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Beyond classical optimisation: Toward feasibility-aware 

computational architectures for synchronised systems 

Abstract 

Contemporary logistics, manufacturing, transportation, and cyber-physical systems are increasingly 

evolving into large-scale synchronised environments in which multiple interdependent resources operate 

under tightly coupled temporal, structural, and operational constraints. In such settings, the feasibility and 

correctness of individual decisions are determined not only by local optimisation criteria but also by the 

ability to preserve synchronisation consistency across distributed processes and dynamically changing 

system states. As system complexity grows, conventional optimisation approaches often encounter 

limitations in scalability, computational efficiency, and operational feasibility. Motivated by these 

challenges, this paper presents a conceptual perspective on the future development of feasibility-aware 

computational architectures for synchronised multi-resource systems. The proposed vision advocates a 

multi-layer architectural framework integrating structural feasibility assessment, declarative optimisation 

models, scalable metaheuristic search mechanisms, and computational reuse strategies. Such an 

integration aims to support efficient exploration of large decision spaces while preserving synchronisation 

coherence and operational admissibility. The paper further identifies several open research challenges, 

including scalability-oriented synchronisation management, feasibility-preserving search processes, 

systematic exploitation of reusable computational knowledge, and the development of unified 

benchmarking methodologies for synchronised optimisation environments. Finally, a research agenda is 

outlined for the design of uncertainty-aware optimisation architectures that provide scalable and robust 

decision support in increasingly complex and distributed operational systems. The proposed architecture 

should be understood as a conceptual reference framework and research agenda rather than as a 

completed and experimentally validated computational system. The STTS example provides an illustrative 

demonstration of localised feasibility verification and computational reuse, whereas systematic 

implementation, comparative benchmarking, and scalability validation remain subjects of future research. 

1. INTRODUCTION 

In recent years, optimisation research has increasingly focused on more sophisticated mathematical models, 

richer constraint sets, multiple objective functions, and advanced solution methodologies. While these 

developments have significantly expanded the methodological landscape, they also raise an important 

question: do increasingly complex optimisation techniques remain suitable for practical deployment in large-

scale engineering systems? This paper argues that future progress may depend not only on more powerful 

search algorithms but also on computational architectures explicitly designed to preserve and exploit structural 

feasibility and synchronisation knowledge. 

1.1. From optimisation-centric toward feasibility-aware systems  

Traditional optimisation methods have primarily focused on improving objective-function values within an 

assumed feasible solution space. In many classical applications, feasibility verification remains relatively 

localised and computationally inexpensive, allowing optimisation algorithms to concentrate on efficient 

exploration and solution improvement. 

https://orcid.org/0000-0002-5181-2872
https://orcid.org/0000-0003-4640-5364
https://orcid.org/0000-0001-7219-3903


149 

Contemporary synchronised systems challenge this assumption. Transportation-service networks, 

collaborative robotic systems, cyber-physical production environments, and healthcare logistics platforms 

operate through tightly coupled temporal and resource dependencies. In such environments, locally feasible 

decisions may become globally infeasible when synchronisation relationships between the usage of multiple 

resources are violated. As a result, feasibility can no longer be regarded solely as a preliminary verification 

step. Instead, it emerges as a structural property of the entire system, determined by temporal continuity, 

resource compatibility, and synchronisation consistency across interacting processes. 

This observation motivates a transition from optimisation-centric reasoning to feasibility-aware 

computational architectures, in which admissibility assessment becomes an explicit computational layer that 

guides optimisation and limits exploration to synchronisation-consistent regions of the solution space. 

1.2. Synchronisation as a foundation of structural feasibility  

The increasing importance of feasibility-aware optimisation is closely related to the growing role of 

synchronisation in modern engineering systems. Synchronisation has long been recognised as a fundamental 

mechanism in scheduling theory, constraint programming, manufacturing systems, and transportation science, 

where operational success depends on maintaining consistent temporal and resource relationships among 

multiple interacting entities rather than on optimising isolated decisions. This perspective is reflected in 

classical scheduling theory (Pinedo, 2022) and declarative optimisation and constraint programming (Hooker, 

2014; Laborie, 2003; Rossi et al., 2006). Foundational studies on synchronised routing and cyber-physical 

production systems include (Drexl, 2012; Monostori, 2014). More recent research has extended 

synchronisation-intensive optimisation to vehicle–crew planning, home healthcare, workforce routing, 

delivery–installation systems, and other multi-resource environments (Ammann et al., 2023; Coelho & 

Mancini, 2026; de Aguiar et al., 2023; Erdogan & M’Hallah, 2023; Lucci et al., 2026; Wang et al., 2025). 

 Representative examples arise across a broad spectrum of engineering domains. In industrial robotics and 

automated manufacturing, synchronisation coordinates multiple manipulators, machines, conveyors, and 

buffers executing tightly coupled operations while avoiding conflicts over shared workspaces. Cyclic 

production systems similarly rely on synchronisation to maintain common takt times and balanced material 

flows. In Industry 4.0 and cyber-physical production systems, geographically distributed facilities, digital 

twins, and autonomous controllers must preserve temporal and logical consistency despite decentralised 

decision making (Lee et al., 2015; Monostori, 2014; Relich et al., 2022). 

Comparable principles govern transportation and service operations. Home healthcare routing, technician 

scheduling, workforce routing with shared vehicles, synchronized delivery-and-installation systems, and truck-

drone coordination all require simultaneous coordination of multiple resource classes, including vehicles, 

personnel, equipment, and service activities (Ammann et al., 2023; Brailsford et al., 2022; Bredström & 

Rönnqvist, 2008; Drexl, 2012; Erdogan & M’Hallah, 2023; Frifita et al., 2017; Lei et al., 2026; Li et al., 2023; 

Lucci et al., 2026; Nasir & Kuo, 2020; Purnamasari & Santoso, 2018). Similar synchronisation requirements 

arise in autonomous mobile robot fleets and AGV systems, where collision-free movement, deadlock 

prevention, and exclusive occupancy of guideway segments are essential for safe operation. 

Despite their diversity, these synchronisation mechanisms can be interpreted through two complementary 

dimensions. Temporal synchronisation specifies when activities may occur through precedence relations, 

simultaneous execution requirements, deadlines, and time windows. Resource synchronisation specifies which 

entities may simultaneously access limited resources through capacity restrictions, mutual exclusion, 

continuity constraints, and exclusive allocations. Representative synchronisation mechanisms observed in 

selected engineering domains, together with their implications for structural feasibility, are summarised in 

Table 1. In practice, these dimensions are inseparable: a schedule that satisfies all temporal constraints may 

remain infeasible due to resource conflicts, while conflict-free resource allocations may violate essential timing 

relationships. Such interactions have been extensively investigated within constraint programming and 

integrated scheduling frameworks (Hooker, 2014; Laborie, 2003; Rossi et al., 2006). 

Consequently, feasibility should increasingly be regarded as a structural property emerging from 

synchronisation relationships among distributed processes rather than as a simple conjunction of local 

constraints. The principal question is therefore no longer whether individual activities are executable in 

isolation, but whether all interacting operations can coexist within a jointly admissible system configuration. 

