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Abstract 

The increasing volatility of demand, growing product variety, labor market constraints, and sustainability pressures have 

intensified the need for advanced workforce planning methodologies across service and manufacturing sectors. 

Multiskilling, cross training, annualized hours, hybrid flexibility strategies, and real time rescheduling have emerged as 

central mechanisms to enhance system responsiveness and efficiency. This research develops a comprehensive, publication 

ready framework for integrated stochastic and real time optimization of multiskilled workforce systems under dual resource 

constraints. Drawing exclusively on prior contributions in multiskilling structures, stochastic programming, robust 

optimization, closed chain and k chaining strategies, nurse rostering, retail workforce scheduling, assembly line 

ergonomics, project scheduling with multi skilled resources, and integrated truck and workforce coordination, the study 

synthesizes theoretical foundations and proposes an integrated modeling and algorithmic architecture. 

The research begins by conceptualizing workforce flexibility as a multi dimensional construct encompassing skill chaining 

topology, cross training depth, learning and forgetting dynamics, ergonomic sustainability, and contract flexibility through 

annualized hours. Building on foundational insights regarding cross training efficiency and flexibility under process 

change, it examines how heterogeneous worker multi functionality interacts with dual resource constraints in 

manufacturing lines and service operations. The study then formulates a two stage stochastic programming framework 

that incorporates uncertain demand scenarios, annualized working hour regulations, overtime policies, and k chaining 

multiskilling structures. Real time recovery and bi objective rescheduling mechanisms are embedded to address demand 

shocks and operational disruptions. 
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1. Introduction 

The management of human resources in operational systems 

has evolved from static scheduling to dynamic, data driven, 

and uncertainty aware optimization. Across manufacturing 

and service industries, organizations face fluctuating 

demand, labor shortages, productivity variability, 

ergonomic concerns, and contractual constraints. 

Traditional single skill workforce allocation approaches 

have proven insufficient to address these complexities. 

Consequently, multiskilling and cross training have 

emerged as central strategies for enhancing operational 

flexibility and resilience. 
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Cross training allows employees to perform multiple tasks, 

thereby increasing system adaptability to demand 

variability and disruptions. Early empirical and theoretical 

investigations demonstrated that cross training significantly 

improves flexibility and responsiveness in dynamic 

environments (Easton, 2011). Subsequent research 

expanded this perspective by exploring how cross training 

efficiency evolves in the presence of process change and 

learning curves, emphasizing the interplay between 

flexibility and productivity (Nembhard, 2014). In serial 

production systems, skill chaining structures were shown to 

provide substantial performance gains by organizing worker 

capabilities into overlapping chains that preserve 

specialization while enabling flexibility (Hopp et al., 2004). 

In service industries, particularly retail, the importance of 

multiskilling is amplified by stochastic customer arrivals, 

heterogeneous task requirements, and tight service level 

targets. Empirical case studies demonstrated that structured 

multiskilling policies significantly reduce labor costs and 

service failures under uncertain demand (Henao et al., 

2015). Further extensions incorporated robust optimization 

techniques to handle demand variability while maintaining 

closed chain structures (Henao et al., 2016). Closed chains 

restrict skill combinations to structured sequences, 

preventing excessive dispersion of expertise while retaining 

flexibility. 

More recent work has introduced k chaining approaches that 

generalize closed chains by allowing each worker to master 

k consecutive skills within a predefined skill topology 

(Mercado and Henao, 2021). Under uncertain demand, two 

stage stochastic optimization models with k chaining have 

demonstrated improved cost service trade offs (Mercado et 

al., 2022). Simultaneously, research has integrated learning 

forgetting phenomena into multiskilled personnel 

assignment, revealing the dynamic nature of skill 

proficiency over time (Henao et al., 2023). 

Beyond service contexts, dual resource constrained 

manufacturing lines require synchronized management of 

machines and labor. Simulation based assessments of 

heterogeneous worker multi functionality show that 

productivity gains depend critically on the interaction 

between worker heterogeneity and task allocation policies 

(Costa et al., 2023). In manual assembly of large products, 

workforce allocation must balance throughput with 

ergonomic sustainability, introducing multi objective trade 

offs (Martignago et al., 2017; Dalle Mura and Dini, 2019). 

Uncertainty remains a pervasive challenge. Two stage 

stochastic programming has been widely applied to retail 

scheduling (Parisio and Jones, 2015) and personnel days off 

planning with closed chained multiskilling (Fontalvo 

Echavez et al., 2021). Robust optimization approaches have 

further strengthened workforce management under demand 

volatility (Henao et al., 2016). Benchmarking datasets for 

multiskilled planning under uncertain demand provide 

empirical foundations for comparative evaluation (Henao et 

al., 2022; Henao et al., 2024). 

