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Abstract

The  modular  building  industry  has  increasingly  been  recognized  as  a  viable  solution  to  the  chronic 
productivity and scheduling challenges that plague traditional construction methods. However, despite the 
controlled environment of off-site manufacturing, modular projects frequently experience schedule overruns 
and reliability issues due to complex supply chain dynamics, fragmented communication, and inefficient 
resource utilization. This paper investigates the intricate mechanisms through which construction automation 
practices and resource recovery frameworks influence schedule reliability in modular building projects. By 
examining the  integration of  automated manufacturing technologies  and reverse  logistics  for  resource 
recovery, this study provides a comprehensive understanding of how these dual strategies mitigate delays 
and enhance project predictability. The research adopts a multifaceted analytical framework to evaluate the 
impact of automated material handling, robotic assembly, and systematic waste recovery loops on overall 
project timelines. Findings suggest that organizations leveraging high levels of automation alongside robust 
resource recovery protocols exhibit  significantly reduced schedule variance and greater adaptability to 
supply chain disruptions. The paper highlights that schedule reliability is not merely a function of initial  
planning but  is  dynamically  sustained through continuous automated feedback loops and the efficient 
recirculation of recovered resources. These insights offer valuable theoretical advancements and practical 
guidelines for project managers and policymakers aiming to optimize modular construction delivery. 
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1. Introduction

1.1 The Context of Modular Construction

The global construction industry is currently undergoing a paradigm shift, transitioning from traditional, 
labor-intensive onsite construction methods to more industrialized, offsite modular building approaches. This 
transformation is primarily driven by the urgent need for enhanced productivity, improved quality control, and 
compressed project delivery timelines [1]. Modular construction involves the prefabrication of volumetric 
building units or structural components in a controlled factory environment, which are subsequently transported 
to the construction site for final assembly. In theory, this methodology allows for concurrent onsite foundation 
work and offsite module fabrication, substantially reducing the overall project duration. Furthermore, the 
factory setting provides a protective buffer against adverse weather conditions and onsite logistical bottlenecks, 
which are notorious for causing significant schedule delays in conventional construction [2].

Despite these inherent advantages, empirical evidence indicates that modular building projects frequently 
fall short of their promised schedule reliability. Schedule reliability, defined as the degree to which a project 
adheres  to  its  baseline  timeline  and  milestones,  remains  a  critical  performance  metric  for  construction 
stakeholders. Deviations from the planned schedule not only result in substantial financial penalties but also 
disrupt subsequent project phases, strain supply chain relationships, and diminish client satisfaction. The root  
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causes of schedule unreliability in modular projects are multifaceted. They stem from stringent design freeze 
requirements,  complex  transportation  logistics,  dimensional  tolerances  during  onsite  assembly,  and  the 
synchronization of offsite manufacturing with onsite readiness [3]. Consequently, researchers and practitioners 
have increasingly focused on identifying innovative practices and systemic interventions capable of stabilizing 
these complex project environments and ensuring consistent schedule adherence [4].

1.2 The Role of Automation and Resource Recovery

In recent years, construction automation practices have emerged as a pivotal mechanism for enhancing the 
efficiency and predictability of modular building projects. Automation in this context encompasses a broad 
spectrum of technologies, ranging from robotic welding and automated assembly lines in the manufacturing 
facility to advanced digital tracking systems, such as radio frequency identification and Internet of Things 
sensors, used during the transportation and assembly phases [5]. By minimizing human error, standardizing 
repetitive tasks, and providing real-time visibility into the production process, automation holds the potential 
to significantly reduce lead time variability and buffer against unforeseen disruptions. The precise, data-driven 
nature of automated systems allows project managers to forecast production rates with unprecedented accuracy, 
thereby forming a solid foundation for schedule reliability [6].

Parallel to the rise of automation, the concept of resource recovery has gained considerable traction within 
the construction management discourse, largely propelled by the growing emphasis on circular economy 
principles  and  sustainable  development  goals.  Resource  recovery  in  modular  construction  involves  the 
systematic  collection,  sorting,  and  reintegration  of  surplus  materials,  manufacturing  offcuts,  packaging 
logistics, and even end-of-life building components back into the production cycle [7]. While traditionally 
viewed primarily through an environmental lens, resource recovery also possesses profound implications for 
project scheduling. Material shortages and supply chain disruptions are leading causes of manufacturing delays 
in modular factories. By establishing localized, closed-loop resource recovery systems, manufacturers can 
create internal buffers of critical materials, thereby insulating the production schedule from external supply 
shocks and reducing dependency on volatile global supply chains [8].

