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Abstract—The fourth industrial revolution rises new challenges 
for personnel planning. On the one hand, the decentralization 
of production control gains a new level of flexibility. Without a 
fully detailed production schedule in advance, the workforce 
requirement will be just identified during the current 
processes. Therefore, it is almost impossible to deduce the 
concrete times of workforce requirement in advance, but this 
would be necessary for workforce scheduling. On the other 
hand, manual activities themselves will change in smart 
factories, resulting in a reduced deployment continuity. In 
order to ensure efficient resource planning, including 
workforce, the project Sim4PeP develops a simulation-based 
forecasting method to schedule workforce deployment times in 
a decentrally controlled production system for short- to 
medium-term planning horizons.  

Keywords-CPPS; simulation-based optimization; workforce 
requirement planning. 

I.  INTRODUCTION 

One main topic of the fourth industrial revolution is the 
decentralization of production control [1]. The decentralized 
real-time control will gain a new level of flexibility to 
achieve a rapid reactivity and a demand-oriented production 
by handling customer-specific orders, small batches and 
process disturbances with minimal planning effort [1]. In this 
concept, orders and resources communicate autonomously 
and decide at lowest shop floor level (cyber-physical 
production system) [1]. Thereby, there is no longer a fully 
detailed production schedule in advance. It is not known in 
advance which operation of which order on which machine 
to what time will be processed. This “scheduling gap“ also 
effects the workforce operations and causes a fundamental 
conflict: Staff schedules have to be determined some weeks 
in advance [2] – for individual, administrative and regulatory 
reasons. To enable an efficient staff schedule, that 
synchronizes personnel supply and demand, the times of 
personnel requirement times have to be known already 
during the scheduling of the workforce.  

In addition, the changing tasks of the production workers 
in smart factories intensify the conflict. The scenario of a 
deserted factory stays still both utopian and not to be aspired 
[3]. Instead, the human being remains a key factor in the 

concept of smart factory and will take on a coordinating, 
controlling and directing role. Thus and due to the 
complexity of the system, there will be jobs with high 
qualification requirements and high specialization [3], which 
presumably arise discretely in time. At the same time, 
progressive automatization will increasingly eliminate 
simple work tasks [4], which are often accompanied by a 
steady deployment continuity. Accordingly, there will be 
more specific qualification classes and less consistent 
periods of working time, resulting in a further reduced 
deployment continuity.  

Especially in countries, such as Germany or France, 
personnel costs are a driving force in manufacturing industry 
[5] that have to be optimized. Therefore, an efficient 
resource planning of the workforce is an essential part of 
Production Planning and Control (PPC) and should be a 
“first level resource” during the optimization process. To 
achieve a high workforce capacity utilisation, single tasks 
have to be bundled, so no (or less) idle times will occur. 
However, this has an effect on machine allocation and job 
sequence, too. 

In order to solve the resulting time and planning conflict 
described above, the project develop a simulation-based 
forecasting method to schedule workforce requirements for 
decentrally controlled production systems.  

Section 2 briefly reviews the state of the art. Section 3 
introduces the concept of the new simulation-based approach 
and the related project. The paper concludes by a short 
summary and an outlook on long-term goals. 

II. STATE OF THE ART  

The “classic” PPC-process focuses on optimization with 
regard to orders or resources (in the sense of machines or 
unspecific form but without care of the specific attributes of 
workforce) [6]. The production planning creates a central 
production schedule from which workforce schedules are 
derived. Accordingly, the workforce is a “second level 
resource” and a subordinated optimization object in the 
optimization process, respectively [6]. Regarding to the 
changed conditions described in Section I, this approach 
does not work anymore at all or at least not in an efficient 
way.  
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 Already at the turn of 2000, a direction of research 
within the PPC has emerged which especially deals with the 
focus of workforce scheduling and its special features (see 
for example [6] or [7]). These approaches take up the issues 
of qualification-related allocation possibilities and resource 
flexibility of workforce via working hours with seasonal 
accounts (e.g., flextime). For example in 2002, there was an 
AiF funded project which dealt with the integration of 
flexible working time models into PPC [7]. 