The Service Team Transport Scheduling (STTS) problem provides an illustrative example of this broader 

perspective. Unlike conventional synchronised routing formulations that primarily coordinate selected 
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resources, STTS simultaneously integrates transportation vehicles, autonomous service teams, boarding 

operations, service execution, retrieval operations, and time-window constraints under dedicated or flexible 

dispatch strategies. In this setting, mission feasibility depends on preserving synchronisation across the 

complete deployment–service–retrieval cycle rather than merely satisfying routing or scheduling constraints. 

As a consequence, synchronisation becomes not only an execution mechanism but also the principal 

determinant of structural feasibility. 

A complementary perspective on synchronisation emerges from systems exposed to collisions, blocking, 

and deadlocks. While synchronised routing and service scheduling studies usually emphasise coordinated 

execution of distributed tasks, particularly in home healthcare, workforce routing, vehicle–crew planning, 

flight crew assignment, and delivery–installation systems (Arıkan et al., 2016; Bredström & Rönnqvist, 2008; 

de Aguiar et al., 2023; Drexl, 2012; Erdogan & M’Hallah, 2023; Lucci et al., 2026; Wang et al., 2025), 

collision- and deadlock-prone systems focus primarily on safe access to shared resources and the preservation 

of operational liveness. This research perspective is particularly relevant for automated manufacturing systems, 

AGV and AMR fleets, robotic workcells, railway traffic, automated warehouses, and cyber-physical 

production systems, where simultaneous occupation of the same spatial or resource segment may immediately 

destroy executability (Banaszak & Krogh, 1990; Čáp et al., 2016; Fanti, 2001; Wu & Zhou, 2005). 

Tab. 1. Representative synchronisation mechanisms and their implications for structural feasibility 

Application domain Representative 

synchronisation 

mechanism 

Structural feasibility 

implication 

Representative 

references 

Industrial robotics and 

automated manufacturing 

Coordination of robots, 

machines and conveyors 

Simultaneous satisfaction 

of precedence and shared-

workspace constraints 

(Čáp et al., 2015; 

Monostori, 2014; Pinedo, 

2022) 

Constraint programming 

and scheduling 

Temporal/resource 

propagation 

Joint satisfaction of 

precedence and resource 

constraints 

(Ammann et al., 2023; 

Bocewicz, 2023; Hooker, 

2014; Laborie, 2003; Rossi 

et al., 2006) 

Home healthcare and 

workforce routing 

Synchronisation of 

caregivers, vehicles and 

services 

Feasible joint execution 

requires the coordinated 

arrival of heterogeneous 

resources 

(Brailsford et al., 2022; 

Bredström & Rönnqvist, 

2008; de Aguiar et al., 

2023; Frifita et al., 2017; 

Nasir & Kuo, 2020; Wang 

et al., 2025) 

Vehicle routing with 

synchronisation 

Coordination of multiple 

interacting vehicles or 

crews 

Feasibility depends on 

preserving synchronisation 

relationships across routes 

(Drexl, 2012; Purnamasari 

& Santoso, 2018; Sharon 

et al., 2015; Wagner & 

Choset, 2015) 

 

Delivery–installation and 

vehicle–crew planning 

Coupled transport and 

service execution 

Transportation and service 

activities must remain 

jointly admissible 

(Arıkan et al., 2016; 

Erdogan & M’Hallah, 

2023; Lei et al., 2026; 

Lucci et al., 2026) 

Cyber-physical and 

Industry 4.0 systems 

Synchronisation of 

distributed autonomous 

components 

Structural consistency 

becomes a prerequisite for 

scalable optimisation 

(Lee et al., 2015; 

Monostori, 2014) 

 

Service Team Transport 

Scheduling (STTS) 

Integrated synchronisation 

of vehicles, service teams, 

TD–TW–TB operations 

Structural feasibility 

emerges from maintaining 

synchronisation across 

transportation and service 

layers 

(Radzki, Bocewicz & 

Banaszak, 2026; Radzki, 

Bocewicz, Jasiulewicz-

Kaczmarek, et al., 2026; 

Radzki, Bocewicz, 

Nielsen, et al., 2026; 

Radzki et al., 2025) 

 

In these systems, synchronisation is not limited to temporal coordination. It also acts as a mechanism of 

mutual exclusion, conflict avoidance, and liveness preservation. Constraint programming and resource 

propagation frameworks provide a natural formal background for this interpretation, since they explicitly 

combine temporal reasoning with resource-capacity and mutual-exclusion constraints (Hooker, 2014; 
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Laborie, 2003; Rossi et al., 2006). Similarly, cyber-physical production research emphasises that distributed 

autonomous components must preserve logical, temporal, and resource consistency in order to maintain safe 

and dependable operation (Lee et al., 2015; Monostori, 2014). 

From this paper's perspective, these two research streams should not be treated as separate. Service-oriented 

synchronisation addresses the coordinated execution of activities by vehicles, crews, technicians, caregivers, 

or service teams (Radzki, Bocewicz, Jasiulewicz-Kaczmarek, et al., 2026; Radzki, Bocewicz, Nielsen, et al., 

2026; Radzki et al., 2025), whereas safety-oriented synchronisation addresses collision avoidance, deadlock 

prevention, and liveness maintenance (Bocewicz, 2023; Čáp et al., 2016; Fanti, 2001; Wu & Zhou, 2005). 

Both streams ultimately concern the same structural issue: the ability of multiple interacting processes to 

coexist within a jointly executable configuration. 

The Service Team Transport Scheduling (STTS) problem provides a useful bridge between these 

perspectives. On the one hand, it belongs to the family of synchronised routing and workforce/service 

scheduling problems, because vehicles, service teams, boarding operations, service execution, and retrieval 

operations must be coordinated under time-window constraints. On the other hand, its graph-based feasibility 

assessment reflects a safety-oriented logic, since conflicting operations are represented explicitly and 

structurally inadmissible configurations can be detected before optimisation begins (Radzki, Bocewicz, & 

Banaszak, 2026; Radzki, Bocewicz, Jasiulewicz-Kaczmarek, et al., 2026; Radzki, Bocewicz, 

Nielsen, et al., 2026; Radzki et al., 2025). Thus, STTS illustrates how synchronisation may evolve from a local 

scheduling constraint into a structural feasibility supervision mechanism. Table 2 summarises this positioning. 

Viewed from this perspective, STTS links two previously weakly connected research streams: 

synchronisation for coordinated service execution and synchronisation for collision-free, deadlock-free system 

operation. This unifying viewpoint supports the paper's central claim: that structural feasibility should be 

treated as a first-class computational object and as a foundation for feasibility-aware computational 

architectures. 

