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Abstract. In this paper a scheduling meta-model is proposed for supporting hy-

brid collaboration, regarding machine-machine and human-machine scheduling 

interactions, based on a scheduling ontology. The utilization of the proposed 

scheduling ontology-based meta-model is illustrated through an example, which 

is further analysed, and some main features and advantages of each kind of col-

laborative interaction are discussed.  
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1 Introduction 

In the current fourth industrial revolution (Industry 4.0 or I4.0, for short) [1] collabora-

tive manufacturing and management (Col2M) is becoming even more crucial for Com-

panies’ prosperity in general, and more specifically in the context of industrial enter-

prises. Based on this believe in this paper an ontology-based meta-model for hybrid 

collaborative scheduling (OMM-HCS) is proposed. 

The hybrid collaboration is related in one side to the existence of generated solutions 

for given manufacturing scheduling problems (MSP), by using automatically selected 

algorithms through a scheduling knowledge base [2], and which configures a machine-

machine collaborative manufacturing and management mechanism (M-MCol2M). 

Moreover, there is also a human-machine collaborative manufacturing and manage-

ment mechanism (H-MCol2M), which enables to further dynamically adjust automati-

cally generated solutions previously obtained through the M-MCol2M to enable better 

fulfilment of specific scheduling requirements occurring in real manufacturing scenar-

ios. Besides, human-human based collaborative practices, which are also possible. 

In order to properly expose the main ideas underlying this work, the paper is orga-

nized as follows: section 2 briefly refers to the collaborative manufacturing and man-
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agement concept underlying this work. In section 3 the main idea behind hybrid collab-

orative scheduling is exposed. Section 4 presents the proposed ontology-based meta-

model for supporting hybrid collaborative scheduling practices. In section 5 an illustra-

tive example of use of our proposed meta-model is presented. Finally, in section 6 some 

main conclusions are presented along with planned future work. 

2 Collaborative Manufacturing and Management 

The Collaborative Manufacturing and Management (Col2M) concept for Industry 4.0 

(I4.0) is suggested to integrate a set of sub concepts, hierarchically organized, as it is 

illustrated in the Figure 1. On the basis of this proposed Col2M has to be fulfilled the 

existence of Flexible and Autonomous Manufacturing and Management Resources 

(F&AM2R), which is related to the existence of corresponding flexible manufacturing 

resources (FMRs), for instance, in the context of a flexible manufacturing system 

(FMS) [3], on one side, and on another one these FMRs or FMS have to be autonomous 

[4]. At a next level appears the Integrated, Networked and Digitalised Manufacturing 

and Management (I/N&D2M) concept, which implies the integration [5] and digitali-

sation [6] of manufacturing resources/ Companies and their corresponding management 

functions. Next, is placed the Concurrent Manufacturing and Management (C2M) con-

cept [7], which implies the existence of one or more common goals among the con-

nected manufacturing resources/ Companies. Finally, appears the Collaborative Manu-

facturing and Management [8] concept (Col2M). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Venn diagram for the Collaborative Manufacturing and Management concept. 

 

 

In Figure 2 the importance of collaboration is expressed in a manufacturing perspective, 

from the evolution of Computer Integrated Manufacturing (CIM) [9] to the I4.0 manu-

facturing context (doing axis) and the management practice, from the concurrent per-

spective up to a complete collaborative level [5]. Through this figure is intended to 
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highlight the perceived growing importance that collaborative manufacturing and man-

agement practices are expected to take place in the context of I4.0 manufacturing, and 

more precisely in the scope of Cyber Physical Systems (CPS) [6].  

