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Abstract.  The development of personnel deployment 
simulation started just before 1980. To the first, more pro-
duction-logistics-oriented simulation procedures, macro-
ergonomic features have been added, i.e., mainly solving 
capacity- and utilization-related problems. The current 
status is characterized by the integration into tools of the 
Digital Factory, which increasingly includes micro-ergo-
nomic considerations. Above all, anthropometric and 
physiological questions of human operations predomi-
nate. In addition to these aspects aiming at the human 
work task itself, the focus is currently also placed on the 
work environment that the working person is exposed to. 
This is currently still the focus of research and develop-
ment related to ergonomics and occupational health and 
safety. With regard to further steps, there is a particular 
need to better link discrete event simulation procedures 
with Digital Factory tools. Thereby, also strong demands 
on ergonomic research are made. This is shown, e.g., in 
the still unsolved problem that types of stress acting to-
gether on the working human cannot be assessed in com-
mon. 

Introduction to Considering the 
Staff in the Digital Factory 
The inclusion of personnel deployment simulation in 
tools of the Digital Factory is an essential part of plant 
planning today, or at least it should be. It makes it possi-
ble to plan the future workforce in the factory in advance, 
not only in terms of numbers, but also with regard to the 
necessary qualifications of the employees.  

In this way, the productivity of the individual work 
systems can be forecast, analyzed for weak points and se-
cured before the factory goes operational. 

However, this rather production-logistical view of fu-
ture personnel deployment is no longer sufficient today. 
Questions are also asked about the expected stress and 
strain on the staff as a result of the assigned work tasks. 
Related tools already exist, the focus being on the stresses 
and less on the effects on the working person, the strains. 
Therefore, the focus of development is increasingly 
placed on aspects of occupational health and safety. 

The endeavors to analyze the effects of the spatial en-
vironment on the working person as early as in the plan-
ning stage of a factory are relatively new. These effects 
can not only lead to a reduction in productivity, but above 
all to impair the health of employees. But, in this regard, 
primarily isolated software tools are available and only 
very few of them are already integrated into the Digital 
Factory procedures. 

The mentioned aspects of the personnel-related ex-
pansion of the Digital Factory are discussed in more de-
tail below. This is done on the basis of guidelines from 
the Association of German Engineers, some of which are 
still being worked on. Current developments and trends 
are discussed and illustrated by some selected application 
examples. 

1 Basic Requirements for 
Personnel Deployment 
Simulation 

In principle, personnel deployment simulation encom-
passes all areas of work system planning: It extends from 
the flow of materials and information, with the involve-
ment of people, to the production-logistic analysis of 
work systems.  
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Furthermore, the question of the division of labour 

under qualification aspects and the human cooperation in 
parts manufacturing and assembly systems as well as the 
design of working methods at individual workplaces are 
regarded. From its early developments on, the presenta-
tion of result scenarios in tools of the Digital Factory 
plays an essential role. 

A fundamental requirement for personnel deploy-
ment simulation is the modelling of personnel qualifica-
tions. What is essential here, is the separation into ma-
chine and personnel simulation objects that are related to 
one another in the simulation process via functions (in 
particular work activities). This largely corresponds to 
the requirements of time management according to the 
REFA methodology ([1]; see also [2]). With the help of 
these simulation objects, the responsibility of workforce 
for machines or workplaces, the requirements and abili-
ties needed, and the feasibility of functions and, thus, the 
qualification of a person or type of personnel can be mo-
delled (Figure 1). The personnel deployment simulation 
differs significantly from the purely production-logistics 
one, which generally treats people and machines as an 
integrated resource. 

 
Figure 1: Modelling the qualification as part of the  

personnel deployment simulation  
(according to [3], p. 53). 

 

At the international level, personnel deployment sim-
ulation receives relatively little attention. Static methods 
of calculating personnel requirements dominate here, es-
pecially through using spreadsheets. Dynamic analyses 
with the help of simulation with its necessary separation 
of human operators and technical equipment are largely 
ignored.  

 

A typical example for the consideration of personnel 
in the production area is provided by Mounsey et al. [4]. 
The authors take into account the costs of different shift 
systems and staff assignment, but do not consider the 
qualifications of the individual employees. 

When it comes to personnel deployment problems, the 
focus is mainly on service areas, e.g., on hospital opera-
tions [5] or call centres [6], whereby optimization and sim-
ulation methods are occasionally combined (e.g., [7]). In 
contrast to the modelling of production operations, simpli-
fications are often possible in the service sector, so that a 
part of the equipment and its operator can be viewed as one 
resource. Furthermore, as a rule, only uniform qualifica-
tions of all employees are very often assumed. 