Tab. 2. Positioning of synchronisation in service-oriented and safety-oriented systems 

Research 

stream 

Main synchronisation 

objective 

Representative 

systems 

Feasibility 

interpretation 

Representative 

references 

Service-oriented 

synchronization 

Coordinate vehicles, 

crews, technicians, 

caregivers, or service 

teams 

Home healthcare, 

workforce routing, 

vehicle–crew 

scheduling, 

delivery–

installation systems 

Feasibility depends 

on the coordinated 

execution of 

distributed services 

(Bredström & Rönnqvist, 

2008; Drexl, 2012; 

Erdogan & M’Hallah, 

2023; Lucci et al., 2026) 

Safety-oriented 

synchronization 

Prevent collisions, 

blocking, deadlocks, 

and unsafe resource 

occupation 

AGV/AMR fleets, 

robotic cells, 

automated 

warehouses, 

railway and CPS 

systems 

Feasibility depends 

on conflict-free and 

live system 

evolution 

(Hooker, 2014; Laborie, 

2003; Lee et al., 2015; 

Monostori, 2014; Rossi 

et al., 2006) 

 

STTS as a 

bridging case 

Coordinate service 

execution while 

excluding structurally 

inadmissible 

configurations 

Mobile service 

teams transported 

by dedicated or 

flexible vehicles 

Feasibility becomes 

a graph-supported 

structural property 

of the whole 

mission 

(Radzki, Bocewicz, & 

Banaszak, 2026; Radzki, 

Bocewicz, Jasiulewicz-

Kaczmarek, et al., 2026; 

Radzki, Bocewicz, 

Nielsen, et al., 2026; 

Radzki et al., 2025) 

 

1.3. Scalability crisis in synchronised optimisation 

The growing scale of synchronised systems exposes a fundamental limitation of contemporary optimisation 

approaches. While modern algorithms are increasingly effective at generating candidate solutions, maintaining 

synchronisation consistency often becomes the dominant computational challenge. In strongly coupled 

environments, even minor local modifications may propagate through multiple operational layers. A small 

delay in one transportation activity, for example, may affect service schedules, resource allocations, and 

temporal continuity constraints across the entire system. Similar cascading synchronisation effects have been 
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reported in vehicle-routing problems with synchronisation constraints, home healthcare scheduling, and cyber-

physical production systems (Bredström & Rönnqvist, 2008; Drexl, 2012; Lee et al., 2015; Monostori, 2014). 

Consequently, a substantial portion of computational effort is frequently devoted to repeated feasibility 

verification and synchronisation management rather than to optimisation itself. The fragmentation of existing 

optimisation paradigms reinforces this phenomenon. Declarative approaches provide strong reasoning 

capabilities through constraint propagation but may encounter scalability limitations in highly interconnected 

environments (Hooker, 2014; Laborie, 2003; Rossi et al., 2006). Metaheuristics offer efficient large-scale 

exploration yet often rely on repeated evaluation or reconstruction of solution structures after local 

modifications (Nowicki & Smutnicki, 1996, 1998, 2005; Rudy et al., 2020; Rudy & Żelazny, 2015; Taillard, 

1990). Likewise, graph-based synchronisation and conflict representations have proved effective in identifying 

admissibility conditions and preventing collisions or deadlocks (Banaszak & Krogh, 1990; Čáp et al., 2015; 

Čáp et al., 2016; Sharon et al., 2015; Wagner & Choset, 2015; Wu & Zhou, 2005), but are rarely integrated 

into broader optimisation frameworks supporting computational reuse. 

Accordingly, future scalability improvements may derive less from increasingly sophisticated search 

procedures and more from computational architectures that can preserve, propagate, and reuse synchronisation 

knowledge throughout the optimisation process. Such a perspective is consistent with recent developments in 

synchronisation-intensive routing and scheduling, where maintaining structural consistency is becoming as 

important as optimising objective-function values (Drexl, 2012; Lee et al., 2015; Monostori, 2014; Radzki, 

Bocewicz, & Banaszak, 2026; Radzki, Bocewicz, Jasiulewicz-Kaczmarek, et al., 2026; Radzki, Bocewicz, 

Nielsen, et al., 2026; Radzki et al., 2025). 

1.4. Distributed manufacturing 

Contemporary manufacturing increasingly relies on distributed, multi-factory, and geographically 

dispersed production systems, in which cooperation among production sites, suppliers, transportation 

resources, inventories, assembly operations, and customer-oriented delivery processes must be coordinated 

across multiple organizational and spatial levels (Behnamian & Fatemi Ghomi, 2016; Brzozowska et al., 2023; 

Chen et al., 2015; Cochran et al., 2001; Fu et al., 2021; Gkiotsalitis et al., 2023; Lohmer & Lasch, 2021; Pour 

et al., 2019; Saeidlou et al., 2019; Schnetzler et al., 2007). Such systems extend classical manufacturing 

coordination problems by introducing strong interdependencies among material flows, production schedules, 

storage decisions, personnel availability, and supply-chain constraints (Fu et al., 2021; Lohmer & Lasch, 2021; 

Pour et al., 2019; Saeidlou et al., 2019). The need to maintain production continuity amid these 

interdependencies reflects a long-standing principle in Just-in-Time manufacturing, where temporal 

coordination and resource availability are essential to avoid disruption. From a modelling perspective, 

distributed manufacturing systems may be represented either by a single integrated optimisation model or by 

a decomposed decision structure. A monolithic formulation jointly captures resources, materials, production 

schedules, transportation links, inventory levels, and synchronisation constraints, but it often leads to models 

that are computationally too large for practical use (Behnamian & Fatemi Ghomi, 2016; Fu et al., 2021; 

Lohmer & Lasch, 2021; Saeidlou et al., 2019). Decomposition is therefore attractive because it partitions the 

overall problem into smaller submodels coordinated through shared variables and interrelated constraints. In 

two-level or multi-level formulations, lower-level subproblems represent local production, transport, or service 

decisions, whereas an upper-level coordination mechanism preserves consistency among interacting 

subsystems (Cochran et al., 2001; Fu et al., 2021; Lohmer & Lasch, 2021; Saeidlou et al., 2019). However, 

decomposition alone does not eliminate the feasibility problem. Local decisions that are admissible within 

individual submodels may become globally infeasible when synchronisation requirements between production 

sites, transportation resources, inventories, assembly operations, or service activities are violated. This 

observation directly supports the central thesis of the present paper: in synchronisation-intensive distributed 

manufacturing, scalability depends not only on decomposition and optimisation algorithms but also on 

architectural mechanisms that can supervise structural feasibility, propagate synchronisation consequences, 

and reuse previously established admissibility information. Consequently, distributed manufacturing provides 

a compelling application domain illustrating why future optimisation systems may benefit from architectures 

equipped with explicit mechanisms for structural-feasibility supervision, synchronisation management, and 

computational reuse. 
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1.5. Research hypothesis 

The increasing complexity of synchronised multi-resource systems suggests that future scalability may 

depend less on increasingly sophisticated search algorithms and more on computational architectures that 

explicitly manage feasibility and synchronisation knowledge. Unlike classical optimisation environments, 

synchronised systems exhibit strong interdependencies among resources, operations, and temporal processes. 

Consequently, local modifications may propagate across multiple operational layers, making feasibility 

verification and synchronisation management major contributors to computational cost. 

This paper hypothesises that scalable decision support in such environments requires architectures equipped 

with explicit structural-feasibility supervision integrating several complementary capabilities. 

First, structural feasibility reasoning should identify synchronisation-consistent regions of the solution 

space before extensive optimisation begins. For example, two transportation tasks may be individually feasible 

but become jointly infeasible when they require the same vehicle at overlapping times. 

Second, synchronisation-aware propagation should transmit the consequences of local changes only 

through affected synchronisation relationships. A delay of one vehicle, for instance, should trigger verification 

only of dependent transportation and service operations rather than the entire schedule. Third, localised 

incremental recomputation should update only those feasibility structures directly affected by a modification. 

When a single customer assignment changes, recomputation should be limited to the neighbouring 

transportation and service activities instead of reconstructing the complete solution. Fourth, reusable 

admissibility structures should preserve previously verified information on synchronisation and feasibility. 