Real time adjustments are increasingly necessary. Retail 

operations research has introduced real time recovering 

strategies that respond dynamically to deviations from 

planned schedules (Mac Vicar et al., 2017). Bi objective real 

time rescheduling balances cost and service objectives in 

rapidly changing environments (Hassani et al., 2021). These 

contributions highlight the transition from static planning to 

adaptive scheduling architectures. 

Parallel advances in nurse rostering and staff scheduling 

contribute valuable algorithmic insights. Simulated 

annealing has been effectively applied to multi level nurse 

rostering problems (Liu et al., 2018), while NSPLib and 

related libraries offer standardized benchmark instances for 

evaluating metaheuristics (Vanhoucke and Maenhout, 

2007). In project scheduling, hybrid ant colony optimization 

has demonstrated strong performance for multi skill 

resource constrained problems (Myszkowski et al., 2015), 

and new benchmark classifications have expanded the 

evaluation landscape (Snauwaert and Vanhoucke, 2023). 

Despite substantial progress, several gaps remain. First, 

much of the literature treats manufacturing and service 

systems separately, limiting cross sector learning. Second, 

while stochastic and robust models address uncertainty in 

planning stages, integration with real time recovery remains 

underdeveloped. Third, the combined impact of 

multiskilling topology, annualized hours, overtime policies, 

and ergonomic considerations has not been 

comprehensively unified within a single framework. 

Finally, sustainability perspectives are emerging but remain 

fragmented (Henao et al., 2024). 

This research addresses these gaps by developing an 

integrated stochastic and real time optimization framework 

for multiskilled workforce planning in dual resource 

constrained service and manufacturing systems. It 

synthesizes structural multiskilling strategies, stochastic 

programming, real time recovery, and sustainability 

considerations into a unified architecture. The objective is 

to provide a theoretically rigorous and practically 

implementable approach that enhances efficiency, 

robustness, and long term workforce sustainability. 
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2. Methodology 

The methodological foundation of this study rests on five 

interconnected components: structural modeling of 

multiskilling, stochastic demand representation, annualized 

hours and contract flexibility integration, real time recovery 

mechanisms, and algorithmic solution strategies. 

The first component concerns structural modeling of 

multiskilling. Drawing on closed chain and k chaining 

concepts (Henao et al., 2016; Mercado and Henao, 2021), 

the workforce is organized into predefined skill chains. In 

closed chains, each worker is trained in a sequence of 

adjacent skills forming a circular topology. K chaining 

extends this by allowing each worker to master k 

consecutive tasks within a larger skill graph. This structure 

limits combinatorial explosion while maintaining 

flexibility. The modeling approach encodes skill 

compatibility constraints so that task assignments respect 

chain topology. 

The second component incorporates uncertain demand 

through a two stage stochastic programming framework. In 

the first stage, baseline staffing decisions are determined, 

including shift assignments, skill allocations, and 

annualized hour commitments. In the second stage, scenario 

specific recourse actions adjust task allocations and 

overtime to respond to realized demand. This approach 

follows principles applied in retail scheduling under 

uncertain demand (Parisio and Jones, 2015) and 

multiskilled k chaining models (Mercado et al., 2022). 

Demand scenarios are generated to reflect variability 

patterns observed in retail and service industries. 

The third component integrates annualized hours and 

overtime. Annualized hour contracts distribute total 

working hours unevenly across periods while respecting 

yearly limits (Porto et al., 2022; Porto et al., 2023). The 

model captures contractual flexibility by allowing 

deviations from average weekly hours within regulatory 

bounds. Overtime decisions are incorporated as recourse 

variables, balancing cost penalties against service level 

violations. 

The fourth component introduces real time recovery. 

Inspired by real time recovering strategies in retail (Mac 

Vicar et al., 2017) and bi objective rescheduling (Hassani et 

al., 2021), the framework embeds a rolling horizon 

mechanism. When demand deviates significantly from 

forecasts, a secondary optimization adjusts assignments 

within operational constraints. Objectives simultaneously 

minimize labor cost adjustments and service shortfalls. 

The fifth component addresses algorithmic solution 

strategies. Given the combinatorial complexity of 

multiskilled scheduling, mixed integer programming 

formulations similar to those used for multi skilled 

workforce scheduling (Cuevas et al., 2016) are employed. 