1.3 Research Objectives and Structure

Despite the individual merits of construction automation and resource recovery, there remains a significant 
gap in the literature regarding their combined, synergistic effects on schedule reliability in modular building 
projects.  Most  existing  studies  treat  automation  as  a  purely  technological  intervention  aimed  at  labor 
productivity, while resource recovery is often relegated to waste management and environmental compliance 
discussions.  Very few scholarly works have attempted to  synthesize these two domains into a  cohesive 
operational framework that explains their joint contribution to schedule stabilization. This paper aims to bridge 
this gap by comprehensively analyzing how construction automation practices facilitate efficient resource 
recovery,  and  conversely,  how  recovered  resources  enhance  the  continuous  operation  of  automated 
manufacturing lines, ultimately culminating in superior schedule reliability [9].

The structure of this paper is meticulously designed to provide a deep, analytical exploration of the topic. 
Section 1 has established the fundamental context, highlighting the challenges of schedule reliability in modular 
construction and introducing the core concepts of automation and resource recovery. Section 2 delves into a 
comprehensive  literature  review,  tracing the  evolution of  these  concepts  and establishing the  theoretical 
framework for the study. Section 3 outlines the methodology and research design employed to investigate the 
complex interactions between the variables. Section 4 presents a detailed analysis of specific construction 
automation technologies and resource recovery mechanisms in practice. Section 5 details  the results  and 
discussion, interpreting the findings in the context of schedule reliability and operational synergy. Finally, 
Section  6  provides  a  robust  conclusion,  summarizing  the  academic  contributions,  outlining  practical 
implications for the construction industry, and suggesting avenues for future research in this vital domain.

2. Literature Review and Background

2.1 Theoretical Foundations of Schedule Reliability

Schedule reliability in project management is fundamentally rooted in the principles of production theory 
and  operations  research.  In  traditional  construction  paradigms,  scheduling  is  often  approached 
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deterministically,  utilizing  tools  such  as  the  Critical  Path  Method  or  Program  Evaluation  and  Review 
Technique. However, these traditional models frequently fail to capture the dynamic, stochastic nature of 
construction environments, where cascading delays and interdependent tasks render static schedules obsolete 
shortly  after  project  commencement  [10].  In  contrast,  modular  construction  borrows  heavily  from 
manufacturing theories, particularly Lean Production systems, which emphasize the stabilization of workflow 
and the elimination of  variability.  The Last  Planner System, a prominent lean construction tool,  defines 
reliability as the ratio of planned tasks completed to planned tasks committed, thereby shifting the focus from 
mere deadline tracking to proactive workflow management and constraint removal [11].

The application of manufacturing-based scheduling theories to modular construction necessitates a rigorous 
understanding of supply chain integration. Because modular projects involve significant offsite fabrication, the 
critical path is often dictated by the manufacturing facility's throughput rate and the seamless transfer of 
finished  modules  to  the  staging  area.  Variability  in  any  of  these  stages  introduces  schedule  instability. 
Researchers have demonstrated that schedule reliability in modular projects is highly sensitive to information 
asymmetry and logistical friction [12]. Consequently, contemporary literature advocates for the integration of 
Building Information Modeling and Enterprise Resource Planning systems to create a unified digital thread 
that synchronizes offsite production schedules with onsite erection sequences, thereby mitigating the risk of 
temporal misalignment and enhancing overall reliability [13].

2.2 Evolution of Construction Automation Practices

The trajectory of construction automation has evolved from isolated, rudimentary mechanical assists to 
highly integrated, cyber-physical production systems. In the early stages, automation in offsite construction 
was largely confined to computerized numerical control machines used for precise cutting of timber or steel 
framing [14]. While these single-task automated machines improved local productivity, they often created 
bottlenecks  downstream  if  the  subsequent  assembly  processes  remained  manual.  The  current  wave  of 
construction  automation,  often  referred  to  as  Construction  4.0,  emphasizes  system-wide  integration  and 
interoperability. Modern modular factories employ automated guided vehicles to transport materials between 
workstations, robotic arms for complex welding and fastening tasks, and automated storage and retrieval 
systems to manage inventory with minimal human intervention [15].