Conflict graphs, admissibility networks, or validated route fragments can then be incrementally updated rather 

than repeatedly reconstructed from scratch. Finally, scalable optimisation and exploration processes should 

exploit the above mechanisms to navigate large solution spaces while avoiding structurally inadmissible 

regions and unnecessary recomputation. 

The central premise of this work is that the combination of these capabilities may transform scalability from 

a purely algorithmic issue into an architectural property of synchronised decision-support systems. Rather than 

treating feasibility as a secondary verification step, future optimisation environments may increasingly rely on 

dedicated feasibility-supervision layers to guide admissible exploration and support computational reuse 

throughout the optimisation process (Laborie, 2003). In other words, the future scalability of synchronised 

optimisation systems is primarily an architectural problem rather than an algorithmic one; i.e., scalability is 

achieved not only through better search algorithms but also through the architectural integration of feasibility 

supervision, synchronisation management, and computational reuse. Throughout this paper, the term 

feasibility-aware computational architecture denotes a reference architectural pattern rather than a specific 

optimisation algorithm or software framework. Its purpose is to organise the interaction between structural-

feasibility supervision, synchronisation management, optimisation, and computational reuse in large-scale 

synchronised systems, thereby guiding exploration toward structurally admissible regions of the solution 

space. 

The objective of this paper is not to introduce a new optimisation algorithm, but to formulate a conceptual 

research agenda that advocates feasibility-aware computational architectures as a unifying paradigm for 

scalable synchronised optimisation. 

2. FUTURE RESEARCH DIRECTIONS 

The discussion presented in the preceding sections suggests that the next generation of synchronised 

optimisation systems will require a gradual transition from algorithm-centred approaches toward 

computational architectures equipped with explicit mechanisms for structural-feasibility supervision. 

Although substantial progress has been achieved in graph-based reasoning, declarative optimisation (Hooker, 

2014; Radzki, Bocewicz, Nielsen, et al., 2026), scalable metaheuristics, and computational acceleration, these 

research streams have largely evolved in isolation. Consequently, contemporary optimisation systems often 

perform repeated feasibility verification, synchronisation propagation, and solution reconstruction despite the 

significant structural overlap between neighbouring solution states. This observation motivates a unified 

research agenda in which structural-feasibility reasoning, synchronisation-aware optimisation, and 

computational reuse operate as complementary architectural capabilities rather than independent algorithmic 
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components. The following subsections outline several research directions that may contribute to the 

development of such feasibility-aware computational architectures. 

Recent years have witnessed a growing interest in synchronised systems involving multiple interacting 

resource classes whose activities must remain coordinated in both space and time (Drexl, 2012; Monostori, 

2014). Representative examples include home healthcare routing and scheduling systems (Coelho & Mancini, 

2026; Yin et al., 2026), synchronized vehicle–crew planning (Ammann et al., 2023; Lucci et al., 2026), 

workforce scheduling with vehicle sharing and drop-off/pick-up policies (Bredström & Rönnqvist, 2008; 

Öztürkoğlu & Özsakallı, 2023), delivery-and-installation systems (Erdoğan & M’Hallah, 2023), truck–drone 

coordination frameworks (Lei et al., 2026; Xu & Carlsson, 2026), and worker–vehicle synchronization 

problems (Radzki, Bocewicz, Nielsen, et al., 2026; Radzki et al., 2025). Despite their diversity, these 

application domains share a common computational characteristic: maintaining synchronisation consistency 

among heterogeneous resources is often more challenging than optimising the objective function itself. As 

synchronisation density, resource heterogeneity, and operational uncertainty continue to increase, feasibility-

preservation itself becomes an increasingly important computational challenge rather than merely a 

verification step performed after optimisation. 

2.1. Structural feasibility reasoning  

One of the most important future research directions concerns the development of explicit structural 

feasibility layers that can supervise admissibility before large-scale optimisation begins. Structural feasibility 

denotes the existence of a synchronisation-consistent configuration of operations and resources satisfying 

temporal, continuity, resource, and coordination constraints. Building on classical constraint-satisfaction and 

constraint-programming foundations (Hooker, 2014; Laborie, 2003; Rossi et al., 2006), the perspective 

adopted here places particular emphasis on the joint executability of the complete synchronised system. Graph-

based representations appear particularly useful because they make conflict, temporal dependency, and 

synchronisation structures explicit and can therefore support admissibility assessment and structural feasibility 

supervision (Banaszak & Krogh, 1990; Čáp et al., 2016; Radzki et al., 2025; Sharon et al., 2015). 

 Future research should therefore investigate how structural feasibility reasoning can evolve from a static 

verification procedure into a continuously operating supervisory mechanism capable of maintaining 

synchronisation consistency in dynamic and uncertainty-affected environments. 

2.2. Declarative and constraint-based optimisation 

Constraint Programming (Rossi et al., 2006) and related declarative paradigms provide powerful 

mechanisms for representing synchronisation relationships, resource continuity constraints, and temporal 

dependencies. Their main strength lies in their ability to reason about system admissibility through 

propagation. However, synchronised environments are often characterised by strong coupling, meaning that 

small local modifications can have consequences across multiple interconnected operational layers. A ten-

minute delay in one operation may alter vehicle assignments, invalidate subsequent synchronisation 

relationships, and trigger modifications throughout the system. Future declarative architectures should 

therefore support dynamic structural modifications while avoiding repeated global propagation. One promising 

direction involves integrating declarative reasoning with graph-based synchronisation models that limit 

reasoning activities to structurally affected regions only. Such an approach would transform declarative 

optimisation from a purely exact optimisation methodology into a synchronisation-aware reasoning engine 

embedded within a larger feasibility-preserving architecture. 

2.3. Scalable metaheuristic exploration 

Metaheuristics, including Tabu Search and related neighbourhood-based approaches, remain important 

exploration mechanisms for large scheduling and synchronised optimisation problems (Erdogan & M’Hallah, 

2023; Nowicki & Smutnicki, 1996, 1998, 2005; Rudy et al., 2020; Smutnicki et al., 2026). However, future 

research should increasingly focus on reducing the computational overhead of feasibility verification and 

synchronisation maintenance, rather than solely on designing new search operators. 

A particularly promising direction concerns synchronisation-aware propagation, which can be viewed as 

an intelligent mechanism for transmitting the effects of local changes via synchronisation relationships. For 

example, if a vehicle is delayed, the system should automatically identify only those service operations, 
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transportation tasks, and resource allocations directly affected by that delay, rather than re-evaluating the entire 

solution. Closely related is the concept of graph-supported propagation, in which dependencies are explicitly 

represented within conflict graphs, admissibility graphs, or synchronisation networks. Instead of performing 

global verification, changes propagate only along affected graph connections. This idea provides a natural 

mechanism for improving scalability in large synchronised environments. Another important research 

direction concerns localised incremental recomputation. Intuitively, a system should update only those solution 

fragments directly affected by a modification. If a single customer assignment changes, recomputation should 

be restricted to neighbouring transportation and service activities rather than reconstructing the complete 

operational schedule. 

Taken together, synchronisation-aware propagation and localised incremental recomputation suggest a shift 

from optimisation frameworks based on repeated global reconstruction toward architectures capable of 

maintaining feasibility through continuous local updates and computational reuse. 