The reason to introduce flexible working hours in 
production is the short- to medium-term synchronization 
between capacity supply and demand. Consequently, the 
PPC is enabled to react to the volatility of the markets [6]. 

No literature around the millennium 2000 could deal with 
the later emerging idea of the future fourth industrial 
revolution (for example in Germany around 2012 – cf. 
[1][8]). Therefore, they do not deal with the essential core 
aspect of this research effort: The conflict between 
decentralized, real-time driven production control and the 
required lead-time of workforce resource planning. 

There are also publications in the recent past developing 
or improving approaches to personnel planning (see for 
example [9] or [10]). Due to the constantly changing 
production requirements and influences of the rapidly 
changing markets, characterized by global fluctuating supply 
and demand relationships, more customer-specific products 
and shortening delivery times, personnel planning is still a 
current topic within PPC [9][10].  

[9], for example, examined strategically as well as 
operationally opportunities to make personnel planning more 
flexible. Nevertheless, the approach does not attend to the 
dilemma of the time conflict of workforce scheduling in 
decentralized production control. 

[10] developed flexibility instruments for medium- to 
long-term periods that is not within the scope of the 
presented approach. 

[11] contributes an approach to allocate a highly 
qualified and specialized workforce under the aspects of 
flextime via seasonal accounts, heterogeneous deployment 
flexibility with regard to individual qualifications, as well as 
individual efficiency for the time required to fulfil the duties. 
However, the method is based on a deterministic production 
schedule with already known workforce requirement times. 
The same applies, for example, to [12] and [13]. 

 [14] uses a two-stage procedure, in which the workforce 
is just a second level resource.  

The collaborative project MyCPS [15] focuses on the 
integration of humans into the cyber-physical world of 
production. The focus is not on organizational but on 
technological issues, except for one project: KapaflexCy [2]. 
KapaflexCy enables small and medium-sized companies to 
implement innovative forms of working time models for 
more flexibility with personnel deployment schedules, 
individually tailored for each company. For example, they 
developed an app that allows employees to decide whether 
they want to work additional hours at requested times. In the 
case of short-term requirements, the employees receive 
requests on their smartphones. The approach thus focuses on 
the reactive balancing of short-term fluctuations of the 

capacity demand in production with the concrete and in 
advanced fixed allocation of workforce supply. In contrast, 
the core of the presented research approach involves the 
proactive derivation of workforce requirements based on 
variable production programs without a detailed production 
schedule known in advance. Furthermore, the focus is not 
only on the scheduling of additional shifts but also on the 
planning of the base load. The method to be developed for 
the research project also rejects classic shift systems. 

Furthermore, some recent approaches of workforce 
planning and scheduling use machine-learning techniques. 
[16], for example, predicts the need of products and services 
from which it assigns work tasks to employees. In contrast to 
the approach presented below, [16] is an experience based 
approach as it mainly use history-based files. In addition, it 
refers to a public utility service billing company but not to 
the background of industrial production. 

Moreover, there are scientific approaches that integrate a 
digital twin for employees in a self-controlling production 
system (see for example [17]). The twin reflects human 
characteristics, like behavior, skills and preferences, and 
strives for a better collaboration between human and 
automated production system, especially on intuitively 
interaction with technical devices [17]. However, this 
method does not deal with the creation of personnel 
deployment plans or the overall deviation of personnel 
requirement times sufficiently in advance. Therefore, it does 
not match the research focus of this contribution. 

On commercial level, there are also software companies 
of personnel planning products that take up the changes of 
the fourth industrial revolution. Their products provide 
employee self-service portals for, e.g., wishes such as 
absence days or shift changes, model individual working 
time arrangements or the matching process of qualification 
requirements (see for example [18] or [19])). Nevertheless, 
they do not deal with the planning paradox described at the 
beginning. 

Especially due to the thematic reference to working hours 
and models, legal framework conditions have to be taken 
into account; in Germany for example, there are [20] or [21]. 