2 Production-Logistics-oriented 
Personnel Deployment 
Simulation and the VDI 
Guideline 3633 Part 6 

The application field of personnel deployment simulation 
were initially parts production and assembly systems (see 
the overview at [8]). The first dissertations on this subject 
appeared in Germany in 1980 almost simultaneously at 
the RWTH Aachen University and the University of 
Stuttgart. Since these first publications, personnel de-
ployment simulation in Germany has a history of forty 
years. This effort was reflected by the German Associa-
tion of Engineers in their Guideline VDI 3633 Part 6 from 
2001 [9], which is currently being revised. 

In this context, a new possibility of modelling will 
also be discussed: While it is well-known that the prece-
dence graph can be used to describe work processes, this 
graph itself can be mapped onto a capacity graph of the 
stations in the work system and, in the case of multi-sta-
tion operation, the latter in turn can be mapped onto a 
staff assignment graph of the employees providing the 
basis for simulation (Figure 2). 

An actual example from production logistics is the in-
vestigation of what influence demographic development 
may have on the productivity of a work system. The basis 
for such an investigation is the well-founded assumption 
that the performance decreases with the age of an em-
ployee (see already [10], pp. 518). A study for an assem-
bly line showed a decrease in the output of the work sys-
tem of around 13 % over a period of 14 years [11]. 
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Figure 2: Precedence, capacity and staff assignment 

graph of a U-shaped assembly system. 

Müller et al. [12] pursue an approach using their 
WorkDesigner software which combines personnel plan-
ning in the production area with macro-ergonomic as-
pects. The aim is to take into account not only the use of 
resources, but also the individual ability to work and the 
age of the simulated employees. 

Subsequently, the application field of personnel de-
ployment simulation was extended to service areas. In 
line with the social discussion, in addition to questions of 
production performance, the focus was also on the orga-
nization of working time with regard to the work-life bal-
ance of the employees. Thus, productivity-related evalu-
ation was connected to social-psychological effects. 

An example of this was provided by a study in a self-
service department store ([13], p. 166). To investigate the 
effect of different working time systems on the work-life 
balance, the potential working time conflicts of the em-
ployees were first recorded and then anonymized using a 
cluster analysis. Seven full-time and seven part-time staf-
fing models were combined with the working time sys-
tems. These were finally combined with eight scenarios 
with 80 % to 150 % customer traffic and ten employee 
scenarios with different working time preferences. 

Taking into account ten test replications, in total 3,920 
scenarios were created, which were then statistically evalu-
ated with regard to various target criteria. For this purpose, 
the concept of the degree of goal achievement was used, 
which normalizes the original values in a range of 0 % for 
the theoretically worst and 100 % for the optimal result. 

As expected, the degree of goal achievement shows 
contrary trends with regard to the throughput time of the 
customers and the utilization of the employees (Fig-
ure 3).The potential for temporal conflicts, on the other 
hand, hardly varies: However, this is due to the fact that 
with one conflict per hour a very strict measure for worst 
values was defined, so that optimal values of 100 % could 

be reached relatively easily. Working time systems with a 
higher proportion of flexitime proved to be favourable (see 
an example from the logistics area at [13], p. 201). 

 
Figure 3: Average degree of goal achievement for selected 

working time systems in a self-service depart-
ment store (according to [13], p. 192). 

3 Stress Originating from the 
Work Task and the VDI 
Guideline 4499 Part 4 

The main focus of the development is the connection of 
human models with tools of the Digital Factory, which 
already dates back to the 1960s. Regarding human mod-
els and the associated analysis and visualization of ergo-
nomic effects originating from the work task, a number 
of methods and software tools from the American and 
English area (see the overview at [14], p. 44) are available. 

In this regard, the VDI guideline 4499 part 4 from 
2015 [15] deals with the micro-ergonomic effects of the 
work task, preferably at an individual workplace. Present 
methods primarily aim at the analysis of anthropometric 
and work physiological stress. This has already been dis-
cussed in more detail earlier [16]. 

Such analyses already found their way into tools of the 
Digital Factory at an early stage, as the example of the re-
design of one of the Adam Opel AG plants in Germany 
from 2001 demonstrates [17]. Figure 4 shows the NIOSH 
assessment of a lifting task [18] using the eM-Engineer 
software [19] as another early example. The Gantt chart 
illustrates the possibility of connecting to a discrete event 
simulation; it shows the actual work situation for which the 
ergonomic assessment is carried out. 

Legend:
Operation of a
precedence graph

Station of a
capacity graph

Operator of a staff
assignment graph
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Figure 4: Ergonomic evaluation of a lifting task using the 
software eM-Engineer [19]. 