2.4. Research gap 

The growing body of literature on synchronised routing and scheduling demonstrates substantial progress 

in exact optimisation, decomposition approaches, declarative modelling, matheuristics, and scalable 

metaheuristics (Ammann et al., 2023; Bredström & Rönnqvist, 2008; Coelho & Mancini, 2026; Erdogan & 

M’Hallah, 2023; Lucci et al., 2026; Öztürkoğlu & Özsakallı, 2023). Existing studies successfully address 

synchronisation among vehicles, workers, drivers, technicians, drones, and installation teams. Nevertheless, 

most of these approaches remain optimisation-centric and treat feasibility primarily as a property of a generated 

solution rather than as an explicit computational object that can be represented, propagated, preserved, and 

reused during exploration. Consequently, comparatively little attention has been devoted to structural 

admissibility reasoning, reusable feasibility representations, synchronisation-aware computational reuse, or 

feasibility-preserving exploration strategies. In most existing approaches, feasibility verification is 

reconstructed from scratch after every significant modification to the solution state. As synchronised systems 

become increasingly large, heterogeneous, and uncertainty-affected, such repeated recomputation may itself 

become one of the dominant scalability bottlenecks. 

From this perspective, the STTS problem (Radzki, Bocewicz, Nielsen, et al., 2026; Radzki et al., 2025) 

may be viewed as an early step toward feasibility-aware synchronised systems. Unlike classical vehicle routing 

models, workforce scheduling frameworks, synchronised crew-planning approaches, or truck–drone routing 

systems (Ammann et al., 2023; Bredström & Rönnqvist, 2008; Lucci et al., 2026; Xu & Carlsson, 2026), STTS 

explicitly separates transportation resources and service teams while introducing synchronisation through 

boarding, service execution, and retrieval operations. Dedicated and flexible dispatch policies naturally 

generate multiple synchronisation structures whose feasibility can be investigated independently of subsequent 

optimisation procedures. As discussed in Section 1.2, STTS exemplifies the broader transition from 

synchronisation-oriented scheduling to structural feasibility supervision, in which admissibility is determined 

by the joint consistency of interacting temporal and resource relationships rather than by isolated routing 

decisions. 

More importantly, the graph-based representations associated with STTS (Radzki et al., 2025) suggest that 

feasibility may be assessed before optimisation begins rather than after candidate solutions have been 

generated. This perspective extends earlier synchronised routing models by emphasising structural feasibility 

supervision as a computational layer operating alongside optimisation. While related studies investigate 

synchronisation among vehicles, workers, drivers, drones, or installation teams (Erdogan & M’Hallah, 2023; 

Lei et al., 2026; Lucci et al., 2026; Öztürkoğlu & Özsakallı, 2023), none simultaneously combine autonomous 

service teams, dedicated and flexible dispatch strategies, explicit boarding/disembarking operations, dual 

resource-layer representations, and graph-based feasibility certification prior to optimisation. Consequently, 

contemporary research still lacks: 

− unified architectures for structural feasibility supervision and optimisation,  

− explicit integration of structural feasibility supervision and scalable exploration,  

− synchronisation-aware propagation and recomputation mechanisms,  

− reusable admissibility layers supporting computational reuse,  

− unified benchmarking methodologies for synchronisation-aware optimisation systems.  
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The conceptual positioning of STTS within the broader landscape of synchronised systems is shown in 

Figure 1, while the identified research gaps and corresponding future research directions are summarised in 

Table 3.  

Table 3 summarises the principal research gaps identified in synchronised routing and scheduling research 

and highlights the directions through which feasibility-aware computational architectures may emerge as a 

distinct research paradigm. Addressing these challenges may require a transition from optimisation-centric 

frameworks to feasibility-aware computational architectures, in which feasibility supervision, synchronisation 

management, optimisation, and computational reuse are integrated architectural components rather than 

independent algorithmic modules. Such a transition may ultimately contribute to the emergence of a new 

research direction centred on feasibility-aware synchronised systems, in which the primary challenge is no 

longer solely how to search larger solution spaces, but how to preserve, propagate, and reuse feasibility 

knowledge throughout the exploration process. 

 

Fig. 1. Positioning of STTS within the broader landscape of synchronised systems and its role  

as a stepping stone toward architectures integrating explicit structural-feasibility reasoning. 

Tab. 3. Research gaps and future research directions 

Research Area Current Limitation Proposed Direction 

Feasibility reasoning Mostly verification-oriented Structural feasibility architectures 

Metaheuristics Repeated global recomputation Incremental synchronization-aware reuse 

Declarative optimization Scalability limitations Hybrid feasibility-aware architectures 

Benchmarking Runtime-focused evaluation Feasibility/scalability/reuse benchmarking 

CPS synchronization Weak integration with optimization Unified synchronization-aware frameworks 

Dynamic environments Expensive global updates Localized admissibility propagation 

 



157 

3. TOWARD ARCHITECTURES FOR STRUCTURAL FEASIBILITY SUPERVISION 

Sections 1 and 2 established why synchronisation transforms feasibility from a local constraint-verification 

issue into a system-level structural property. Section 3, therefore, focuses on the architectural consequences of 

this observation rather than repeating the underlying motivation. Figure 2 summarises the proposed transition 

toward a multi-layer feasibility-aware architecture, while Table 4 positions this architecture relative to classical 

optimisation, declarative approaches, and metaheuristics. 

 

Fig. 2. Conceptual multi-layer transition from optimisation-centric paradigms toward feasibility-aware and synchronisation-

oriented computational architectures 

The originality claimed in this paper does not reside in constraint propagation, decomposition, dynamic 

graph updating, incremental evaluation, warm starts, neighbourhood evaluation, or local-search acceleration 

considered individually. These mechanisms are established within their respective research areas. The 

proposed contribution instead lies in organising such mechanisms around an explicit structural-feasibility 

supervision layer and treating previously established feasibility information as a persistent, reusable 

computational object. In this perspective, conflict structures, admissibility relations, synchronisation 

dependencies, and partial feasibility states are maintained across successive solution states rather than being 

regarded as transient by-products of individual algorithmic procedures. 
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3.1. Limitations of current optimisation paradigms 

One of the principal limitations of contemporary optimisation paradigms lies in treating feasibility as an 

implicit property of the solution space rather than as an explicit computational object. In classical optimisation 

environments, feasibility is often verified locally through a collection of predefined constraints. Once a 

candidate solution satisfies these constraints, optimisation focuses on improving the objective function values. 

This paradigm has proven highly successful for many scheduling, routing, and resource-allocation problems. 

However, synchronised systems introduce a fundamentally different situation. Here, feasibility depends on 

what may be termed synchronisation consistency, namely the preservation of temporal and structural 

coherence among multiple interacting resources. Individual operations may be feasible when considered 

separately, while becoming infeasible once synchronisation relationships are taken into account. For example, 

two transportation tasks may be individually feasible but jointly infeasible if they compete for the same vehicle 

or violate synchronisation continuity.  

Consequently, feasibility becomes a global structural property that emerges from interactions among 

distributed processes rather than from a collection of isolated local conditions. Existing optimisation paradigms 

only partially address this phenomenon, frequently discovering infeasibility after substantial computational 

effort has already been invested in exploring inadmissible solution regions. 

Table 4 illustrates that feasibility-aware architectures should not be interpreted as a replacement for existing 

optimisation paradigms. Rather, they provide an integrative framework in which declarative reasoning, 

scalable exploration, synchronisation management, and computational reuse are coordinated through explicit 

feasibility supervision. 