 
Fig. 2. Collaboration in the context of I4.0 

3 Hybrid Collaborative Scheduling 

In this paper we propose a ontology-based meta-model for hybrid collaborative sched-

uling (OMM-HCS), which relies on a proposed Col2M concept, which, in turn, may be 

considered in three different types of contexts, regarding some kind of underlying kind 

of flexible and autonomous manufacturing and management resources (F&A2MR) as 

being related to: 

1. Just human F&A2MR, resulting in Human-Human Col2M (H-H_Col2M); 

2. Purely machine oriented F&A2MR or machines, resulting in Machine-Machine 

Col2M or simply (M-M_Col2M); or 

3. A mixed or combined human and machine F&A2MR, resulting in Human-Ma-

chine Col2M or simply (H-M_Col2M). 

The situation 1. (H-H_Col2M) can, for instance, occur in a context of group decision 

making [5,6,10] among two or more managers from different manufacturing units or 

Companies, while trying to reach a global solution regarding the division of tasks or 

production orders among them, based on some underlying negotiation and/ or selection 

mechanism and specified personal contributions through an autonomous and decentral-

ized decision-making process, based on specific decision criteria and one or more com-

mon goals to be reached. 

Situation 2 (M-M_Col2M) can, for instance, occur in a context of autonomous pro-

duction control [5], while a set of two or more machines negotiate among them the 

production order of jobs, which can also be based on some kind of negotiation process, 
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namely through a MAS (Multi-agent System) [11], among other kind of technology, 

such as based on learning and deep learning [12]. 

Finally, situation 3 (H-M_Col2M) can, for instance, occur in a manufacturing con-

text with collaborative robots [13] interacting with humans for accomplishing jointly a 

given task. Moreover, this situation may also occur through a human interaction with 

some computer program, for instance while receiving a given manufacturing schedul-

ing plan and trying to further improve or adjust it. 

There is a widened set of publications that has been put forward and also already 

with a special focus or relation to I4.0 more recently [14], for instance regarding all 

these three kind of situations (H-H_Col2M, M-M_Col2M, H-M_Col2M) [15], and it is 

expected that this will continue to happen and even increase further during the next 

years, and this is one of the main motivations for putting forward our present contribu-

tion for better clarifying the Col2M concept and its relations with other important ones, 

considered as fundamental sub concepts of it in the currently and forthcoming context 

of I4.0, and the underlying Cyber Physical Systems (CPS) reality, on which we are 

confident that humans will continue to play a crucial role, through H-H_Col2M and H-

M_Col2M interactions, as schematized in Figure 3. 

 

 

Fig. 3. Hybrid collaborative scheduling 

4 Ontology-based Meta-model for HCS 

In this paper an ontology-based meta-model (OMM) is proposed based on a 𝛼|β|γ 

scheduling ontology [16], illustrated in Figure 4, for further enabling hybrid collabora-

tive scheduling (HCS), through M-M_Col2M and H-M_Col2M interactions, which are 

represented through Figure 3. The scheduling ontology comprises characteristics re-

lated to the manufacturing environment, which include the type of production system, 
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being denoted by a set 𝛼 of problem classification factors and corresponding parame-

ters. Additional characteristics related to the jobs, its operations along with aspects re-

lated to the manufacturing resources, such as the jobs’ processing machines, are ex-

pressed by a set β of problem classification factors and corresponding parameters [16]. 

Finally, through the γ factor are defined the performance measures that are intended to 

be optimized through appropriate scheduling algorithms, which are able to be automat-

ically selected and run, based on the proposed scheduling ontology. 

 

 

Fig. 4. Scheduling Ontology-based meta-model 

Furthermore, our proposed ontology-based meta-model for hybrid collaborative 

scheduling (OMM-HCS) also enables to support human decision-making processes, 

through H-M_Col2M interactions, for instance when after an automatically generated  

solution for a given manufacturing scheduling problem is obtained and a manufacturing 

manager intends to further adapt this solution for better fulfilling some specific produc-

tion requisites or aims, and an illustrative example about this usage scenario will also 

be provided next. 

