settings requires explicit consideration of technological feasi-
bility. This observation provides a basis for examining generalized assembly line balancing
approaches in which equipment and resource restrictions form part of the assignment
problem [6,9].

2.2. Resource-, Equipment-, and Machine-Constrained Assembly Line Balancing

The assumptions underlying the Simple Assembly Line Balancing Problem are not
always representative of industrial production systems. In practice, the allocation of op-
erations depends not only on processing times and precedence relationships but also on
equipment characteristics, resource availability, and other workstation-specific requirements.
Generalized assembly line balancing formulations have been developed to represent these
additional conditions within the balancing problem [5].

Resource-constrained assembly line balancing has received considerable attention
in the optimization literature. Moon et al. [10] investigated line balancing under re-
source restrictions, demonstrating the relevance of incorporating manufacturing re-
sources into workstation assignment decisions. Pereira [8] subsequently addressed a
cost-oriented, resource-constrained multi-model assembly line balancing problem, illus-
trating the relationship between resource requirements and the economic consequences of
workstation configurations.

Other contributions have considered a broader range of industrial constraints. Kara
etal. [11] developed an integrated model incorporating equipment requirements, worker
skills, and ergonomic considerations. Their study demonstrated that the feasibility of work-
station assignments may depend on several interacting factors that cannot be adequately
represented through conventional balancing criteria alone.

The integration of assignment restrictions has also been investigated through both
heuristic and exact solution procedures. Pearce [7] examined generalized assembly line bal-
ancing in an industrial context, considering constructive and improvement heuristics along-
side mathematical optimization. Pearce et al. [6] further developed an integer-programming
formulation for a general assembly line balancing problem involving parallel workers and
additional assignment restrictions. Together, these contributions establish that incorporat-
ing technological and resource constraints is an existing and important direction in assembly
line balancing research.

An essential consideration in machine-constrained balancing is how technological
compatibility is represented. When an operation can be performed using one or more
machine types, its requirements may be described by a set of admissible technologies. Under
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the assumption that each workstation operates with one principal machine technology, a
combination of operations is feasible only when their admissible machine sets have at least
one machine type in common. This formulation provides a direct means of evaluating
whether a proposed task grouping satisfies the specified technological requirements.

However, the representation of machine compatibility and the procedure used to con-
struct workstation assignments are distinct methodological considerations. A mathematical
formulation can define the conditions that characterize a feasible solution without prescrib-
ing the order in which operations should be selected. Similarly, constructive heuristics may
apply identical feasibility conditions while generating different workstation configurations
because of their task-priority rules.

This distinction is particularly important when assessing the contribution of a new
constructive procedure. Its performance should be examined not only in relation to meth-
ods that disregard technological restrictions but also against alternative assignment rules
operating within the same feasible solution space.

The relevance of these considerations becomes especially apparent in garment man-
ufacturing, where production operations involve heterogeneous equipment and closely
connected processing sequences. The following section examines how the particular charac-
teristics of garment assembly lines have been addressed through heuristic, simulation-based,
and optimization approaches.

2.3. Garment Assembly Line Balancing and Operational Constraints

Garment assembly lines are characterized by sequences of interdependent operations
requiring different processing times and manufacturing technologies. Sewing, overlock-
ing, hemming, buttonhole making, and finishing activities may rely on distinct machine
configurations, which restricts the combinations of operations that can be assigned to in-
dividual workstations. These characteristics introduce technological considerations that
extend beyond the conventional objectives of minimizing idle time or reducing the number
of workstations [1-3].

Chen et al. [1] investigated assembly line balancing in the garment industry, con-
tributing to the development of systematic approaches for organizing sewing opera-
tions. Subsequent studies have examined the effects of resource restrictions, produc-
tion variability, and alternative optimization methods on the performance of garment
manufacturing lines.

Bongomin et al. [2] investigated the effect of resource constraints on a trouser assembly
line using the RPW method. Their results showed that a configuration obtained without
resource restrictions required 27 workstations and achieved a line efficiency of 80.56%.
When resource requirements were considered, the number of workstations increased to
39, while line efficiency decreased to 55.77%. This difference illustrates the extent to which
technological restrictions can influence balancing outcomes. It also demonstrates why
workstation count and calculated line efficiency should not be interpreted independently of
the conditions under which the assignments are obtained.

Simulation has been used to examine garment production systems in greater oper-
ational detail. Sime et al. [12] investigated the feasibility of simulations techniques for
apparel line balancing, highlighting their potential for evaluating alternative production
arrangements. Teshome et al. [4] employed Arena simulation to assess garment assembly
line performance and reported improvements in production output, labor productivity, and
line efficiency following the evaluation of alternative configurations.

Bongomin et al. [3] extended this research through simulation-based optimization
of a complex garment assembly line comprising 69 workstations. Their model incorpo-
rated stochastic processing times, precedence relationships, resource quantities, and re-
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source types. By considering these interacting factors, the study demonstrated the value
of simulation-based optimization for analyzing production systems in which operational
variability and resource requirements affect line performance.

Metaheuristic methods have provided another direction for addressing garment as-
sembly line balancing. Xu et al. [13] investigated the application of adaptive ant colony
optimization to apparel assembly lines, illustrating how search-based optimization can be
employed to explore alternative task assignments. In a related area of garment production
management, Mouloud et al. [14] examined order scheduling in the Moroccan fast-fashion
industry through a clustering-based approach, emphasizing the broader importance of
production heterogeneity in manufacturing decisions.

The reviewed studies demonstrate that garment production problems can be addressed
at different levels of operational complexity. Simulation-based approaches are particularly
useful when processing-time variability, resource interactions, and production disturbances
need to be represented explicitly. Metaheuristic methods offer opportunities to explore
larger and more complex solution spaces, although their implementation may require
algorithmic parameterization and additional computational effort.

Deterministic constructive heuristics address a different practical requirement. When
reliable production data are limited to processing times, precedence relationships, and
machine requirements, a clearly defined assignment procedure may provide a useful ba-
sis for constructing and evaluating workstation configurations. The resulting decisions
can be traced to explicit eligibility and selection rules, facilitating their interpretation
and reproduction.

These characteristics do not establish the superiority of deterministic heuristics over
simulation or metaheuristic optimization. Rather, they suggest that different approaches
may be appropriate depending on the available data, the complexity of the production
environment, and the objectives of the analysis. A deterministic method may be sufficient for
generating feasible initial configurations, whereas simulation and advanced optimization
can support more detailed investigations of system behavior and solution quality.

A central consideration emerging from the literature is therefore the need to distinguish
the numerical performance of a balancing procedure from the technological feasibility of its
assignments. Equally important is the need to assess whether improvements in feasibility
arise from the underlying task-selection mechanism or from the additional constraints
imposed during workstation construction. These considerations inform the methodological
positioning of the present study.

2.4. Research Gap and Positioning of the Present Study

The literature confirms that machine and resource restrictions are established consid-
erations in assembly line balancing. Generalized formulations have incorporated equip-
ment requirements, workforce characteristics, and additional assignment constraints, while
garment-specific studies have examined resource-constrained heuristics, simulation-based
optimization, and metaheuristic procedures [2-13]. Accordingly, the contribution of the
present research cannot be attributed to the introduction of machine compatibility as a
previously unexplored balancing constraint.