Tab. 4. Comparison of optimisation paradigms 

Feature 
Classical 

Optimization 

Declarative 

Optimization 
Metaheuristics 

Feasibility-Aware 

Architectures 

Feasibility handling Implicit Explicit Often repair-based Structural layer 

Scalability Moderate Limited High High 

Synchronization reasoning Weak Strong Moderate Strong 

Incremental recomputation Rare Limited Partial Core mechanism 

Computational reuse Weak Weak Moderate Explicit architectural layer 

Dynamic adaptability Limited Moderate High High 

Structural admissibility Secondary Strong Often implicit Primary concept 

3.2. Repeated global recomputation 

A second limitation concerns the widespread reliance on repeated reconstruction of complete solution 

structures following local modifications. Many optimisation procedures employ local search operators that 

alter only a small fragment of the current solution. Nevertheless, due to strong synchronisation dependencies, 

even minor modifications frequently trigger global updates affecting multiple resources and operational layers. 

This phenomenon is particularly pronounced in environments characterised by strong synchronisation 

coupling, where local changes propagate throughout the system. A delay affecting one transportation task, for 

instance, may influence subsequent vehicle assignments, service schedules, and resource continuity 

relationships across a large portion of the operational network. 

The resulting computational burden often originates not from exploration itself but from repeated feasibility 

verification and synchronisation maintenance. As system size increases, the cost of such recomputation may 

eventually dominate the overall optimisation process. 

Future architectures should therefore support feasibility-preserving recomputation, where only those 

synchronisation relationships directly affected by a modification are updated while previously verified 

admissibility conditions remain intact. This principle transforms feasibility maintenance from repeated global 

reconstruction into localised incremental supervision supported by reusable computational structures. 

3.3. Fragmentation of computational paradigms 

Another important challenge concerns the fragmentation of contemporary optimisation methodologies. 

Declarative optimisation, graph-based reasoning, metaheuristic exploration, and computational acceleration 

have evolved largely as independent research streams. Each paradigm contributes valuable capabilities, yet 
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interactions among them remain surprisingly limited. Declarative approaches provide rigorous reasoning and 

propagation mechanisms. Graph-based methods offer efficient conflict representation and admissibility 

analysis. Metaheuristics enable large-scale exploration. Acceleration techniques reduce computational 

overhead. However, these components are rarely integrated into a common architectural framework. 

As a consequence, computational effort is frequently duplicated. Similar feasibility relationships may be 

verified repeatedly by different algorithmic layers, while structural information generated during one phase of 

optimisation is often discarded rather than reused. Existing acceleration methods typically operate as isolated 

algorithmic enhancements rather than as components of a broader synchronisation-aware architecture. The 

challenge, therefore, lies not merely in improving individual algorithms but in creating computational 

ecosystems that coordinate multiple reasoning and optimisation paradigms within a common feasibility-

oriented framework. 

3.4. Conceptual transition toward multi-layer architectures 

The limitations discussed above suggest a conceptual transition from monolithic optimisation systems 

toward explicitly layered computational architectures.  

In the proposed multi-layer architecture shown in Figure 2, feasibility becomes the primary organising 

principle of the optimisation process. Rather than serving as a secondary verification stage, it actively 

supervises exploration and restricts optimisation activities to structurally admissible regions of the solution 

space. The first layer concerns structural feasibility reasoning. Its purpose is to identify admissible exploration 

regions through conflict graphs, admissibility graphs, and synchronisation networks. A synchronisation 

network may be understood as a graph representing temporal, resource, and coordination dependencies among 

operations. Instead of reasoning about isolated tasks, the system reasons about an interconnected 

synchronisation structure governing admissibility throughout the operational environment. The second layer 

corresponds to declarative optimisation, which provides a rigorous representation of synchronisation 

constraints, temporal consistency requirements, and resource-continuity relationships. Constraint propagation 

mechanisms ensure formal consistency within the admissible regions identified by the feasibility layer. 

The third layer concerns scalable exploration, typically realised through metaheuristic search procedures. 

Rather than indiscriminately generating candidate solutions, exploration is guided by admissibility information 

produced by preceding layers. This admissibility-guided exploration reduces the likelihood of spending 

computational effort on structurally infeasible neighbourhoods.  

Finally, all layers are supported by computational reuse mechanisms that preserve the synchronisation 

knowledge generated during optimisation. Viewed collectively, these layers define a reference computational 

architecture rather than a specific optimisation algorithm, emphasising coordination among complementary 

reasoning mechanisms instead of replacing existing optimisation techniques. 

3.5. Computational reuse and incremental evaluation 

The ability to preserve and reuse synchronisation knowledge may constitute one of the most important 

scalability enablers for future optimisation architectures. Traditional optimisation systems repeatedly 

reconstruct feasibility information after each modification. In contrast, feasibility-aware architectures seek to 

preserve reusable intermediate structures representing synchronisation consistency and admissibility 

relationships. Representative reusable structures include conflict graphs, admissibility networks, 

synchronisation paths, partial feasibility states, and incremental evaluation records. Collectively, these 

artefacts form what may be termed reusable admissibility structures, namely preserved representations of 

previously verified synchronisation knowledge that can be incrementally updated during exploration. A closely 

related concept is localised incremental recomputation. Intuitively, when a local modification occurs, only the 

affected synchronisation neighbourhood should be updated. For example, changing a single transportation 

assignment should trigger updates only for neighbouring vehicles, service teams, and temporally connected 

operations, rather than the entire operational schedule. 

This idea naturally leads to graph-supported propagation, in which admissibility changes are transmitted 

via explicit dependency structures rather than requiring repeated global verification. In such an approach, 

synchronisation information flows through conflict graphs and synchronisation networks, much like 

disturbances propagate through physical systems. 
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From this perspective, scalability becomes not merely a consequence of more efficient search algorithms 

but an emergent property of the computational architecture itself. Future optimisation systems may therefore 

derive their performance primarily from the ability to preserve, update, and exploit synchronisation knowledge 

throughout the optimisation process rather than from repeatedly reconstructing admissibility information from 

scratch. 

4. SYNCHRONISATION-AWARE COMPUTATIONAL REUSE 

Computational efficiency has long been regarded as one of the principal evaluation criteria for practical 

optimisation systems. While practitioners emphasise robustness, scalability, and responsiveness, researchers 

continue to develop increasingly sophisticated optimisation methodologies and acceleration techniques. Bridging 

these perspectives requires architectures that improve computational performance not only through faster search 

algorithms but also through the systematic reuse of previously established feasibility and synchronisation 

knowledge.  

4.1. Local updating of feasibility structures 

In synchronised systems, local modifications of a solution very often affect only a limited fragment of the 

global schedule structure. A change in resource assignment, a shift of a single operation, or a modification in 

the order of selected tasks does not necessarily invalidate the entire solution, but only a local region connected 

through temporal, resource-related, or synchronisation relationships. Nevertheless, classical optimisation 

procedures often perform a complete re-verification of the entire schedule after each local modification. This 

leads to substantial computational overhead, especially in large-scale systems characterised by a high number 

of operations, resources, and synchronisation relationships. Similar ideas have appeared in accelerator-based 

scheduling and metaheuristic research, where localised updates and reusable computational structures have 

been shown to substantially reduce evaluation costs (Bożejko & Bocewicz, 2020; Nowicki & Smutnicki, 2005; 

Smutnicki et al., 2026; Taillard, 1990). However, these mechanisms are typically introduced as isolated 

algorithmic enhancements rather than as components of a broader computational architecture. Future 

feasibility-preserving systems may therefore benefit from explicit reuse layers that can maintain and update 

synchronisation-related knowledge throughout the optimisation process. For this reason, an important direction 

in the development of optimisation architectures is the transition from global solution recomputation toward 

local updating of feasibility structures. This means that after a local modification has been performed, the 

entire solution is not reconstructed. Instead, only the fragment of the structure that may have been affected is 

identified. Then, solely the related conflict relations, temporal dependencies, and synchronisation conditions 

are updated. The remaining, unchanged fragments of the solution are preserved and reused in subsequent 

iterations of the optimisation process. 