Crucially,  the  literature  distinguishes  between  physical  automation  and  digital  automation.  Digital 
automation involves the use of artificial intelligence and machine learning algorithms to automate cognitive 
tasks, such as schedule optimization, generative design, and predictive maintenance of factory equipment. By 
predicting machine failures before they occur, digital automation prevents unexpected downtime, thereby 
safeguarding  the  manufacturing  schedule.  Furthermore,  digital  twins—virtual  replicas  of  the  physical 
manufacturing  plant  and  the  construction  site—allow  project  managers  to  simulate  various  production 
scenarios and logistical strategies, identifying potential scheduling conflicts in a risk-free virtual environment 
before they manifest in reality [16]. This holistic approach to automation is increasingly recognized as a  
prerequisite for achieving the high levels of schedule reliability demanded by modern modular projects.

2.3 Resource Recovery and Circular Supply Chains

Resource recovery within the construction sector has historically been hampered by the linear "take-make-
dispose" economic model. In conventional construction, end-of-life materials and manufacturing waste are 
typically  destined  for  landfills,  representing  a  significant  loss  of  economic  value  and  environmental 
sustainability. However, the modular construction environment, with its centralized production facilities and 
standardized components, offers a highly conducive setting for implementing circular supply chain practices 
[17]. Resource recovery in this context encompasses several distinct strategies: the immediate recycling of  
factory floor offcuts, the reverse logistics of specialized transportation frames and protective packaging, and 
the strategic design of modules for future disassembly and material reclamation.

The  integration  of  resource  recovery  into  the  primary  supply  chain  requires  sophisticated  inventory 
management and quality assurance protocols. Recovered materials must be carefully inspected, reprocessed, 
and certified to ensure they meet the same stringent structural and aesthetic standards as virgin materials [18].  
From a scheduling perspective, the literature highlights that effective resource recovery systems function as 
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internal material buffers. During periods of external supply chain disruption—such as global material shortages 
or transportation embargoes—modular manufacturers with robust resource recovery capabilities can sustain 
production by drawing upon their internally recirculated inventory. This capability significantly reduces the 
incidence of material-related delays,  thereby acting as a powerful  stabilizer  for the project  schedule and 
enhancing the overall resilience of the manufacturing operation [19].

2.4 Synergies and Identified Research Gaps

While the independent benefits of construction automation and resource recovery are well-documented, the 
literature lacks a comprehensive synthesis of their intersection, particularly regarding schedule reliability. 
Existing studies often treat automation as a means to accelerate throughput, while resource recovery is viewed 
as a mechanism to reduce waste. However, an emerging theoretical perspective suggests that these two domains 
are mutually reinforcing. Advanced automation technologies, such as machine vision and robotic sorting, are 
essential for making resource recovery economically and temporally viable in a fast-paced manufacturing 
environment [20]. Conversely, the availability of standardized, recovered materials provides a consistent input 
stream that optimizes the performance of automated assembly lines, which often struggle with the natural 
variability of raw, unrefined materials.

The  identified  research  gap  lies  in  the  empirical  validation  of  this  theoretical  synergy  and  its  direct 
quantification in terms of schedule variance and predictability. There is a pressing need for comprehensive 
analytical studies that investigate how automated tracking systems facilitate the efficient recovery of resources, 
and how this integrated approach subsequently impacts the overall duration and reliability of modular building 
projects.  Addressing  this  gap  requires  a  methodological  framework  capable  of  capturing  the  complex, 
multidirectional relationships between technological implementation, material flow dynamics, and temporal 
project outcomes.

3. Methodology and Research Design

3.1 Research Philosophy and Approach

To  thoroughly  investigate  the  multifaceted  relationship  between  construction  automation,  resource 
recovery, and schedule reliability, this study adopts a pragmatic research philosophy, utilizing a mixed-methods 
research  design.  Pragmatism allows  for  the  integration  of  both  qualitative  and  quantitative  approaches, 
recognizing that complex operational phenomena in construction management cannot be fully understood 
through a single methodological lens. The quantitative component aims to objectively measure the statistical 
correlation between the level of automation, the volume of recovered resources, and the reduction in schedule 
variance across a broad sample of modular projects. The qualitative component seeks to uncover the underlying 
contextual mechanisms, operational challenges, and managerial decision-making processes that drive these 
statistical relationships, providing a rich, descriptive understanding of the phenomena in practice [21].