The relevant methodological issue concerns how technological feasibility is incorpo-
rated into the construction of workstation assignments and how the resulting solutions are
evaluated. Conventional priority-based heuristics offer clearly defined task-selection rules,
but machine restrictions must be introduced explicitly when they are not part of the original
assignment procedure. Such modifications can influence both the number of workstations
and the distribution of operations across the line.
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Although resource-aware heuristics and more advanced optimization methods have
already been investigated, the literature considered in this study provides a basis for further
examining deterministic, garment-oriented constructive procedures whose feasibility condi-
tions and assignment decisions are fully specified and reproducible. Of particular interest
is the comparative assessment of such procedures under common precedence, cycle-time,
and machine-compatibility requirements, rather than relying exclusively on comparisons
with conventional heuristics operating under less restrictive assumptions.

To investigate this issue, the present study proposes a Feasibility-Oriented Heuristic
(FOH) for garment assembly line balancing. The method constructs workstations sequen-
tially using a deterministic topological ordering of operations. At each assignment step,
an operation is considered only when its precedence requirements have been satisfied, its
processing time can be accommodated within the remaining workstation capacity, and its
admissible machine set is compatible with the current workstation configuration.

The distinction between FOH and conventional priority-based heuristics lies in the
combination of its task-selection sequence and the systematic enforcement of feasibility
conditions throughout workstation construction. However, enforcing technological com-
patibility is not exclusive to FOH, since comparable checks can also be incorporated into
existing heuristics. Its contribution must therefore be assessed through the resulting as-
signment behavior and solution quality rather than through the presence of machine
constraints alone.

For this reason, the evaluation distinguishes between numerical balancing perfor-
mance and technological feasibility. Conventional implementations of RPW, SPT, and LCR
provide a reference for examining the consequences of assigning tasks without machine-
compatibility enforcement. Compatibility-aware variants of these methods offer a com-
plementary basis for comparing alternative constructive rules under equivalent techno-
logical conditions. An exact Mixed-Integer Linear Programming (MILP) formulation
further provides an optimal workstation-count reference for instances that can be solved to
proven optimality.

The practical relevance of FOH lies in providing an explicit and interpretable procedure
for generating workstation configurations that satisfy the modeled machine requirements.
Its deterministic structure allows assignment decisions to be reproduced from the same
operational data without the algorithmic parameterization associated with more elaborate
search procedures. Nevertheless, the method does not guarantee globally optimal solutions,
and its performance may depend on the precedence structure, processing-time distribution,
and technological characteristics of the production line.

The present investigation is restricted to deterministic processing times, precedence
constraints, cycle-time capacity, and task-machine compatibility. Machine-quantity limi-
tations, operator-specific capabilities, learning effects, fatigue, and stochastic production
disturbances are not explicitly represented. Furthermore, the relatively small benchmark
used in the experimental evaluation limits the extent to which conclusions can be generalized
to larger industrial instances.

Within this defined scope, the study contributes a formally specified constructive
approach and a comparative framework for examining the relationship between assign-
ment decisions, technological feasibility, and conventional balancing indicators. Rather
than replacing established optimization methods, FOH is positioned as a complementary
procedure whose practical value and limitations can be examined against classical heuristics
and an exact feasibility-constrained reference.
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3. Materials and Methods
3.1. Problem Definition and Benchmark Dataset

This study considers a garment assembly line balancing problem in which precedence-
dependent operations must be allocated to ordered workstations under cycle-time and
machine-compatibility constraints. The formulation extends conventional workload-based
assignment by requiring all operations grouped within a workstation to share at least one
admissible machine technology.

LetI = {1,2,...n} denote the set of operations, where n is the total number of tasks. Each
operation i € I is characterized by a deterministic processing time t; > 0, a set of immediate
predecessors Pred (i), and a nonempty set M; of admissible machine types. The complete
set of machine types is denoted by M = | M.

iel
The required production pace is determined by the takt time:

T .
TT = available 1
e (1)

where T, .i.ple iS the net available production time and D is the required production quantity
over the same planning period. When the production rate is determined by demand, the
nominal workstation cycle time is set to:

Cy =TT (2)

In this study, Cy = 2.00 min is specified as the nominal experimental condition, rather
than calculated from independently observed demand data.
The total work content and theoretical minimum number of workstations are

defined as: .
w=>t (3)
i-1
1%%
Nyin = {E] (4)

where C is the prescribed cycle time and [-] denotes the ceiling function. This lower bound
does not account for precedence or machine-compatibility restrictions.

The investigated benchmark comprises 17 garment assembly operations with a total
work content of 20.00 min. Under the nominal cycle time:

20.00
Noin = [m}—lo (5)

This value represents a workload-based lower bound rather than the minimum feasible
workstation count.

The processing times, precedence relationships, and admissible machine types are
presented in Table 1.

Each operation must be assigned exactly once, without task splitting, while respecting
precedence relationships and workstation capacity. Operations sharing a workstation are
executed in an order consistent with the precedence graph.

Machine compatibility is modeled through the admissible machine sets. For a
nonempty workstation k containing the operations Sy, technological feasibility requires:

M(S) = [| M; # 0 (6)
ieSy

where M(S;) denotes the set of machine technologies common to all operations assigned to
workstation k, and M, represents the admissible machine set of operation i. A nonempty
intersection ensures that all operations assigned to the workstation can be performed using
at least one common machine technology.
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Table 1. Operational dataset of the 17-task garment assembly benchmark instance.

Task

Operation

Processing Time

Admissible Machine

Immediate

(min) Type (s) Predecessor (s)

Fusing collar and collar .

or1 stand 1.20 Fusing press —

or2 Preparing chest pocket 0.80 Single-needle lockstitch —

oPr3 Attaching chest pocket to 0.70 Single-needle lockstitch or2
front panel

or4 Preparing button placket  1.10 Single-needle lockstitch —

OP5 Assembling back yoke 1.00 Single-needle lockstitch —

OPe6 Joining shoulders 1.00 Single-needle lockstitch OP3, OP4, OP5

or7 Preparing collar 1.40 Single-needle lockstitch or1

ors Attaching collar to 1.20 Single-needle lockstitch Opre, OP7
garment body

or9 Preparing sleeves 1.40 Single-needle lockstitch —

Oor1o0 Setting sleeves into 1.30 Overlock or lockstitch OP6, OP9
armholes

opyy ~ Closing leftsideseamand o5 Overlock OP8, OP10
under-sleeve seam

opiz ~ Closingrightsideseam ) o5 Overlock OPS8, OP10
and under-sleeve seam

OP13 Topstltchlgg a.nd collar 1.10 Single-needle lockstitch ors
placket finishing

Ori4 Bottom hemming 0.90 Hemming or coverstitch ~ OP11, OP12

OP15 Making buttonholes 1.30 Buttonhole machine OP13, OP14

OP16 Sewing buttons 1.40 Button-sewing machine OP15
Final pressing, inspection, . 1 .

oPr17 and folding 1.70 Ironing/finishing station OP16

Total Total work content 20.00 — —

The model assumes one principal machine technology per workstation. Operations

requiring different attachments or guides may share a workstation when they remain

executable on the same underlying machine technology. However, attachment-change

times and configurations involving several distinct primary machines are not explicitly

represented. The benchmark also assumes sufficient machine availability and does not

impose equipment-quantity restrictions. OP10 is represented as compatible with two

machine categories, whereas the hemming/coverstitch designation for OP14 is treated as a

single technological category in the computational model.