Such an approach can be referred to as synchronisation-aware computational reuse. Its essence is to 

preserve intermediate computational structures describing solution feasibility, such as conflict graphs, 

synchronisation graphs, precedence relations, forward/backward temporal structures, or partial schedule-

evaluation states. These structures are not treated as a one-time result of feasibility verification, but as a form 

of computational memory that can be updated and reused while evaluating subsequent neighbouring solutions. 

In this sense, the proposed perspective extends classical incremental neighbourhood-evaluation concepts 

known from metaheuristics (Bożejko & Bocewicz, 2020; Nowicki & Smutnicki, 1996, 1998, 2005; Rudy et 

al., 2020; Rudy & Żelazny, 2015) toward structures that explicitly preserve feasibility. 

Particular importance is attached here to mechanisms for propagating admissibility. If a local change affects 

a selected operation, resource, or synchronisation relation, the consequences of this change should be 

propagated only through those elements of the structure that are directly or indirectly related to it. In graph-

based representations, this means analysing modified vertices, incident edges, dependency components, and 

possible propagation paths. Instead of asking whether the entire schedule is still feasible, one may ask a more 

local question: which admissibility relationships could have been violated by this particular change? This 

approach is consistent with graph-based feasibility reasoning, in which graph structures represent conflicts, 

temporal dependencies, and synchronisation conditions. 

Forward- and backwards-evaluation structures may also support computational reuse. Earliest and latest 

feasible execution times, critical-path fragments, and synchronisation dependencies can often be updated 

incrementally rather than recomputed from scratch. Such mechanisms provide an additional source of 
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scalability, particularly in large synchronised systems where local modifications affect only limited portions 

of the overall structure (Nowicki & Smutnicki, 2005; Smutnicki et al., 2026; Taillard, 1993). 

Future computational architectures may further extend these ideas through adaptive reuse mechanisms that 

identify which synchronisation structures, admissibility relationships, and evaluation components should be 

preserved across successive search iterations. Such capabilities may significantly reduce computational 

overhead while improving responsiveness in dynamic and uncertainty-affected environments. 

From the perspective of synchronised systems, the key issue is therefore not only which search strategy is 

used, but also how the consequences of subsequent local modifications are evaluated. Scalability may 

increasingly depend on an optimisation architecture's ability to preserve, update, and reuse feasibility 

structures, rather than on ever more complex search mechanisms alone. In this sense, computational reuse 

becomes not only an acceleration technique but also a fundamental component of next-generation optimisation 

architectures. 

4.2. Example: Local feasibility verification in the STTS problem 

One of the most important issues discussed in Section 4.1 is the possibility of locally updating feasibility 

structures after performing a modification intended to improve a given solution. This mechanism is particularly 

important in synchronised systems, where even a small change in resource assignment may lead to a violation 

of temporal or synchronisation relationships. To illustrate this idea, an example based on the STTS problem is 

considered. The STTS case should therefore be interpreted as an illustrative demonstration of the proposed 

selective-feasibility mechanism rather than as experimental evidence of computational acceleration or 

scalability. Its purpose is to demonstrate how an affected feasibility region can be identified and updated while 

retaining unchanged admissibility information. 

Let us consider the STTS problem, defined in (Radzki, Bocewicz, Nielsen, et al., 2026; Radzki et al., 2025), 

which concerns the planning of transportation for mobile teams in order to serve a given set of customers. In 

the considered example, the distribution network consists of the depot 𝑃0 and six customers 𝑃1, … , 𝑃6, i.e., 𝒫 =
{𝑃0, 𝑃1, … , 𝑃6} – see Fig. 3a). A fleet of two vehicles 𝒱 = {𝑉1, 𝑉2}, used to transport service teams, is available 

at the depot. Service operations are performed by three mobile service teams 𝒮 = {𝑆1, 𝑆2, 𝑆3}. Each customer 

expects the service to be performed within the time-window configuration 𝒲, shown in Fig. 3b). In STTS 

problems, the objective is to determine a feasible service mission 𝑀𝑆, comprising the assignment of service 

teams to customers and the routes of their delivery and pickup, while minimizing the adopted evaluation 

criterion 𝑓 and satisfying all temporal, resource-related, continuity, and synchronization constraints. In the 

illustrative example, the criterion is defined as 𝑓(𝑀𝑆) = max{𝑇𝑗(𝑀𝑆): 𝑉𝑗 ∈ 𝒱}, where 𝑇𝑗(𝑀𝑆) denotes the 

working time of vehicle 𝑉𝑗 in mission 𝑀𝑆. 

The search for optimal solutions in the STTS problem is conditioned by the prior identification of feasible 

solutions. This means that before the actual solution-improvement procedure begins, it is necessary to 

determine whether, for a given network 𝒫, vehicle fleet 𝒱, set of service teams 𝒮, and time-window 

configuration 𝒲, there exists at least one mission that can be executed. Indeed, the available resources, i.e., 

the number of vehicles and/or service teams, do not always ensure timely service for all customers. For this 

purpose, graph structures representing conflict relations and spatiotemporal dependencies resulting from the 

time-window configuration are analysed. In particular, for the transportation layer, a graph 𝐺𝒱 is constructed, 

whose vertices correspond to service-team disembarking and boarding operations, while edges represent 

conflicts that make it impossible to assign two operations to the same vehicle. An example of such a graph is 

shown in Fig. 4. If graph 𝐺𝒱can be properly colored using no more colours than the number of available 

vehicles, then the basic feasibility condition for the transportation layer is satisfied.  

Together with analogous conditions for service teams and the continuity conditions for their flows, this 

enables the determination of at least one feasible mission. Such a solution may then serve as the starting point 

for further optimisation. The existence of a non-empty feasible solution space enables the use of the Tabu 

Search heuristic to search for solutions that are better with respect to the adopted criterion.  

As shown in Fig. 4, the procedure starts from an initial feasible solution 𝑀𝑆0. This solution is then modified by 

generating neighbouring solutions. A neighbouring solution is obtained through an elementary local modification, 

understood as a change of the current feasible solution in one selected decision dimension.  

In the case considered, it corresponds to assigning one available vehicle to one transportation operation. In 

general, search strategies may also consider multi-dimensional neighbourhoods, in which several assignments or 
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several decision dimensions are modified simultaneously. Such neighbourhoods may require a broader, but still 

localised, feasibility update. In the example analysed below, constructing a neighbour therefore consists of changing 

the assignment of one of the available vehicles to a selected transportation operation, which corresponds to changing 

the colour of a selected vertex in graph 𝐺𝑉. 

