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Abstract
In recent years, production planning and control strategies have gained increasing 
importance within manufacturing enterprises to stay competitive by enhancing the 
ability to meet and quickly adapt to the hyper-dynamic requirements of highly vola-
tile markets. In this context, traditional production planning and control strategies 
like material requirements planning often result in long lead times and high work 
in progress due to their weak responsiveness to short-term fluctuations in demand. 
However, new production planning and control strategies and concepts based on the 
usage of real-time data, as a fundamental principle of Industry 4.0, may have the 
potential to compensate for the shortcomings of traditional approaches. By using 
a discrete event simulation based on the data of an electronics manufacturing com-
pany, the potential of using real-time data to increase the update frequency in differ-
ent production planning and control strategies in make to order production systems 
is analyzed.

Keywords  Production planning and control · Industry 4.0 · Real-time, make to 
order · Discrete event simulation

1  Introduction

The usage of real-time data in logistics and operations management is considered as 
one of the main principles of Industry 4.0. Manufacturing processes are constantly 
generating a large volume of data that can be used as a starting point for real-time-
orientated production planning and control (PPC) strategies leading to highly respon-
sive, reconfigurable, and time-efficient production systems (Arica and Powell 2014; 
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Dallasega et al. 2019a, 2019b, 2020) based on the principle concepts of mass customi-
zation (Bednar and Modrak 2014; Matt et al. 2016).

In this context, the integration of modern information and communication technol-
ogy, interconnected networks, and physical processes is called cyber-physical-systems 
(CPS). CPS capture data from the physical world via sensors, use the internet and cloud 
computing to communicate between the connectors and interact with the physical 
world using mechatronic actuators (Lee 2008; Zsifkovits and Woschank 2019). This 
enables autonomous control systems, which can satisfy customer demands in real-time 
(Spath et al. 2013; Dallasega et al. 2017). CPS, as well as the Internet of Things (IoT), 
allow enterprises to sense deviations from the schedule as soon as they appear (Magou-
tas, et al. 2014; Chaopaisarn and Woschank 2019).

However, in many cases, PPC strategies do not use real-time data, even if novel tech-
nologies allow generating them. Moreover, to the best of our knowledge, the impact of 
different levels of update frequency on various PPC strategies has not been investigated 
yet. Therefore, the paper evaluates the impact of increasing the update frequency by 
investigating the push and pull PPC strategies that have best established themselves 
both in the literature and in industrial practice, namely MRP, KANBAN, CONWIP, 
COBACABANA, and POLCA (Kapeller 2017, 2018; Woschank et  al. 2020; Thürer 
2016; Thürer et al. 2017). In the first step, the paper investigates the impact of increas-
ing the update frequency on material requirement planning (MRP), as a push-based 
PPC strategy, and on KANBAN, as a push-based PPC strategy. In the second step, 
the paper investigates the impact of increasing the update frequency on the pull-based 
PPC strategies COBACABANA, CONWIP, KANBAN, and POLCA. The approach is 
validated by using a discrete event simulation based on the data of an electronic make 
to order (MTO) enterprise. The initial simulation of the production environment was 
realized with the software Tecnomatix Plant Simulation 16 by Siemens PLM. Since 
especially the investigation of the update frequency required further modifications of 
the simulation model, Python 3.10 was used for the final simulations. The resulting 
data were analyzed using IBM SPSS Statistics 26. Therefore, the main hypotheses to be 
tested in this research are formulated as follows:

H1  Increasing the update frequency will lead to significant differences in logistics 
performance between push and pull production planning and control strategies.

H2  Increasing the update frequency will lead to significant differences in logistics 
performance between COBACABANA, CONWIP, KANBAN, and POLCA produc-
tion planning and control strategies.

2 � Related works

For the review of related works, the authors conducted a systematic literature review 
(SLR) in Scopus to identify the state-of-the-art research on PPC strategies which 
consisted of a keyword search supplemented by a subsequent backward and forward 
search (Woschank et al. 2020). The SLR was performed by using a modified version 
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of the PRISMA methodology based on Miklautsch et  al., Page et  al., and vom 
Brocke et al. (Miklautsch and Woschank 2022; Page et al. 2021; Brocke et al. 2009). 
Figure 1 shows the results of the SLR based on the search string in Scopus. Thereby, 
the authors focused on studies dealing with production planning and control strate-
gies in the context of Industry 4.0. We considered only studies in the English lan-
guage which pertain to the subject areas of engineering and business, management, 
and accounting. Specifically, more recent works were considered, and, therefore, a 
time horizon from 2017 until 2023 was set. Moreover, according to Wohlin (Wohlin 
2014) we used a backward and forward snowballing approach to include relevant 
works. While in 2020 only 10 out of a total of 52 studies were classified as highly 
pertinent, the screening in 2022 has isolated 20 out of a total of 91 studies which 
speaks to the timeliness and relevance of the research.

Cadavid et  al. present a SLR analyzing the state-of-the-art machine learning 
(ML) approaches applied to PPC. According to their results, scientific literature 
rarely considers customer, environmental, and human-in-the-loop aspects when 
linking ML to PPC. Moreover, applications rarely link PPC to product and process 
design as well as to the logistics processes. Considering future research directions, 

Fig. 1   Systematic literature review based on PRISMA (Miklautsch and Woschank 2022; Page et  al. 
2021; Brocke et al. 2009)
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they further suggest using IoT technologies to collect data and update the ML model 
to adapt it to manufacturing system changes (Cadavid et al. 2020).