Processing times are deterministic, and operator-related characteristics, including

proficiency, fatigue, and learning effects, are excluded. Feasibility is therefore assessed with

respect to the modeled precedence, cycle-time, and technological constraints rather than

the full range of industrial operating conditions.
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3.2. Classical Benchmark Heuristics and Compatibility-Aware Variants

Three conventional constructive heuristics are considered: Ranked Positional Weight
(RPW), Shortest Processing Time (SPT), and Largest Candidate Rule (LCR). These methods
provide reproducible benchmarks based on different task-selection priorities.

RPW selects the eligible operation with the highest positional weight, calculated as:

PW,=t;+ Y t (7)
jESucc” (i)
where Succ’ (i) denotes the set of direct and indirect successors of operation i, each counted
once. SPT prioritizes the eligible operation with the shortest processing time, whereas LCR
selects the longest eligible operation that fits the remaining workstation capacity. Ties are
resolved by ascending numerical task identifier.

Two types of implementation are evaluated. In their conventional forms, RPW, SPT, and
LCR enforce precedence and cycle-time constraints during assignment, and machine com-
patibility is verified afterward. These implementations provide a reference for identifying
numerical improvements that may depend on technologically infeasible task combinations.

To establish a comparison under equivalent constraints, three compatibility-aware
variants are introduced: RPW-MC, SPT-MC, and LCR-MC. Each retains its original priority
rule but verifies machine compatibility before assigning an operation. The admissible
machine-set intersection is updated after every accepted assignment, using the condition
defined in Equation (6).

All constructive methods use the same precedence-eligibility definition, workstation-
capacity restrictions, station-opening and closure rules, and deterministic tie-breaking
conventions. The conventional and compatibility-aware implementations of a given heuristic
differ only in whether machine compatibility is enforced during assignment.

This distinction separates the effect of machine-feasibility enforcement from that of
task-selection priority. Accordingly, the compatibility-aware variants serve as the principal
heuristic references for evaluating FOH, and the conventional methods are retained to
illustrate the consequences of neglecting technological restrictions.

3.3. Proposed Feasibility-Oriented Heuristic

The proposed Feasibility-Oriented Heuristic (FOH) is a deterministic constructive
procedure that integrates precedence eligibility, cycle-time capacity, and machine compat-
ibility into workstation formation. Unlike compatibility-aware priority heuristics, FOH
selects operations according to a fixed topological sequence rather than processing-time or
positional-weight priorities. Its construction mechanism combines this predefined ordering
with the continuous verification of technological feasibility throughout task assignment.

The precedence structure is represented by a directed acyclic graph:

G=(,P) (8)

where I denotes the set of operations and P the set of precedence arcs. A deterministic
topological ordering 7t is generated by selecting the smallest task identifier whenever several
operations are simultaneously available during the sorting procedure.

Let U denote the set of unassigned operations and A the set of already assigned
operations. The precedence-eligible operations are defined as:

E(A) ={ie U: Pred(i) C A} 9)

where Pred (i) represents the set of immediate predecessors of operation i.
For workstation k, let S; represent its assigned operations, L its accumulated processing
load, and M the set of machine types that remain admissible.
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A newly opened workstation is initialized with
Sk = @,Lk :0Ande ZM

where M denotes the complete set of admissible machine technologies.
An operation can be assigned only if it satisfies precedence eligibility, remaining
workstation capacity, and machine compatibility. The feasible candidate set is therefore:

F,={icEA):L,+t;<C,M,NM, + @} (10)

where t; is the processing time of operation i, C is the prescribed cycle time, and M; denotes
the admissible machine set of operation i.

FOH selects the first feasible operation i € F; according to the predetermined topologi-
cal sequence 7t.

Following the assignment of operation i, the workstation state is updated as follows:

Sk < S U {i}

L, <L+t

M, — M, N M, (11)
A< AU {i}
U < U\{i}

The procedure continues until no additional feasible operation can be assigned to
the current workstation. A new workstation is then opened if unassigned operations
remain. Algorithm 1 summarizes the complete constructive procedure. The corresponding
workstation-construction workflow is illustrated in Figure 1.

e  Feasibility-Preservation Property:

The constructive nature of FOH allows its feasibility-preservation property to be estab-
lished under the assumptions of the proposed model.

Proposition 1. Feasibility preservation and finite termination of FOH.

Consider a finite set of operations I, an acyclic precedence graph G = (I,P), and a
positive cycle time C.
Assume that each operation i has a strictly positive processing time satisfying:

0<t;<C Viel.
and a nonempty admissible machine set:
M;#0,Viel

Under the assumption of sufficient machine availability and without additional
equipment-quantity restrictions, FOH terminates after a finite number of assignments
and produces a workstation configuration satisfying the modeled precedence, cycle-time,
and machine-compatibility constraints.
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Algorithm 1. Feasibility-Oriented Heuristic (FOH)

Input: Task set I; processing times t;; precedence relations P; admissible machine sets
M;; global machine set M; cycle time C.
Output: Ordered workstation assignments S;, S, ..., S;, and workstation count m.

1: Construct the precedence graph G = (I, P).
2: Perform a deterministic topological sort of G using ascending task identifiers to
resolve ties.
3: if a complete topological ordering cannot be obtained then
4: Report an infeasible precedence structure.
5: Stop.
6: end if
7: Store the resulting topological sequence Tt.
8: U « L (Set of unassigned tasks.)
9: A « (. (Set of assigned tasks.)
10: k « 1. (Workstation index.)
11: while U # 0 do
12: Open workstation k.
13: Sk < @.
14: Lk < 0.
15: Mk < M.
16: while true do
17: E « {ie U:Pred(i) C A}.
18: Fk « {i € E: Lk + ti < C and Mk N Mi # 0}.
19: if Fk = @ then
20: if Sk = @ then
21: Report an infeasible instance.
22: Stop.
23: else
24: Close workstation k.
25: break.
26: end if
27: end if
28: Select the first task i € Fk according to the topological sequence Tt.
29: Sk « Sk U {i}.
30: Lk « Lk + ti.
31: Mk « Mk N Mi.
32: A~ Au{i}.
33: U < U\ {i}.
34: if U = 0 then
35: break.
36: end if
37: end while
38: if U # @ then
39:k—k+1.
40: end if
41: end while
42: m « k; return S1,S2, ..., Sm and m.

Proof. Precedence feasibility is preserved because an operation is assigned only when
all its predecessors belong to the set of already assigned operations. Consequently, each
predecessor is allocated either to an earlier workstation or to the same workstation before
its successor. []
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Figure 1. Flowchart of the Feasibility-Oriented Heuristic (FOH).