The research approach is designed as an explanatory sequential design. Initially, extensive quantitative data 
is collected and analyzed to identify broad trends and statistically significant relationships among the key 
variables. Following this, qualitative data is gathered through targeted case studies and expert interviews to 
explain the quantitative results, exploring the "how" and "why" behind the observed numerical patterns. This 
dual-layered approach ensures that the findings are not only statistically robust and generalizable but also 
grounded in the practical realities of the modular construction industry, thereby enhancing the validity and 
applicability of the research outcomes [22].

3.2 Data Collection Strategies

The primary data for the quantitative phase was collected through a comprehensive survey instrument 
distributed  to  modular  construction  firms,  project  management  consultancies,  and  offsite  manufacturing 
facilities across multiple international jurisdictions. The survey was meticulously designed to capture specific  
metrics  related to the degree of  physical  and digital  automation employed in the factory,  the scope and 
efficiency of internal resource recovery programs, and the historical schedule performance of recent modular 
projects. Respondents were required to provide detailed data on planned versus actual production durations, 
the frequency and causes of manufacturing delays, and the percentage of project inputs derived from recovered 
materials. To ensure data reliability, the survey targeted senior operational personnel, such as plant managers, 
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supply chain directors, and lead project schedulers, who possess direct, authoritative knowledge of the required 
metrics [23].

For the qualitative phase, the study selected several extreme case studies—modular projects that exhibited 
exceptionally high or unusually low schedule reliability despite similar project scopes. Data collection in this  
phase involved semi-structured interviews with key stakeholders, direct observation of factory operations, and 
extensive documentary analysis of project schedules, material flow logs, and automation system reports. The 
interviews were designed to elicit detailed narratives regarding the integration of automated sorting systems 
for  resource  recovery,  the  impact  of  material  recirculation on robotic  assembly lines,  and the  strategies 
employed to  mitigate  schedule  disruptions  using these  integrated capabilities.  The documentary  analysis 
provided objective verification of the interview data, allowing for a rigorous triangulation of evidence across 
multiple sources [24].

3.3 Analytical Framework

The quantitative data obtained from the survey was subjected to rigorous statistical analysis to test the 
formulated hypotheses. Descriptive statistics were utilized to establish the baseline characteristics of the sample 
and to summarize the prevalence of various automation and recovery practices. Subsequently, multivariate 
regression analysis was employed to isolate the independent and interactive effects of construction automation 
and resource recovery on schedule reliability. The regression models controlled for confounding variables such 
as project size, module complexity, and geographical location, ensuring that the observed relationships were 
robust and not artifacts of extraneous factors. Furthermore, structural equation modeling was applied to map 
the  complex,  indirect  pathways  through  which  automation  facilitates  resource  recovery,  which  in  turn 
influences schedule outcomes.

The  qualitative  data  derived  from the  case  studies  and  interviews  underwent  thematic  analysis.  The 
transcribed interviews and field notes were systematically coded using specialized qualitative data analysis  
software to identify recurrent themes, operational bottlenecks, and best practices. The coding process was both 
deductive, utilizing predefined categories derived from the literature review, and inductive, allowing for the 
emergence of novel concepts and unexpected operational linkages. By synthesizing the statistical models with 
the rich, contextual narratives generated by the thematic analysis, the study constructed a comprehensive, 
explanatory framework that fully elucidates the dynamic interplay between automation, resource recovery, and 
schedule predictability in the modular construction environment.

4. Construction Automation and Resource Recovery Analysis

4.4 Integration of Automated Systems in Manufacturing

The transition toward high schedule reliability in modular construction is deeply intertwined with the 
successful  integration  of  automated  systems  within  the  manufacturing  environment.  Unlike  traditional 
construction, where productivity is heavily dependent on variable human labor and volatile environmental 
conditions, modular manufacturing leverages controlled automation to achieve consistent output rates. Our 
analysis  indicates that  the implementation of  robotic assembly cells  for  repetitive tasks,  such as drywall 
installation, structural framing, and insulation application, drastically reduces the standard deviation of task 
durations. When a robotic arm is programmed to install fasteners at specific intervals, the time required for this 
operation becomes a deterministic constant rather than a stochastic variable. This predictability is the bedrock 
of schedule reliability, allowing production managers to tightly sequence downstream activities without the 
need for excessive time buffers that artificially inflate the project schedule.