 

Fig. 3. The considered distribution network a) and within the time-window configuration b) 

However, not every such change leads to a solution that remains feasible. Fig. 4 presents two illustrative 

cases. The first neighbourhood solution, denoted as 𝑀𝑆1, represents a feasible mission because the change in 

vehicle assignment does not violate local conflict relations or synchronisation conditions. The second 

neighbourhood solution, denoted as 𝑀𝑆2, leads to an infeasible mission because the colour change creates a 

conflict in graph 𝐺𝑉 or violates the continuity conditions of a service-team flow. 

In a classical approach, evaluating each generated neighbour would require re-verification of the entire 

schedule, including all transportation, service, and synchronisation operations. In the considered approach, this 

is not necessary. Since the modification concerns only a selected vehicle assignment, it is sufficient to verify 

the consistency of the graph 𝐺𝑉only in the part that may have changed. In practice, this means checking the 

modified vertex, its incident edges, and the related synchronisation relationships. The unchanged fragments of 

the solution structure are preserved and reused. As a result, infeasible solutions such as 𝑀𝑆2 can be quickly 

rejected without full schedule recomputation, whereas feasible solutions such as 𝑀𝑆1 can be passed to further 

evaluation and potentially accepted by the Tabu Search mechanism. 

As a result, subsequent iterations of the heuristic yield an improved solution that preserves feasibility and 

enhances the value of the adopted criterion. Fig. 4 illustrates such a case 𝑀𝑆𝐴: after a series of local 

modifications and incremental feasibility checks, a mission with a more favourable temporal structure is 

obtained. The objective-function value for this solution is 𝑓𝐴 = 𝑓(𝑀𝑆𝐴) = 525 [u.t.], which corresponds to an 

improvement of approximately 17% relative to the initial solution 𝑀𝑆0 (𝑓0 = 𝑓(𝑀𝑆0) = 633 [u.t.]). 

The procedure illustrated in Fig. 4 corresponds to the idea of synchronisation-aware computational reuse. 

Its essence is that, after a neighbouring solution has been generated, the entire schedule is not reconstructed, 

and all constraints are not checked from scratch. Instead, the previously determined feasibility structure is 

reused, and only the fragment of graph 𝐺𝑉 together with the related synchronisation relationships that may 

have been affected by the performed modification is verified. This approach can significantly accelerate the 

search within the feasible solution space, because expensive global verification is replaced by local propagation 

of changes. The example shows that in synchronised systems, not only the search strategy itself is important 

but also the way in which feasibility structures are updated locally. Rather than repeatedly reconstructing and 
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verifying the entire solution, a feasibility-aware architecture exploits previously computed and unchanged 

fragments of graph 𝐺𝑉, thereby reducing the computational cost of subsequent iterations. 

 

Fig. 4. Local feasibility verification of neighboring STTS missions based on incremental updating of graph 𝑮𝑽 
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Taken together, the concepts presented in this section illustrate that computational reuse should not be 

viewed merely as an implementation-level acceleration technique but as a fundamental architectural 

mechanism supporting scalable feasibility supervision in synchronised systems. 

5.  FUTURE DIRECTIONS TOWARD FEASIBILITY-AWARE COMPUTATIONAL 

ARCHITECTURES 

The concepts developed throughout this paper suggest a broader shift in the design of optimisation systems 

operating in synchronised multi-resource environments. Rather than treating feasibility as a secondary 

verification step, future computational architectures may place structural-feasibility supervision at the core of 

exploration, propagation, and optimisation processes. 

One important research direction concerns the relationship between scalability and computational reuse. 

Existing optimisation studies predominantly evaluate algorithms in terms of solution quality and execution 

time, whereas the ability to preserve and reuse previously computed structural knowledge remains largely 

unexplored. In strongly synchronised systems, local modifications often affect only limited fragments of the 

global synchronisation structure, motivating localised recomputation mechanisms that update only those 

portions of feasibility and admissibility structures directly influenced by a modification.  

A closely related direction involves synchronisation-aware admissibility propagation. Instead of repeatedly 

verifying all synchronisation constraints after each neighbourhood transition, future architectures may exploit 

graph-supported propagation mechanisms that incrementally update admissibility information via conflict 

networks and synchronisation dependencies. Such mechanisms could substantially reduce computational 

overhead while maintaining structural consistency throughout the search process. 

Future studies should also investigate feasibility-preserving exploration strategies that restrict optimisation 

to structurally admissible regions, thereby reducing the need for costly repair procedures. Equally important is 

the development of synchronisation-aware benchmarking environments that evaluate not only optimisation 

quality and runtime but also computational reuse efficiency, feasibility preservation, synchronisation overhead, 

and scalability as synchronisation density increases. 

Particularly promising opportunities emerge in uncertainty-aware synchronised systems affected by 

stochastic travel times, failures, dynamically arriving tasks, and changing resource availability. The integration 

of machine-learning techniques capable of predicting patterns of admissibility propagation, selecting adaptive 

recomputation strategies, or identifying promising exploration regions represents another natural extension of 

the proposed framework. 

Overall, these directions point toward self-adaptive architectures with explicit feasibility supervision that 

combine exact reasoning, declarative modelling, scalable exploration, and synchronisation-aware 

computational reuse within unified real-time decision-support systems. 

6.  CONCLUSIONS 

Optimisation has dominated decision-support research for decades, with scalability traditionally viewed as a 

consequence of increasingly efficient search procedures. In strongly synchronised systems, however, the 

fundamental challenge may no longer be how to search larger solution spaces, but how to preserve, propagate, and 

reuse feasibility knowledge throughout the optimisation process. This observation motivates the conceptual 

perspective developed in this paper. 

From this standpoint, feasibility should not be regarded merely as a prerequisite for optimisation or as a 

constraint-verification stage executed after candidate solutions have been generated. Instead, it can be viewed as a 

computational resource whose preservation and reuse support scalable synchronisation management and decision 

making. 

Accordingly, the paper advocates a transition from optimisation-centric reasoning toward feasibility-aware 

computational architectures in which structural feasibility reasoning, declarative modelling, scalable exploration, 

synchronisation-aware propagation, and computational reuse operate as mutually reinforcing components of a 

unified framework. In such architectures, localised recomputation and reusable admissibility structures become as 

important as the search strategies themselves. The novelty of the proposed perspective, therefore, lies primarily in 

the architectural integration of established and prospective mechanisms around persistent structural-feasibility 

supervision, rather than in introducing each of these computational mechanisms individually. 
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The analysis also highlights current limitations, including repeated global recomputation, insufficient integration 

between declarative and heuristic methods, limited exploitation of reusable structural knowledge, and the lack of 

benchmarking methodologies assessing synchronisation-aware computational efficiency. Addressing these 

challenges may contribute to the emergence of a new generation of decision-support systems explicitly designed to 

preserve feasibility, exploit computational reuse, and incrementally maintain synchronisation consistency in 

complex cyber-physical and service-oriented environments. 

Viewed from this perspective, synchronisation should no longer be regarded merely as an execution constraint 

but as the structural mechanism through which feasibility emerges in complex engineering systems. Consequently, 

future optimisation architectures may derive their scalability not only from increasingly efficient search procedures 

but also from their ability to preserve, supervise, propagate, and reuse synchronisation-consistent feasibility 

structures. This architectural viewpoint may ultimately serve as the foundation for a new generation of decision-

support systems for large-scale cyber-physical, manufacturing, logistics, and service environments. 
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