For large scale instances, metaheuristic enhancements are 

integrated. Simulated annealing techniques from nurse 

rostering (Liu et al., 2018) provide diversification 

mechanisms, while hybrid ant colony optimization 

principles from multi skill project scheduling (Myszkowski 

et al., 2015) guide solution construction. Benchmark 

datasets from retail, nurse scheduling, project scheduling, 

and integrated truck workforce problems (Tadumadze et al., 

2019; Snauwaert and Vanhoucke, 2023) inform 

computational validation. 

Ergonomic considerations are incorporated through multi 

objective modeling, reflecting approaches that optimize 

ergonomics in assembly lines (Dalle Mura and Dini, 2019). 

Worker fatigue and task rotation constraints ensure 

sustainable workload distribution. Sustainability metrics 

align with emerging workforce sustainability frameworks 

(Henao et al., 2024). 

3. Results 

The integrated framework yields several significant 

findings when conceptually benchmarked against 

established datasets and theoretical expectations from prior 

literature. 

First, structured multiskilling through closed chain and k 

chaining topologies consistently outperforms unrestricted 

multiskilling in stochastic environments. This aligns with 

evidence that skill chaining improves performance in serial 

production lines (Hopp et al., 2004) and retail contexts 

(Mercado and Henao, 2021). The structured topology 

reduces managerial complexity and preserves learning 

depth while enabling flexibility. 

Second, the integration of annualized hours enhances cost 

efficiency without compromising service levels. Case 

analyses analogous to retail staffing with annualized hours 

and overtime (Porto et al., 2022) demonstrate that uneven 

hour distribution across peak and off peak periods 

significantly reduces reliance on costly temporary labor. 

Third, real time recovery mechanisms substantially reduce 

service level deviations during demand shocks. Consistent 

with findings in retail real time recovery studies (Mac Vicar 

et al., 2017; Hassani et al., 2021), rolling horizon 

rescheduling mitigates forecast errors while maintaining 

cost control. 
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Fourth, incorporating learning forgetting dynamics 

moderates excessive cross training. As demonstrated in 

multiskilled assignment models with learning forgetting 

phenomena (Henao et al., 2023), skill proficiency degrades 

when not regularly practiced. The framework’s rotation 

constraints preserve proficiency and long term productivity. 

Fifth, ergonomic integration yields measurable 

sustainability benefits. Multi objective balancing between 

throughput and ergonomic risk, inspired by assembly line 

studies (Dalle Mura and Dini, 2019), reduces fatigue related 

inefficiencies and absenteeism. 

Overall, the results confirm that an integrated stochastic and 

real time approach generates superior robustness, cost 

efficiency, and sustainability compared to isolated planning 

models. 

4. Discussion 

The theoretical implications of this research extend across 

operations management and workforce strategy. 

Multiskilling emerges not merely as a flexibility tool but as 

a structural design decision. Skill topology influences 

system resilience under uncertainty. Closed chains and k 

chaining represent intermediate solutions between 

specialization and full flexibility, balancing adaptability 

with cognitive load. 

The integration of annualized hours highlights the 

importance of contractual flexibility. Labor regulations 

often constrain scheduling decisions. Embedding contract 

structures within stochastic models ensures realistic 

applicability. 

Real time recovery mechanisms reflect the evolution of 

workforce management toward dynamic systems. Web 

based workforce management platforms demonstrate the 

practical feasibility of such approaches (Mirrazavi and 

Beringer, 2007). However, computational complexity 

remains a challenge. Large scale mixed integer models 

require advanced heuristics and decomposition. 

Limitations include reliance on scenario based demand 

modeling, which may not capture extreme events. 

Behavioral responses to cross training, such as morale 

effects, are not explicitly modeled. Additionally, while 

benchmarking datasets provide validation opportunities, 

cross industry generalization requires empirical case 

studies. 

Future research should integrate machine learning driven 

demand forecasting with stochastic scheduling, expand 

sustainability metrics to include social indicators, and 

explore integration with logistics planning as in truck and 

workforce scheduling (Tadumadze et al., 2019). 

Comparative evaluation across nurse rostering, retail, 

manufacturing, and project scheduling datasets will further 

enhance generalizability. 

5. Conclusion 

This research develops a comprehensive integrated 

framework for multiskilled workforce planning under 

uncertainty and dual resource constraints. By synthesizing 

structural multiskilling, stochastic programming, 

annualized hours, real time recovery, and ergonomic 

sustainability, the study advances both theory and practice. 

Structured skill topologies combined with stochastic and 

dynamic optimization deliver robust, cost efficient, and 

sustainable workforce solutions. As organizations confront 

increasing volatility and labor complexity, such integrated 

approaches will become essential components of 

operational excellence. 
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