Cycle-time feasibility follows from the assignment condition:
L.+t <C.

Since the workstation load is initialized at zero and updated only after satisfying this
condition, its accumulated processing time never exceeds the prescribed cycle time.
Machine compatibility is preserved through the iterative update:

Mk (_Mk an

An operation is accepted only if the intersection is nonempty. Therefore, every con-
structed workstation retains at least one common admissible machine type for all its
assigned operations.

Finally, because the precedence graph is acyclic, the subgraph induced by the remaining
unassigned operations contains at least one operation whose predecessors have already
been assigned. Such an operation is precedence-eligible.

If no additional operation can be accommodated in the current workstation, a new
workstation is opened. Since each operation satisfies the individual cycle-time requirement
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and has a nonempty admissible machine set, at least one precedence-eligible operation can
be assigned to an empty workstation.

Each successful assignment removes one operation from the finite set of unassigned
operations. Therefore, FOH terminates after exactly n successful task assignments and
opens at most n workstations.

This establishes the stated feasibility-preservation and finite-termination properties.

e Application to the Nominal Benchmark

For the nominal benchmark, OP1 is allocated to WS1 with a workload of 1.20 min. No
other precedence-eligible operation shares its fusing-press requirement.
WS2 then receives OP2 and OP3, both requiring a lockstitch machine, resulting in a
total workload of:
L,=t,+1;

L, =0.08 + 0.70 = 1.50 min
The same assignment mechanism is applied until all 17 operations have been allocated.

e  Methodological Contribution and Positioning of FOH

The methodological contribution of FOH lies in the explicit integration of deterministic
topological task ordering with incremental workstation-capacity and machine-compatibility
verification. Its construction mechanism provides a fully specified and reproducible se-
quence of assignment decisions, and the feasibility-preservation property establishes the
validity of the resulting configurations under the stated assumptions.

Although compatibility-aware classical heuristics can satisfy the same feasibility re-
quirements, they employ different task-selection priorities and may consequently produce
different workstation configurations. FOH is therefore distinguished by its deterministic
topological construction strategy rather than by the introduction of machine compatibility
as a new constraint.

The proposed procedure does not guarantee workstation-count optimality, and its
numerical performance is evaluated against alternative compatibility-aware heuristics and
the exact MILP reference in Section 4.

3.4. Exact MILP Reference and Performance Measures
3.4.1. Mixed-Integer Linear Programming Formulation

An exact Mixed-Integer Linear Programming (MILP) model is formulated to determine
the minimum feasible workstation count under the same constraints considered by FOH.

Let K = {1,..., n} denote the set of potential workstation positions. The binary variables
X, Y and z;, indicate, respectively, whether operation i is assigned to workstation k, whether
workstation k is opened, and whether workstation k uses machine type r. The binary
parameter a,, equals one when r € M; and zero otherwise.

The objective function is:

min Z Yy (12)
keK
subject to:
Unique task assignment
Y xg=1, Viel (13)
keK

Equation (13) ensures that each operation is assigned to exactly one workstation.
Workstation cycle-time capacity

Y txy < Cy,, VkeEK (14)

iel
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Equation (14) restricts the total processing time assigned to an opened workstation to
the prescribed cycle-time limit. Since all processing times are strictly positive, the constraint
also prevents operations from being assigned to closed workstations.

Precedence relationships

Y dxg <) kxy, V(ij) EP (15)

kek kek
Equation (15) requires each predecessor to be assigned to the same workstation as, or
a workstation preceding, its successor. Operations allocated to the same workstation are
assumed to be executed in an order consistent with the acyclic precedence graph.
Task-machine compatibility

Xk < Yz, Vi€l keK (16)
reM
Equation (16) permits an operation to be assigned to a workstation only when the
workstation is configured with a machine type admissible for that operation.
Workstation machine configuration

Y z=y, VkeEK (17)
reM
Equation (17) ensures that each opened workstation is associated with exactly one
principal machine technology and that closed workstations have no assigned machine type.
Together, Equations (16) and (17) provide a binary representation of the common-
machine compatibility condition established in Equation (6).
Consecutive workstation opening

yk 2yk+1’ k:1,...,1’l_1 (18)

Equation (18) requires opened workstations to occupy consecutive positions, eliminat-
ing certain equivalent workstation-indexing configurations without changing the optimal
objective value.

Workstation occupancy constraint

¥, <Y xp, VKEK (19)
iel
Equation (19) prevents a workstation from being declared open when no operation is
assigned to it. This strengthening constraint ensures consistency between the mathematical
formulation and the computational implementation.
Finally, all decision variables are binary:

Xikr Yyr Zkr €{0,1}

for all applicable indices.

The resulting MILP formulation minimizes workstation count while enforcing unique
task assignment, precedence relationships, cycle-time capacity, and machine compatibility.

The exact model and the compatibility-aware constructive heuristics therefore operate
within the same constrained solution space. Their distinction lies in the solution procedure:
the MILP identifies a minimum-workstation solution when optimality is proven, whereas
FOH and the other constructive methods generate feasible configurations according to
predefined selection rules.

It should be emphasized that the MILP objective is restricted to minimizing the number
of workstations. Workload smoothness is not included as either a primary or secondary
optimization criterion. Consequently, different optimal MILP assignments may have identi-
cal workstation counts while exhibiting different workload distributions and Smoothness
Index values.
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3.4.2. Performance and Feasibility Indicators

For a configuration containing m workstations, total idle time, line efficiency, and
balance delay are calculated as:

IT=mC-W (20)
W

LE = — x 100 (21)

BD =100 — LE (22)

Workload distribution is assessed using the Smoothness Index:

SI= \ i(l‘max - Lk)2 (23)
k=1

where m denotes the number of workstations, C the prescribed cycle time, W the total work

content, L, the processing load of workstation k, and L,,,, the maximum workstation load.

Lower SI values indicate a more uniform workload distribution, although comparisons

involving different workstation counts should be interpreted with caution.
Machine-compatibility violations are quantified as:

m

V=Y 1[M(S;) = 0] (24)

k=1

Precedence violations are calculated as:

Vp= ) 1[s(i) > s(j)] (25)
ij)er
where s(i) denotes the workstation assigned to operation i, and 1[-] is the indicator function.
A solution is considered feasible when every operation is assigned exactly once, work-
station capacities are respected, V,; = 0, Vp = 0, and same-station operations can be executed
consistently with the precedence graph.
For a feasible heuristic solution H, the relative workstation-count optimality gap is:

Ny —N,
Gap,, = —H__—MILP » 100 (26)
Nyp
where Ny is the heuristic workstation count and N, p is the proven MILP optimum. This
gap is not calculated for technologically infeasible heuristic configurations.

3.5. Experimental Protocol and Computational Validation
Comparative Experimental Protocol

Eight approaches are evaluated using the same benchmark data: RPW, SPT, LCR,
their compatibility-aware variants RPW-MC, SPT-MC and LCR-MC, FOH, and the exact
MILP reference. The conventional heuristics are assessed for machine compatibility after
assignment, whereas the four feasibility-constrained constructive procedures enforce this
requirement during workstation construction.