5 Illustrative Examples of Use 

In this paper a manufacturing scheduling problem regarding a set of 𝑚 identical multi-

purpose parallel machines (PMPM) [16] for processing a set of 𝑛 jobs, which have 

sequence-dependent setup times is considered. The general problem consists on sched-

uling the set of jobs on the set of identical multi-purpose parallel machines with setup 

times in order to minimize the maximum completion time of the jobs (𝐶𝑚𝑎𝑥).  This 

general scheduling problem is classified as 𝑃𝑀𝑃𝑀𝑚|𝑠𝑖𝑗 , 𝑑𝑖|𝐶𝑚a𝑥, and the underlying 
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corresponding base problem is 𝑃𝑀𝑃𝑀𝑚||𝐶𝑚𝑎𝑥, which is usually a hard problem to be 

solved [16]. 

 

5.1 General problem description 

Let us consider the following general problem assumptions and notations as described 

next: 

 There are available 𝑚 identical muti-purpose parallel machines of set M; 

 There are available 𝑛 jobs to be processed of set N; 

 Each machine I can just process one job at a time  

 The jobs does not allow preemption; 

 All n jobs are available for being processed at an initial instant time zero  

 No precedence relations does exist among jobs; 

 Each job 𝑖 has a processing time 𝑝𝑖, which is independent of machine 𝑘; 

 There is a setup time 𝑠𝑖𝑗 for processing a job 𝑗 just after job 𝑖; 

 The objective consists on minimizing the makespan (𝐶max) along with the 

considered machines setup times 𝑠𝑖𝑗. 

The general problem instance data is presented below, where in Table 1 are ex-

pressed the jobs’ processing times of each job i (𝑝𝑖) and the corresponding due dates 

(𝑑𝑖), and in Table 2 are presented the jobs’ setup times (𝑠𝑖𝑗), which are dependent on 

the jobs processing order. In this problem instance are considered 𝑛 = 8 jobs, and 𝑚 =
3 identical multi-purpose parallel machines. 

 Table 1. Jobs’ processing times (𝑝𝑖) and due dates (𝑑𝑖)   Table 2. Jobs’ setup times (𝑠𝑖𝑗) 

Job 𝑝i 𝑑i 

1 10 20 

2 8 18 

3 12 20 

4 7 8 

5 5 10 

6 4 10 

7 4 8 

8 3 5 

 

In this work we have considered three application scenarios of the previously pre-

sented problem instance, regarding the main general problem described before, for the 

minimization of the makespan (𝐶max). The first problem (P1), belongs to the general 

problem class 𝑃𝑀𝑃𝑀𝑚|𝑠𝑖𝑗 , 𝑑𝑖|𝐶𝑚a𝑥, and is automatically solved through a LPT-based 

scheduling algorithm, in order to minimize the makespan, based on a M-MCol2M de-

scribed before. The second problem (P2), belongs to the problem class 

𝑃𝑀𝑃𝑀𝑚|𝑠𝑖𝑗 , 𝑑𝑖|𝐶𝑚a𝑥, ∑𝑠ij, and is solved through a human-based collaborative ap-

Job 1 2 3 4 5 6 7 8 

1 - 4 3 0 3 2 1 4 

2 2 - 1 2 2 1 4 2 

3 3 2 - 5 4 2 2 4 

4 5 3 3 - 4 1 0 2 

5 3 4 2 2 - 5 2 4 

6 0 3 2 1 5 - 2 4 

7 4 2 5 1 1 2 - 3 

8 5 6 1 2 0 4 3 - 
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proach (H-MCol2M), based on the previous solution automatically generated in Prob-

lem 1 (P1), in order not just to minimize the makespan, but also to minimize the sum 

of the setup times (∑𝑠ij). The third problem (P3), belongs to the problem class 

𝑃𝑀𝑃𝑀𝑚|𝑠𝑖𝑗 , 𝑑𝑖|𝐿𝑚a𝑥, 𝐶𝑚a𝑥, which consists on an extension regarding the first problem 

(P1), on which the priority performance measure relies on the minimization of both the 

maximum lateness of jobs, along with the makespan. Therefore, some other approach 

or algorithm will be needed to solve this variant problem, and the proposed ontology-

based model is well suited for accomplishing such a new kind of scheduling request, as 

it automatically returns the selection of appropriate scheduling problems solving algo-

rithms in a fast and accurate manner, providing not just a variety of alternative algo-

rithms but also the possibility of enabling human adaptations (H-MCol2M), on auto-

matically generated solutions through the scheduling solver (M-MCol2M). 