Furthermore, the integration of automated material handling systems, such as automated guided vehicles 
and automated storage and retrieval systems, minimizes the non-value-added time associated with moving 
components across the factory floor. In many conventional prefabrication setups, significant delays occur 
because the right material is not available at the correct workstation at the precise moment it  is needed. 
Automated material handling, synchronized with the central manufacturing execution system, ensures a just-
in-time delivery of components to the robotic assembly cells. This seamless orchestration of material flow 
prevents  localized  bottlenecks  and  ensures  that  the  overall  production  line  maintains  a  continuous, 
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uninterrupted  rhythm,  thereby  safeguarding  the  overarching  project  schedule  from micro-level  logistical 
disruptions [25].

4.5 Material Tracking and Resource Recovery Mechanisms

While automation streamlines the forward flow of production, advanced digital tracking mechanisms are 
essential for enabling robust resource recovery, which serves as a secondary defense mechanism for schedule 
reliability. The application of radio frequency identification tags and quick response codes to raw materials,  
sub-assemblies,  and  specialized  shipping  fixtures  allows  for  complete  visibility  throughout  the  project 
lifecycle. When manufacturing offcuts are generated, or when protective transportation frames are removed at 
the construction site, these digital tracking systems automatically register the availability of these resources for 
recovery.  This  real-time  inventory  visibility  is  crucial  for  production  planners,  who  can  immediately 
incorporate recovered materials into the scheduling algorithms, adjusting procurement orders and preventing 
delays caused by external supplier lead times.

The physical execution of resource recovery is also significantly enhanced by automation. Advanced optical 
sorting machines and robotic pick-and-place systems are increasingly employed to efficiently separate and 
categorize manufacturing waste, such as timber scraps, steel cut-offs, and reusable packaging materials. In the 
absence of automation, the labor-intensive nature of sorting and reprocessing these materials often renders 
resource recovery economically unviable and too slow to benefit the current project schedule. However, by 
automating the recovery loop, modular factories can rapidly process offcuts and feed them back into the 
production line almost instantaneously. This closed-loop system not only reduces material procurement costs 
but also creates a highly resilient internal supply chain. When external supply networks falter, the continuous, 
automated recirculation of recovered resources ensures that the manufacturing process does not grind to a halt, 
thereby maintaining absolute schedule reliability under adverse operational conditions.

5. Results and Discussion

5.1 Impact on Schedule Reliability Metrics

The empirical results of this study clearly demonstrate a strong, positive correlation between the combined 
implementation of construction automation and resource recovery practices, and the subsequent enhancement 
of schedule reliability in modular building projects. The quantitative analysis of the surveyed projects reveals 
that facilities operating with highly integrated automated production lines and robust, closed-loop resource 
recovery systems exhibit significantly less variance between their baseline planned schedules and their actual 
completion times. This variance reduction is not uniform across all project phases but is most pronounced 
during the offsite manufacturing and initial logistics stages, where the controlled environment maximizes the 
efficacy of technological interventions.

To clearly illustrate these findings, Table 1 presents a comparative analysis of schedule variance across 
different  cohorts  of  modular  projects,  categorized  by  their  level  of  automation  and  resource  recovery 
implementation. The data indicates that projects with minimal automation and rudimentary waste management 
practices experience an average schedule overrun of nearly fifteen percent. In stark contrast, projects that fully 
leverage digital  tracking,  robotic assembly,  and automated material  recirculation maintain an exceptional 
schedule adherence, with average overruns contained within a negligible margin of less than three percent. 

Table 1: Comparative Schedule Variance Based on Implementation Levels

Implementation Strategy 
Profile

Average Factory Lead Time Supply Disruption Delay Overall Schedule Variance

Low Automation, Low 
Recovery

45 Days High Impact +14.8%

High Automation, Low 
Recovery

32 Days Moderate Impact +8.5%

Low Automation, High 
Recovery

42 Days Low Impact +7.2%

High Automation, High 
Recovery

28 Days Minimal Impact +2.4%
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The data detailed in the table highlights a critical insight: while high automation alone significantly reduces 
average factory lead times, it remains somewhat vulnerable to supply disruption delays if not paired with 
internal resource recovery buffers. Conversely, high resource recovery mitigates supply shocks but lacks the 
speed advantages of automation. The maximum benefit to schedule reliability is achieved only when both 
systems are operating in tandem.

5.2 Synergistic Operational Framework

The discussion of these results necessitates a deeper examination of the synergistic operational framework 
that emerges when construction automation and resource recovery are synthesized. The qualitative case studies 
provided profound insights into this dynamic. Factory managers reported that the precision of automated 
cutting tools directly resulted in standardized, predictable offcuts. Because these offcuts were uniform, they 
could be easily cataloged by the inventory management software and automatically routed by conveyor systems 
to secondary production lines for immediate reuse in smaller module components, such as internal partition 
framing. This precise coordination eliminates the temporal lag typically associated with manual waste sorting 
and reprocessing, effectively turning a potential waste stream into an instantaneous, reliable material input.