4 Influences from the Working 
Environment and the Draft 
Guideline VDI 4499 Part 5 

The principles of ergonomics, especially its stress-and-
strain concept [20], require consideration of external ex-
posures or stresses as well as internal (physiological or 
mental) strains of the individual employee who is ex-
posed to these stresses. The ambition is to determine the 
various physical (e.g., cardiovascular problems) and 
sometimes chemical effects (e.g., through skin-receptive 
hazardous substances) in Digital Factory tools on the ba-
sis of a uniform data model of the work space. The need 
to forecast environmental influences on working people 
was already pointed out at an early stage [21]. A guide-
line committee is currently working in a project devoted 
to prepare the corresponding guideline VDI 4499 Part 5 
([22]; see also [23]). 

Internationally, there is almost no evidence for the vir-
tual prediction of stresses and strains from the working en-
vironment. But, also in the German-speaking area, which 
the named draft guideline project is focusing on, the ma-
jority of the relevant procedures remain with isolated solu-
tions for evaluating individual environmental factors with-
out including them into tools of the Digital Factory. Above 
all, it is about the visualization and assessment of expo-
sures or stresses, while strains of working people are only 
considered in very few software procedures. 

In addition to the scientifically unsolved problem of in-
tegrally merging combined environmental influences on 
working people in a uniform key figure, there are still gaps 
in the time-related and personal-oriented assessment, even 

for individual factors. In this regard, there are primarily 
point-in-time evaluation methods for stresses and their as-
sessment in terms of occupational health and safety. 

An existing example of personal exposure is that 
caused by gamma rays in a work area ([24]; Figure 5). 
The procedure is based on the ALARA principle (As Low 
As Reasonably Achievable), which requires such a low 
radiation exposure of the working person, "as it seems 
feasible when considering practical reason and weighing 
up advantages and disadvantages" (translated from [25]). 
It enables not only a point-in-time evaluation of the radi-
ation exposure, but also a period-related one, which is 
represented by means of a virtual dosimeter through in-
corporating discrete event simulation. In addition, the 
form of work organization can be assessed when deploy-
ing several people in the same work area. 

 
Figure 5: Visualization of the work situation in a  

radiation-exposed work area and its Gantt- 
chart representation [24]. 

5 Further Development of 
Integrating Personnel 
Deployment Planning into the 
Digital Factory 

The coupling of discrete event simulation and its visual-
ization in the Digital Factory is by no means trivial, since 
the modelling approaches of both types of software are 
very different: While the former may follow the depiction 
of workflows for months and focusses primarily on the 
presentation in the form of business graphics, the latter 
follows a realistic graphic animation at most in the mi-
nute range. 
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As an interim result of the personnel deployment si-

mulation and its inclusion into the Digital Factory, it can 
be stated that this desirable coupling has already reached 
a certain level, which has led to the publication of several 
VDI guidelines. However, some essential aspects remain 
unaffected: The inclusion of occupational psychological 
and sociological aspects is particularly noteworthy, as 
there is a lack of evaluation and assessment methods that 
can be used in discrete event simulation. There is also a 
lack of options for integrally evaluating multi-factor 
stress. The use of a lexicographical preference ordering 
can only provide a substitute solution ([26], p. 42). 

One obstacle is that many ergonomic evaluation pro-
cedures are only available as isolated software solutions, 
which are not yet integrated into Digital Factory tools. 
This is all the more true for the assessment of determined 
values: limit values for a number of stresses are available 
for the assessment. However, since these are only avail-
able as text, they can only be inserted manually into the 
respective procedures. An additional key point will, 
therefore, be the problem that the normative values that 
are necessary for assessing the work situation are not yet 
made available in an adequate information technology 
manner ([21], p. 221). 

Related to time-based analysis, the question also 
needs to be clarified as to whether a REFA-based model-
ling is better suited for an integration than one derived 
from resources. Since practice is interested in suitably 
considering both views at least in parts, new research 
questions arise. In addition, it must also be clarified 
which modelling method is more suitable for an ergo-
nomic evaluation and assessment. 

 

 
Figure 6: Vision of stress forecasts in the Digital Factory 

(Layout software: Ergomas; see [27], p. 215). 

The existing obstacles for considering ergonomic as-
pects in the Digital Factory give rise to the further devel-
opment of the related tools. The vision of the forecast is to 
provide not only production-logistics criteria, but also er-
gonomic ones for the evaluation and assessment of stresses 
caused by the work task and the work environment (Fig-
ure 6). However, a comprehensive forecast of strain on 
working people will probably still be a long way off. 
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