The sensitivity analysis combines three cycle-time levels, C € {1.80,2.00,2.20} min, with
three deterministic processing-time variations, § € {—5%, 0, +5%},

Processing times are modified uniformly according to:

£ = £;(1+9) (27)

where t*) represents the adjusted processing time, and é denotes the relative variation factor.
Precedence relationships and machine requirements remain unchanged, producing

nine deterministic scenarios. These perturbations represent controlled changes in operation

durations rather than stochastic simulations or empirically established worst-case limits.
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The computational verification uses Python 3.13.5 and SciPy 1.17.0, with the MILP
solved through the scipy.optimize.milp interface and HiGHS [15,16]. Presolve is en-
abled, the requested relative MIP-gap tolerance is set to zero, and a 90 s time limit is
applied to each instance. A numerical tolerance of 10~ min is used for floating-point
capacity comparisons.

All reported assignments are checked for task uniqueness, precedence, cycle-time
compliance, and machine compatibility. MILP solutions are treated as exact references
only when the solver reports proven optimality. Execution times, branch-and-bound node
counts, and final MIP gaps are recorded separately for each scenario.

Since workstation-count minimization is the sole MILP objective, different optimal
assignments may exhibit different Smoothness Index values. The smoothness measure of
the originally reported optimal assignment is therefore distinguished from the values and
solver statistics obtained during independent computational verification.

Finally, the nine scenarios are different versions of one 17-operation benchmark, not
nine independent industrial validation cases. The findings are consequently limited to the
investigated precedence structure, processing-time conditions, and machine-admissibility
relationships. Validation on larger and independent instances remains necessary to assess
scalability and generalizability.

4. Results and Interpretations
4.1. Nominal Benchmark Results

The eight solution approaches were first evaluated under the nominal operat-
ing condition defined by a cycle time of: C = 2.00 min and a total work content of:
W = 20.00 min

The theoretical lower bound based only on total workload is therefore

20
M= 2] 1

However, this lower bound does not account for precedence or machine-compatibility
restrictions. The numerical and feasibility results obtained under the nominal condition are
summarized in Table 2.

Table 2. Comparative performance under the nominal operating condition.

Method WS Idle Time (min) LE (%) BD (%) SI Vu Feasible
RPW 14 8.00 7143 28.57 2.378 1 No
SPT 16 12.00 62.50 37.50 1.969 0 Yes
LCR 13 6.00 76.92 23.08 1.989 2 No
RPW-MC 15 10.00 66.67 33.33 2.414 0 Yes
SPT-MC 16 12.00 62.50 37.50 1.969 0 Yes
LCR-MC 15 10.00 66.67 33.33 2.414 0 Yes
FOH 15 10.00 66.67 33.33 2.763 0 Yes
MILP 15 10.00 66.67 33.33 2.063 * 0 Yes

WS: number of workstations; LE: Line Efficiency; BD: Balance Delay; SI: Smoothness Index; and V)
number of machine-compatibility violations. All configurations satisfy precedence constraints. * The
reported SI of 2.063 corresponds to the originally reported optimal MILP assignment. An independent
computational reconstruction produced another optimal 15-workstation assignment with an SI of
2.414. Workload smoothness was not included in the MILP objective function.
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Line efficiency was calculated according to Equation (21), using the total work content,
workstation count, and prescribed cycle time.

LCR yields the most favorable apparent numerical indicators, requiring only 13 work-
stations and achieving a line efficiency of 76.92%. However, two of its workstations violate
the machine-compatibility requirement. The resulting configuration is therefore infeasible
under the technological assumptions of the model.

RPW similarly generates a numerically attractive 14-workstation solution with a line
efficiency of 71.43%, but one machine-incompatible workstation is detected.

SPT produces a feasible configuration without machine or precedence violations,
although it requires 16 workstations and consequently presents the lowest line efficiency
among the evaluated methods.

FOH generates a fully feasible 15-workstation configuration with: V; = 0 and Vp = 0.

The exact MILP reference also requires 15 workstations. Thus, for the nominal bench-
mark, FOH reaches the same feasible workstation count as the exact optimum.

To ensure a comparison under equivalent technological constraints, the classical heuris-
tics were additionally evaluated using dynamic machine-compatibility checks. RPW-MC
and LCR-MC also achieved feasible 15-workstation configurations, whereas SPT-MC re-
quired 16 workstations. These findings confirm that compatibility enforcement can be
incorporated into different constructive procedures, whereas their workstation-count per-
formance depends on the task-selection strategy.

Although FOH and the original MILP solution achieve the same workstation count,
their workload distributions differ. FOH produces a maximum workstation load of 2.00
min, compared with 1.80 min for the originally reported MILP solution. The corresponding
Smoothness Index values are 2.763 and 2.063, respectively. As smoothness is not included
in the MILP objective function, this difference reflects the particular task allocations rather
than an explicitly optimized workload distribution.

4.2. Workstation-Level Feasibility Verification

To identify the origin of the infeasibilities observed in the aggregate results, the com-
plete workstation assignments were examined. The detailed workstation assignments for
each method are reported in Table 3.

Table 3. Workstation-level assignments under the nominal condition. Each entry indicates the
workstation number, assigned operations, processing load in minutes, and common admissible
machine type. OP numbers refer to Table 1.

Method

Workstation Assignments: Tasks (Load; Common Machine)

RPW

WS1: OP2 + OP4 (1.90; L); WS2: OP5 + OP3 (1.70; L); WS3: OP1 (1.20; FP); WS4: OP6 (1.00; L);
WS5: OP7 (1.40; L); WS6: OP9 (1.40; L); WS7: OP8 (1.20; L); WS8: OP10 (1.30; L/O); WS9: OP11
(1.25; 0); WS10: OP12 (1.25; O); WS11: OP13 + OP14 (2.00; @); WS12: OP15 (1.30; BH); WS13:
OP16 (1.40; BS); WS14: OP17 (1.70; IF).

SPT

WS1: OP2 + OP3 (1.50; L); WS2: OP5 (1.00; L); WS3: OP4 (1.10; L); WS4: OP6 (1.00; L); WS5:
OP1 (1.20; FP); WS6: OP7 (1.40; L); WS7: OP8 (1.20; L); WS8: OP13 (1.10; L); WS9: OP9 (1.40;
L); WS10: OP10 (1.30; L/O); WS11: OP11 (1.25; O); WS12: OP12 (1.25; O); WS13: OP14 (0.90;
H/C); WS14: OP15 (1.30; BH); WS15: OP16 (1.40; BS); WS16: OP17 (1.70; IF).

LCR

WS1: OP9 (1.40; L); WS2: OP1 + OP2 (2.00; @); WS3: OP7 (1.40; L); WS4: OP4 + OP3 (1.80; L);
WS5: OP5 + OP6 (2.00; L); WS6: OP10 (1.30; L/O); WS7: OP8 (1.20; L); WS8: OP11 (1.25; O);
WS9: OP12 (1.25; O); WS10: OP13 + OP14 (2.00; @); WS11: OP15 (1.30; BH); WS12: OP16 (1.40;
BS); WS13: OP17 (1.70; IF).
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Table 3. Cont.