To sum up the literature reviewed, the workforce should 
be considered as a specific resource in the PPC-process. 
However, none of the approaches was dealing with the 
dilemma of workforce requirement planning in a decentrally 
controlled production system. 

III. RESEARCH PROJECT SIM4PEP 

A. Simulation-Based Forecasting Method 

The research project Sim4PeP focuses on the described 
paradox of the lead-time for workforce scheduling and the 
ad-hoc decisions of the decentrally controlled production 
system. To solve this issue, the aim of the project is to 
develop a simulation-based forecasting method for the 
generation of workforce attendance schedules and validate 
the functionality of the method. 

The forecasting method focuses on a short- to medium-
term planning horizon (up to 6 weeks) under stochastic 
influences. It proceeds according to a rolling wave planning 
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Figure 1.  The three steps of the forecasting method 

model and successively updates subsequent planning 
intervals. The method consists of three steps: optimization, 
extraction and test (see Figure 1).  

In the first stage (optimization), a simulation-based 
optimization model predicts proposals of potential 
production schedules that consist of a timetable with 
resource allocations and order sequences. The objective 
function already includes the optimization objects “order”, 
“machine” and “employee”. Thus, the “classic” optimization 
objects “order” (e.g., minimizing makespan) and “machine” 
(e.g., maximizing capacity utilization) remain in the 
objective function. However, as described in the second 
section, the workforce working times should no longer be a 
subordinated optimization object, but rather a "first-level" 
resource due to the changed situation. Components of 
objective function in relation to workforce scheduling are, 
for example, the minimization of the total attendance time 
over all employees, which is for example a corporate 
objective. The method should not only deal with corporate 
objectives but also with goals of individual employees. For 
example, they should have the opportunity to contribute 
wishes of their own working hours. Thereby, the model 
ensures the legal or even the individually agreed working 
time specifications by hard model restrictions. This way, the 
modeling guarantees that there are, e.g., a maximum 
workload of 8 hours a day and adequate break times. More 
self-chosen and flexible working time leads to a better work-
life balance and finally to a higher motivation at work [20]. 
Furthermore, it increases the attractiveness of the company 
for the workers. The forecasting method will work 
completely with flexible working hours and abandon from 
rigid shift times. So “work 4.0” is partially also available for 
employees in the production. In addition, the flexible 
working hours could enable a better synchronization of 
capacity supply and demand. 

Due to the stochastic disturbances and uncertainty for 
future forecasts, as well as the autonomy in the variety of 
decisions of the decentral control the simulation model 
generates different scenarios. Weighted by the corresponding 
objective function value, a set of the best scenarios build a 
general schedule. That schedule is not exact and 

deterministic but rather a stochastic distribution over 
preferable scenarios (see Figure 2). Stochastic influences are, 
for example, process time deviations or machine and 
personnel failures. 

Furthermore, this schedule already contains 
stochastically distributed demand times for the workforce 
according to qualification classes. By including the worker in 
the objective function of the first stage, it already meets the 
optimization requirement (first level resource). Stage 2 
extracts the workforce attendance and when appropriate on-
call standby times. However, the general schedule does not 
yet provide a clear, deterministic statement but the times for 
the staff schedules have to be deterministic. For this purpose, 
the method could use variable tolerance limits (see Figure 2). 
The derived workforce schedules have to leave as much 
flexibility as possible for the decentral real-time control. 
Therefore only the attendance times are defined, the exact 
allocations between work tasks (capacity demand) and the 
planned working times (capacity offer) are not defined, so 
the decentral control can still match it. 

In the third stage, a retrospective test checks the 
generated workforce schedule by feeding the attendance 
times back into the simulation model. The objective function 
value decides whether the schedules can be released for the 
reality or whether it must be returned to stage 2. In the latter 
case, a variance of the tolerance limits can readjust the 
schedules. 