 

5.2 Problem results and discussion 

The solutions obtained for the three scheduling problems (P1, P2 and P3) solved are 

shown below through Figures 5, 6 and 7, expressed through Gantt charts. 

 

Problem 1 (P1). A problem based on the given problem instance data, under the scope 

of the scheduling problem class 𝑃𝑀𝑃𝑀𝑚|𝑠𝑖𝑗 , 𝑑𝑖|𝐶𝑚a𝑥  

 

 

Fig. 5. Gantt chart about solution for problem 1 (P1) 

 

Problem 2 (P2). A problem based on the given problem instance data, under the scope 

of the problem class 𝑃𝑀𝑃𝑀𝑚|𝑠𝑖𝑗 , 𝑑𝑖|𝐶𝑚a𝑥, ∑𝑠ij 
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Fig. 6. Gantt chart about solution for problem 2 (P2) 

 

Problem 3 (P3). A problem based on the given problem instance data, under the scope 

of the problem class 𝑃𝑀𝑃𝑀𝑚|𝑠𝑖𝑗 , 𝑑𝑖|𝐿𝑚a𝑥, 𝐶𝑚a𝑥 

 

 
Fig. 7. Gantt chart about solution for problem 3 (P3) 

 

 

Discussion of problem results. According to the summarized results in Table 3 ob-

tained for the three problems (P1, P2 and P3) solved.  
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Table 3. Summarized problems’ results 

Problem 𝐶max ∑𝑠ij 𝐿max 𝐿mean 𝑁L 𝐹med 

P1 21 7 16 26 5 15.625 

P2 20 4 9 20 5 14.875 

P3 22 7 2 -0.875 1 11.5 

 

Based on the three scheduling problems analysed and the different results obtained, 

which were previously expressed through the corresponding Gantt charts, and the re-

sults of the performance measures presented in Table 3, it is possible to easily realise 

that real-life industrial scheduling problems besides being usually hard to solve, as they 

are quite demanding and complex in nature,  they are also extremely variable, which 

turns a daily-based scheduling decision making process quite difficult to accomplish in 

a urgent and precise way in a real-time basis. This happens not just due to the wide 

range of problem specific conditions or parameters that define each scheduling prob-

lem, regarding jobs and production resources characteristics, but also due to the varying 

demand regarding the performance measures to consider, which can furthermore be 

conflicting ones, mainly while dealing with multi-objective problems, were usually 

trade-off situations do occur between different kind of objectives to be optimised. This 

can be realised through the different solutions and corresponding performance 

measures’ values obtained, for instance regarding the minimisation of the makespan, 

which reached a minimum value in the human-adapted solution obtained for the prob-

lem P2, along with the minimum summation of setup times. Although, if the focus relies 

on the minimization of the maximum lateness of jobs, then the automatically generated 

solution reached for problem P3 is considerably better, although the makespan and total 

setup time become worse. 

6 Conclusion 

In real industrial systems manufacturing scheduling problems (MSP) are hard in na-

ture due to a widened range of parameters that usually have to be considered while 

defining each specific problem to be solved. Moreover, usually also different kind of 

performance measures have to be considered while searching for solutions for MSP in 

real-live scenarios, which in turn are also frequently conflicting, conduction to trade-

off situations difficult to solve in practice. Due to all these difficulties while trying to 

properly solve MSP, an ontology-based meta-model for hybrid collaborative schedul-

ing was presented in this paper, which intended not just to enable to obtain automati-

cally generated solutions for MSP, through machine-machine interactions, but also to 

further enable human-machine collaboration to better adjust automatically generated 

solutions according to real-life adjustment requirements on production schedules.  
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