Method

Workstation Assignments: Tasks (Load; Common Machine)

FOH

WS1: OP1 (1.20; FP); WS2: OP2 + OP3 (1.50; L); WS3: OP4 (1.10; L); WS4: OP5 + OP6 (2.00; L);
WS5: OP7 (1.40; L); WS6: OP8 (1.20; L); WS7: OP9 (1.40; L); WS8: OP10 (1.30; L/O); WS9: OP11
(1.25; 0); WS10: OP12 (1.25; O); WS11: OP13 (1.10; L); WS12: OP14 (0.90; H/C); WS13: OP15

(1.30; BH); WS14: OP16 (1.40; BS); WS15: OP17 (1.70; IF).

RPW-MC

WS1: OP2 + OP4 (1.90; L); WS2: OP5 + OP3 (1.70; L); WS3: OP1 (1.20; FP); WS4: OP6 (1.00; L);
WS5: OP7 (1.40; L); WS6: OP9 (1.40; L); WS7: OP8 (1.20; L); WS8: OP10 (1.30; L/O); WS9: OP11
(1.25; O); WS10: OP12 (1.25; O); WS11: OP13 (1.10; L); WS12: OP14 (0.90; H/C); WS13: OP15
(1.30; BH); WS14: OP16 (1.40; BS); WS15: OP17 (1.70; IF).

SPT-MC

Identical workstation assignments to SPT under the nominal condition, requiring 16 feasible

workstations.

LCR-MC

WS1: OP9 (1.40; L); WS2: OP1 (1.20; FP); WS3: OP7 (1.40; L); WS4: OP4 + OP2 (1.90; L); WS5:
OP5 + OP3 (1.70; L); WS6: OP6 (1.00; L); WS7: OP10 (1.30; L/O); WS8: OP8 (1.20; L); WS9:
OP11 (1.25; O); WS10: OP12 (1.25; O); WS11: OP13 (1.10; L); WS12: OP14 (0.90; H/C); WS13:
OP15 (1.30; BH); WS14: OP16 (1.40; BS); WS15: OP17 (1.70; IF).

MILP *

WS1: OP1 (1.20; FP); WS2: OP2 + OP5 (1.80; L); WS3: OP3 + OP4 (1.80; L); WS4: OP6 (1.00; L);

WS5: OP9 (1.40; L); WS6: OP7 (1.40; L); WS7: OP8 (1.20; L); WS8: OP10 (1.30; L/O); WS9: OP12

(1.25; 0); WS10: OP13 (1.10; L); WS11: OP11 (1.25; O); WS12: OP14 (0.90; H/C); WS13: OP15
(1.30; BH); WS14: OP16 (1.40; BS); WS15: OP17 (1.70; IF).

* The MILP row represents the originally reported optimal assignment, consisting of 15 workstations
with a Smoothness Index (SI) of 2.063. An independent computational reconstruction also yielded an
optimal 15-workstation assignment, but with an SI of 2.414. Workload smoothness was not included
in the MILP objective function.

The following machine abbreviations are used: FP = fusing press, L = lockstitch,
O = overlock, H/C = hemming or coverstitch, BH = buttonhole, BS = button sewing, and
IF = ironing/finishing. The symbol @ indicates that the tasks grouped in the workstation
have no common admissible machine type.

The RPW infeasibility occurs at WS11, where OP13 and OP14 are grouped because
their combined processing time exactly equals the cycle time:

ti3 + t1q = 1.10 + 0.90 = 2.00 min.
However, OP13 requires lockstitch equipment:
M,; = {Lockstitch}
whereas OP14 requires the hemming/coverstitch machine category:
M, = {Hemming, Coverstitch}

Therefore,

Although the workstation is numerically balanced, it is technologically infeasible.
LCR contains two machine incompatibilities. The first occurs when OP1 and OP2 are
assigned to the same workstation:

M, NM, =0,

Because OP1 requires a fusing press and OP2 requires a lockstitch machine. The second
incompatibility again concerns OP13 and OP14.

By contrast, RPW-MC and LCR-MC prevent these combinations by evaluating machine
compatibility during assignment. For instance, RPW-MC separates OP13 and OP14 into
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distinct workstations, eliminating the violation while increasing the workstation count from
14 to 15.

This workstation-level examination demonstrates why the number of workstations
and line efficiency alone are insufficient to establish the technological feasibility of a
balancing solution.

All evaluated procedures satisfy the precedence requirements:

szo.

4.3. Comparison with the Exact MILP Reference

The MILP formulation was solved using HiIGHS 1.8.0 through the SciPy 1.17.0 milp
interface under Python 3.13.5.

For the nominal benchmark, the optimization terminated with the status: Optimal—
HiGHS Status 7 and a final relative MIP gap of

MIP Gap = 0.000000.
The solver returned an optimal objective value of
myep = 15

workstations after exploring 32 branch-and-bound nodes. The measured wall-clock solution
time in the reported execution was approximately 0.94 s.
FOH also requires 15 workstations. Its workstation-count gap from the exact reference

is therefore
__ MpoH—MMiLp
GapFOH - MyLp x 100

15-15
= 15215 % 100 = 0%.

Thus, under the nominal operating condition, FOH reaches the minimum feasible
workstation count established by the exact model.

Nevertheless, FOH and MILP generate different workstation configurations. The
originally reported optimal MILP solution has:

STyip, original = 2063,

Whereas FOH produces
SIron = 2.763.

This difference arises from the allocation of operations among workstations. The
original MILP configuration groups OP2 with OP5 and OP3 with OP4, producing two
workstation loads of 1.80 min. FOH instead groups OP2 with OP3 and OP5 with OP6,
resulting in loads of 1.50 min and 2.00 min, respectively.

The Smoothness Index is calculated relative to the maximum workstation load. Con-
sequently, these differences in workstation composition and load distribution affect the
resulting SI values.

Importantly, workload smoothness was not included in the MILP objective function.
Therefore, the reported SI of 2.063 characterizes the particular optimal assignment obtained
rather than the minimum possible Smoothness Index among all optimal 15-workstation
configurations.

An independent computational reconstruction confirmed the minimum feasible re-
quirement of 15 workstations with a zero final MIP gap but returned a different optimal
assignment with:

SIMILI’,reconstructed =2414.
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This independent execution explored one branch-and-bound node and required ap-
proximately 0.247 s. These statistics are distinguished from the original execution, which
reported 32 nodes and approximately 0.94 s.

The comparison demonstrates that FOH achieves workstation-count optimality for the
nominal benchmark while preserving the modeled precedence, cycle-time, and machine-
compatibility requirements through a deterministic constructive procedure. The distinct
Smoothness Index values further highlight the importance of evaluating workload distribu-
tion separately from workstation-count optimality.

4.4. Sensitivity Analysis

The sensitivity of the comparative results was examined using three cycle-
time conditions:
C € {1.80,2.00,2.20} min,

combined with processing-time variations of
6 € {—5%,0,+5%}.
For each scenario, the adjusted processing time of operation i was calculated as:
t® = t,(1+9).