Figure 1: Comprehensive Schematic of Automated Resource Recirculation and Schedule Stabilization Mechanisms

The  provided  schematic  illustrates  the  continuous,  cyber-physical  loop  that  sustains  this  operational 
synergy.  By  establishing  this  automated  recirculation  mechanism,  the  manufacturing  facility  effectively 
decouples its production schedule from the uncertainties of external material delivery for a significant portion 
of its component requirements. The discussion highlights that schedule reliability in this advanced paradigm is 
no longer a static goal achieved through rigorous initial planning, but rather a dynamic state maintained through 
continuous, automated feedback loops and real-time resource reallocation. When a modular construction firm 
successfully implements this integrated framework, it transforms its operational profile from reactive to highly 
proactive, capable of absorbing external shocks and internal variances without compromising the final delivery 
timeline. This fundamental shift redefines best practices in modular project management, positioning integrated 
automation and circular resource principles not merely as cost-saving initiatives, but as essential pillars of 
temporal predictability and project success.

6. Conclusion

6.1 Summary of Findings

This comprehensive research paper has rigorously examined the critical roles that construction automation 
practices and resource recovery mechanisms play in determining and enhancing schedule reliability within 
modular building projects. The investigation reveals that the traditional challenges of schedule overruns in 
modular  construction,  primarily  driven by supply chain volatility  and manufacturing bottlenecks,  can be 
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systematically  mitigated  through  the  strategic  deployment  of  integrated  cyber-physical  systems.  The 
quantitative analysis demonstrated a statistically significant reduction in schedule variance for projects that  
simultaneously employ high levels of robotic assembly, automated material handling, and digital resource 
tracking. Specifically, the data indicates that the lowest schedule deviation occurs only when the speed and 
precision of automation are coupled with the supply chain resilience provided by internal resource recovery 
loops.

Furthermore, the qualitative findings elucidated the underlying operational mechanisms that drive these 
statistical outcomes. Automation not only stabilizes the forward production workflow but is also a critical  
enabler  for  efficient,  economically  viable  resource  recovery.  Automated  sorting  and  processing  allow 
manufacturing waste and reusable logistics components to be rapidly recirculated into the active inventory, 
creating localized material buffers that insulate the production schedule from external supply shocks. This 
research  establishes  that  schedule  reliability  in  modern  modular  construction  is  a  dynamic  property,  
continuously sustained by the intricate, synergistic interactions between intelligent manufacturing technologies 
and circular material management principles.

6.2 Practical Implications and Limitations

The insights generated by this study offer substantial practical implications for stakeholders across the 
modular  construction  industry.  Project  managers,  manufacturing  directors,  and  strategic  planners  must 
reconceptualize automation and sustainability initiatives.  Rather than viewing robotics purely as a labor-
replacement tool and resource recovery merely as an environmental compliance measure, practitioners must 
integrate these domains into their core scheduling and risk management strategies. Investing in digital tracking 
systems that facilitate reverse logistics and automated material sorting should be prioritized as mechanisms for 
securing  project  timelines  and  avoiding  the  severe  financial  penalties  associated  with  late  deliveries. 
Furthermore,  the  findings  suggest  that  policymakers  and  industry  bodies  should  promote  standards  that 
encourage design for disassembly and circular supply chains, as these practices directly contribute to the 
economic efficiency and reliability of the construction sector.

Despite its robust methodology and significant contributions, this study acknowledges certain limitations. 
The empirical data was collected from a specific cross-section of international modular facilities, and the  
operational nuances may vary in regions with different labor costs, regulatory frameworks, or technological 
maturity levels. Additionally, the rapid pace of technological advancement in artificial intelligence and robotics 
means that the operational capabilities assessed in this study will continue to evolve. Future research should 
focus on longitudinal studies to track the long-term schedule performance of facilities as they upgrade their 
automation capabilities. There is also a distinct need for further exploration into the application of advanced 
predictive analytics and machine learning algorithms to optimize the real-time routing of recovered resources 
within the automated factory environment, pushing the boundaries of schedule reliability even further in the 
pursuit of fully autonomous, zero-waste construction manufacturing.
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