In the research project, an extended factory simulator will 
replace the real production process. It incorporates further 
stochastic influencing variables and broader stochastic 
scenarios. There is not yet an adequate benchmark for the 
problem described in the introduction which can be applied 
for comparison. Using a factory simulator, the validation of 
 

 
Figure 2.  Derivation of the workforce schedule 
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the method, as well as a quality analysis of the generated 
plans is possible. Especially due to the stochastic problem 
modelling, deviations between the created personnel plans 
and the factory simulator are to be expected. Even in real 
systems application, the generated plans will not correspond 
one hundred percent with the actual implementation, as the 
forecast is still uncertain. However, it is the aim of the 
project to enable the method to keep these differences as 
small as possible by reasonable computing effort. 

If the results are promising, a test on a real system can be 
carried out at a later project stage or in a subsequent project. 

B. Research Focus 

Besides the development of the forecasting method itself, 
it is a goal of the research project to determine feasibility, 
requirements and limits of this methodology. There are three 
main categories of research questions in the project: 

 Deterministic derivation in the stochastic field: 
Above all, the questions arise: To what extent do the 
deterministic specification of the forecasted 
attendance requirements limit the degree of self-
optimization of decentralized planning? In this 
context, is it feasible to achieve optimal results in 
terms of the overall objective? Moreover, is it 
feasible to achieve an optimized process for the 
overall system at all by determining deterministic 
workforce times from the stochastic forecast? 

 Working time models and task bundling: What 
would a working time model have to look like in 
order to support the flexibility of decentralized 
control and at the same time implement a humane 
workforce planning? Which components of existing 
working time models lead to which influences within 
the method (e.g., flextime, overtime or division of 
the daily working time into parts)? How can the 
method match requirements from the production 
system (that means 24-hour operation) with the 
requirements regarding to the workers (e.g., 8 hours 
preferably during the day)? Is there a compromise? 
To what extent can employees contribute their 
preferred working hours (may possibly in different 
priority levels) or are core working hours necessary 
to ensure the basic supply of workforce? Is it 
possible to bundle tasks that there are no or less idle 
times? Does it have strong effects on the other 
optimization objects? Are there synergetic or 
antagonistic effects between working hours and task 
bundling? 

 Computing time and method initiation: 
Computational efficiency is a central challenge 
within the project, because it can become the 
limiting factor of the model size. Due to the focus on 
the creation of the workforce schedule and not on the 
concrete assignment of workers to tasks, the model 
does not have to work on a real-time basis. Instead, it 
is executed cyclically (e.g. weekly). However, with 
regard to the later usability of the method in practice, 
the runtime of the models is very important. How 
can the models achieve a runtime improvement? 

May machine-learning strategies improve the 
metaheuristics of the simulation-based optimization?  
What type of triggering points will start the 
forecasting method (fixed time intervals vs. specific 
or unexpected events). How responsive are these 
trigger points with regard to already fixed personnel 
plans (e.g. drastic market changes in the occurrence 
of Covid19)? In which frequency do the method 
have to start in general? What model-internal time 
pattern for workforce scheduling is adequate (e.g., 
half-hourly)? 

IV. CONCLUSIONS 

The research project Sim4PeP focuses on the paradox of 
the creation of workforce schedules in smart factories. 
Therefore, the project is developing a forecasting method 
that contains a simulation-based optimization approach. A 
further goal of the research project is to determine feasibility, 
requirements and limits of this methodology in general. 

The research approach pursues long-term goals. It brings 
benefits for the employees. They should have the chance to 
have an impact on their own individual organization of 
working hours. This will increase the work-life-balance, 
which – especially for younger employees at present time – 
plays a more important role than the salary [20]. The 
increased self-determination also leads to higher motivation 
and thus to higher productivity. This in turn is a corporate 
benefit. In addition to the companies’ benefits, an efficient 
workforce deployment is encouraged. This results in a lean 
staff, which nevertheless ensures maximum flexibility and 
maximum production capacity. Therefore, it leads to cost 
advantages.  

Last, the strategy “Industry 4.0” is moving forward. The 
research project addresses the need for novel planning and 
control mechanisms inside the fourth industrial revolution. 
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