The adjustments were applied uniformly to all operations, whereas precedence rela-
tionships and machine requirements remained unchanged. The nine scenarios therefore
represent deterministic sensitivity conditions rather than stochastic simulations.

All nine MILP instances were solved to proven optimality with a final MIP gap
of zero.

In Table 4, F indicates a feasible configuration and IF denotes a configuration that
violates at least one modeled feasibility condition.

FOH remains feasible in all nine tested conditions: 9/9. SPT produced feasible config-
urations in seven scenarios 7/9, whereas RPW and LCR were feasible in four scenarios each
4/9. These results confirm the feasibility counts reported in Table 4.

The results also reveal an important effect of cycle-time relaxation. Increasing the
available workstation capacity may reduce the number of workstations produced by con-
ventional heuristics, but it also creates additional opportunities to group technologically
incompatible operations when machine constraints are not enforced during assignment.

Table 4. Sensitivity results for cycle-time and processing-time variations.

C (min)  Variation RPW SPT LCR FOH MILP
1.80 —5% 15/F 16/F 15/F 16/F 15/F
1.80 0% 15/F 16/F 15/F 16/F 15/F
1.80 5% 16/F 16/F 16/F 16/F 16/F
2.00 —5% 14/1F 15/F 13/IF 15/F 14/F
2.00 0% 14/IF 16/F 13/IF 15/F 15/F
2.00 5% 15/F 16/F 15/F 16/F 15/F
2.20 —5% 12/1F 12/1F 11/1F 14/F 12/F
2.20 0% 13/1IF 13/IF 12/1IF 15/F 13/F
2.20 5% 14/IF 16/F 13/IF 15/F 15/F
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This effect is particularly visible for:
C = 2.20 min,

where RPW and LCR generate numerically compact but machine-infeasible solutions under
all three processing-time conditions.
FOH avoids these combinations because the machine-compatibility condition:

M, NM; # 0

is verified before every task assignment.
However, the sensitivity results also confirm that FOH does not systematically achieve
the minimum feasible workstation count. Its relative optimality gap ranges between:

0(70 S GaPFOH S 16.670/0.

FOH matches the exact workstation count in three of the nine tested scenarios.

To establish a comparison under equivalent technological constraints, the compatibility-
aware variants RPW-MC, SPT-MC, and LCR-MC were evaluated using the same experimen-
tal conditions.

All configurations in Table 5 satisfy the modeled feasibility constraints.

LCR-MC achieves the minimum feasible workstation count in eight scenarios, com-
pared with six for RPW-MC, three for FOH, and one for SPT-MC.

These differences demonstrate that applying identical feasibility constraints does not
necessarily produce equivalent workstation configurations. The task-selection strategy
remains an important factor affecting workstation utilization.

The largest FOH optimality gap occurs at:

C=220min, §=-5%.

Under this condition, FOH requires 14 workstations, whereas LCR-MC and MILP
require 12.

Table 5. Workstation counts obtained by compatibility-aware heuristics under the nine scenarios.

C (min)  Variation RPW-MC SPT-MC LCR-MC FOH MILP
1.80 —5% 15 16 15 16 15
1.80 0% 15 16 15 16 15
1.80 5% 16 16 16 16 16
2.00 —5% 15 15 15 15 14
2.00 0% 15 16 15 15 15
2.00 5% 15 16 15 16 15
2.20 —5% 14 14 12 14 12
2.20 0% 15 15 13 15 13
2.20 5% 15 16 15 15 15

The corresponding relative gap is:

14 -12 o
Gapyoy = EETEE 100 = 16.67%.

This result illustrates the influence of operation-selection priorities on workstation
count. FOH follows a predetermined topological sequence, whereas LCR-MC prioritizes
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longer feasible operations, potentially allowing more effective utilization of workstation
capacity in certain scenario.

The results therefore support the role of FOH as a deterministic, feasibility-preserving
constructive procedure while identifying potential improvements in its task-
selection strategy.

The computational behavior of the exact MILP formulation was also examined, particu-
larly when the cycle-time limit increased to 2.20 min. The detailed workstation assignments
for each method are reported in Table 3.

The computational performance of the exact MILP formulation across the nine sen-
sitivity scenarios is summarized in Table 6, including solution times, branch-and-bound
node counts, and final MIP gaps.

Table 6. MILP computational performance under the nine sensitivity scenarios.

C (min) Variation O;;Srsnal Time (s) B&B Nodes Finélalr\:ﬂl)
1.80 -5% 15 0.185 1 0.000000
1.80 0% 15 0.156 1 0.000000
1.80 5% 16 0.267 1 0.000000
2.00 —5% 14 0.282 1 0.000000
2.00 0% 15 0.247 1 0.000000
2.00 5% 15 0.107 1 0.000000
2.20 —5% 12 0.323 11 0.000000
2.20 0% 13 0.233 1 0.000000
2.20 5% 15 0.467 1 0.000000

B&B: branch-and-bound. The statistics correspond to the independent MILP reconstruction and must
not be attributed to the originally reported solver execution.

At C = 2.20 min, the solver explored 11 branch-and-bound nodes under the —5%
processing-time variation, compared with one node for the nominal and +5% conditions.

The corresponding computational times were approximately 0.323, 0.233, and
0.467 s, respectively.

These observations indicate that computational effort does not necessarily vary mono-
tonically with cycle-time relaxation. Increasing workstation capacity changes the combina-
tions of operations that can be assigned together, potentially influencing presolve reductions
and branch-and-bound exploration.

However, the reported execution times and node counts are specific to the investigated
benchmark and computational environment. They should not be interpreted as evidence of
general solver scalability.

Finally, the nine scenarios are deterministic versions of the same 17-operation bench-
mark rather than nine independent industrial validation cases.

4.5. Overall Interpretation

The results demonstrate that numerical balancing performance and technological
feasibility represent distinct but complementary evaluation dimensions.

Under the nominal operating condition, LCR achieves the highest apparent line ef-
ficiency of 76.92%, followed by RPW at 71.43%. However, both configurations contain
machine-incompatible workstation assignments. Their smaller workstation counts therefore
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cannot be interpreted as feasible improvements under the technological assumptions of
the model.

FOH generates a technologically feasible configuration with 15 workstations and a
line efficiency of 66.67%, matching the minimum workstation count established by the
exact MILP formulation. This result demonstrates that the proposed constructive proce-
dure can attain workstation-count optimality for the nominal benchmark while preserving
precedence, cycle-time, and machine-compatibility requirements.

The sensitivity analysis reinforces the importance of integrating machine compatibil-
ity during workstation construction. Conventional priority-based heuristics may obtain
numerically compact configurations when workstation capacity increases, but some of
these reductions result from assignments that cannot be implemented using a common
admissible machine technology. FOH prevents such combinations through the systematic
verification and updating of the admissible machine set after each assignment.

Beyond these numerical findings, the methodological contribution of FOH lies in the
explicit organization of task precedence and technological feasibility within a deterministic
constructive framework. Its predefined topological sequence establishes a reproducible
operation-selection order, and the incremental capacity and machine-compatibility checks
maintain the feasibility of each workstation throughout construction. The formal feasibility-
preservation property presented in Section 3.3 establishes that, under the stated assumptions,
the algorithm terminates with a feasible configuration without requiring subsequent repair
of machine-incompatible assignments.

This property should not be interpreted as exclusive to FOH. The compatibility-
aware variants RPW-MC, SPT-MC, and LCR-MC also enforce technological feasibility
during workstation formation. Their inclusion provides an important methodological
distinction between the effect of feasibility enforcement and the influence of the operation-
selection strategy.

The comparative results show that the latter remains decisive for workstation-count
performance. LCR-MC matches the exact MILP optimum in eight of the nine investigated
scenarios, compared with six for RPW-MC, three for FOH, and one for SPT-MC. These
differences indicate that alternative selection rules can produce more compact feasible
assignments, even when the same technological constraints are applied.

The practical consequences of these differences should also be considered. At a cycle
time of 2.20 min under nominal processing times, FOH requires 15 workstations, whereas
LCR-MC and MILP require 13. This corresponds to a 15.38% increase relative to the mini-
mum feasible workstation count. Depending on the production organization, the additional
workstations may affect staffing, equipment requirements, and operating costs. How-
ever, the available benchmark does not provide sufficient industrial cost data to quantify
these effects.

The scientific contribution of the present study therefore extends beyond demonstrating
the importance of machine-compatibility constraints. It provides a formally specified
and reproducible feasibility-oriented construction procedure, establishes its feasibility-
preservation property under defined assumptions, and evaluates its behavior against both
conventional and compatibility-aware heuristics using an exact optimization reference. This
comparative framework makes it possible to distinguish the effect of technological feasibility
enforcement from the effect of task-selection priorities on balancing performance.

For the considered garment assembly benchmark, FOH offers a transparent constructive
alternative for generating technologically feasible workstation configurations. Its nominal
optimality and consistent feasibility across the investigated scenarios support the validity of
the proposed mechanism, and the performance of compatibility-aware alternatives identifies
opportunities for improving its workstation-count efficiency.
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Further validation on independent industrial instances, larger precedence networks,
and more heterogeneous machine requirements remains necessary to determine the broader
applicability and comparative effectiveness of FOH.

5. Study Limitation

The present study has several limitations that should be considered when interpreting
the results. First, FOH was evaluated on a single 17-operation garment assembly benchmark.
Although nine combinations of cycle-time and processing-time conditions were examined,
these scenarios represent deterministic versions of the same precedence network and ma-
chine requirements rather than independent industrial validation cases. Additional garment
styles, larger instances, and industrial datasets with different technological characteristics
are therefore required to assess the generalizability of the findings.

Second, operation processing times were treated as deterministic. The applied five-
percent variations provide a controlled sensitivity assessment but do not represent the
stochastic fluctuations encountered in garment production. Operator-dependent pro-
cessing times, machine interruptions, rework, and other disturbances may affect work-
station capacity and the feasibility of an initially constructed assignment. Future research
should therefore investigate scenario-based and robust extensions of FOH, in which un-
certain processing times are explicitly considered during workstation construction and
subsequent evaluation.

Worker learning represents another relevant extension. As operators gain experience,
task durations may decrease at different rates, potentially changing workstation workloads
and the suitability of an initial assignment. Incorporating empirically calibrated learning
curves would allow processing-time estimates to evolve with production experience and
support periodic rebalancing. Such developments would require longitudinal shop-floor
measurements to estimate individual learning parameters and evaluate their effects on
workload distribution and production stability.

Third, machine feasibility is represented through admissible machine types, assuming
one principal machine technology per workstation. The formulation does not explicitly
account for equipment inventory, attachment-change times, or multiple primary machines
within the same workstation. Extending the model to these conditions would require
additional resource and setup constraints.

Finally, the exact MILP formulation provided proven optimal solutions for all nine
scenarios, but this result does not establish its computational performance on larger
industrial problems. Additional experiments should investigate larger precedence net-
works and more extensive technological alternatives. Decomposition-based MILP formu-
lations, matheuristics, and metaheuristic improvement procedures could also be investi-
gated to address increasing computational complexity and improve feasible workstation-
count performance.

These limitations define the scope of the present contribution. FOH provides a re-
producible framework for enforcing the modeled feasibility conditions, and its broader
industrial applicability requires additional validation.

6. Conclusions

This study proposed a Feasibility-Oriented Heuristic (FOH) for garment assembly
line balancing under precedence, cycle-time, and machine-compatibility constraints. The
proposed approach integrates a deterministic topological task-selection sequence with
dynamic workstation-capacity verification and the continuous updating of admissible
machine sets. This construction mechanism provides a transparent and reproducible proce-
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dure for generating technologically feasible workstation configurations under the stated
modeling assumptions.

The method was evaluated on a 17-operation garment assembly benchmark and com-
pared with conventional RPW, SPT, and LCR heuristics, their machine-compatibility-aware
variants, and an exact Mixed-Integer Linear Programming (MILP) reference. Under the
nominal cycle time of 2.00 min, FOH generated a feasible 15-workstation configuration with
a line efficiency of 66.67% and no precedence or machine-compatibility violations. This con-
figuration matched the proven MILP optimum, corresponding to a zero workstation-count
optimality gap.

The comparative results demonstrated that conventional heuristics may generate nu-
merically attractive but technologically infeasible configurations when machine compatibil-
ity is not enforced during assignment. FOH addresses this limitation by incorporating feasi-
bility checks directly into the workstation-construction process. The feasibility-preservation
property established in this study further provides a formal justification for the validity of
its assignments under the defined assumptions.

Across nine deterministic sensitivity scenarios derived from the same benchmark, FOH
maintained feasibility in all cases. Nevertheless, comparison with compatibility-aware clas-
sical heuristics revealed that workstation-count performance depends on the task-selection
strategy. LCR-MC matched the MILP optimum in eight scenarios, compared with three for
FOH, whose maximum relative optimality gap reached 16.67%. These findings highlight
the distinction between preserving technological feasibility and minimizing workstation
requirements.

The observed differences also have practical implications. At a cycle time of 2.20 min
with processing times reduced by 5%, FOH required 14 workstations, compared with 12
for LCR-MC and MILP. Such differences may influence equipment, staffing, and operating
requirements, although their financial consequences could not be quantified using the
available data.

The principal scientific contribution of this work is the formalization and evaluation of
a deterministic feasibility-oriented workstation-construction procedure that explicitly com-
bines topological task ordering, capacity control, and machine-compatibility preservation.
By distinguishing the effects of feasibility enforcement from those of task-selection priori-
ties, the study also provides a reproducible comparative basis for assessing constructive
garment assembly line balancing methods. FOH is therefore positioned as an interpretable,
feasibility-preserving alternative that complements existing priority-based heuristics and
exact optimization approaches rather than replacing them.

Future research will focus on improving FOH’s task-selection strategy, validating
its performance on larger and independent industrial benchmarks, and extending the
framework to incorporate limited machine availability, stochastic processing times, worker
learning, and operator-specific characteristics.
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