Panetto et al., summarize the challenges for Cyber-Physical-Production systems 
(CPPS) as studied by the IFAC research community. According to their results, 
an infrastructure is needed that supports the adaptation of models according to 
the changing environment over time to support modification and (self-) adaptation 
(Panetto et  al. 2019). Similarly, Bendul and Blunck present the vision of Indus-
try 4.0 to assign tasks of production control to ‘smart’ objects, such as machines, 
parts, and products, to reach distributed control architectures with higher flexibility, 
higher adaptability, and, as such, a higher logistics performance (Bendul and Blunck 
2019). According to Ivanov et al., Industry 4.0 technologies enable data interchange 
between the product and workstations, flexible stations able to execute various tech-
nological operations, and real-time capacity utilization control. However, modern 
production and supply chains are challenged by increasing uncertainty and risks as 
well as multiple feedback cycles where control theory could contribute to gaining 
further insights regarding the management of these challenges (Ivanov et al. 2018).

Gräßler and Pöhler describe the change of a milling workstation by adding dif-
ferent sensors and computers to reach a self-controlling cyber-physical device in a 
laboratory environment. In more detail, the system is distributed and decentralized 
whereby, through the negotiation of resources, a common planning schedule for all 
orders is reached. The real-time measurement of data is used to improve assess-
ments in the planning process, for the improvement of process execution as well 
as for the identification of consequences of disturbances. However, no quantitative 
improvement of logistics performance indicators compared to a conventional work-
station was reported (Gräler and Pöhler 2018). Similarly, Choi et al. state that, in a 
smart manufacturing environment, procurement, production, logistics, service, and 
the product itself are connected to the network and controlled in real-time based on 
CPS. According to them, to establish a CPS in manufacturing, real-time information 
exchanges from the shop floor level to the business level need to be enabled. They 
argue that data acquisition from non-equipment factors, like human operators, is 
much more difficult to obtain than from machines because of issues like non-stand-
ardized working environments and data protection regulations (Choi et  al. 2017). 
Hortskemper and Hellingrath present the concept of order allocation flexibility and 
the potential of CPS in implementing and empowering the concept leading to a fur-
ther increase of flexibility in the production system. However, they argue that the 
concept might introduce further complexity into the PPC system and the costs for 
such a system might not be worthwhile for all companies (Horstkemper and Hell-
ingrath 2016).

According to Strandhagen et  al., a shift towards real-time control requires new 
conceptual models for planning and control. They state that real-time control is, 
today, mostly applied at machine and production line levels, while, on the plan-
ning levels, existing methods are based on conventional concepts like cyclic data 
processing and re-planning. However, according to them, Industry 4.0 technologies 
have the potential to enable real-time planning and control of all planning activi-
ties. They argue that real-time planning and control is easier to be applied in repeti-
tive production environments because collecting data may be easier, enabling higher 
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volumes and quality of production data (Strandhagen et  al. 2017). Similarly, Ruiz 
Zúñiga et  al. state that, even in more advanced Industry 4.0 manufacturing com-
panies, real-time data gathered at the shop floor level are mostly used for monitor-
ing different machines and work centers (e.g., processing times, failures, waiting 
times, and blocking times) and not for optimizing PPC processes (Ruiz Zúñiga et al. 
2017).Crawford et al. describe the advantages of using a machine learning frame-
work with a dataset knowledgeability to improve local decision-making with the 
novel approach of integrating domain expertise directly into the dataset and model-
building activities by using a case study in autoclave manufacturing (Crawford et al. 
2021). Figueiras et  al. investigate the usage of big data provision in Industry 4.0 
logistics processes in the automotive sector by focusing on the areas of the optimiza-
tion of stock and inventory and the planning of new parts arrivals (Figueiras et al. 
2021). Altenmüller et al. and Marchesano et al. focus on the usage of different rein-
forcement learning approaches to improve decision-making processes in the produc-
tion control of flow shop lines. Thereby, a significant reduction in logistics costs was 
reported and it was demonstrated that the Q-learning algorithm can be successfully 
applied to manage order dispatching in a complex environment including time con-
straints (Altenmüller et al. 2020; Marchesano et al. 2022).

Considering production scheduling, Fernandez-Viagas and Framinan investigate 
the benefits of integrating real-time shop floor status with advanced upstream/down-
stream processes data to support the scheduling of manufacturing processes using 
a simulation. According to their results, stochastic procedures are better than deter-
ministic ones, both in the predictive and predictive-reactive scenarios (Fernandez-
Viagas and Framinan 2022). According to Framinan et  al. the usage of real time 
information about job completion is beneficial for rescheduling in a flow shop envi-
ronment, as long as the variability of processing times is not to high (Framinan et al. 
2019). Ghaleb et al. investigated the impact of real-time updates on the current shop-
floor status to create and update schedules compared to the conventional approach 
where activities are anticipated and postponed as needed. Event-driven rescheduling 
(ER) policies, where the rescheduling is triggered only when a disruption happens, 
outperform continuous rescheduling policies because they are more computation-
ally efficient (Ghaleb et al. 2020). Similarly, Ghaleb et al. propose a real-time opti-
mization-based system of maintenance plans and production schedules in a flexible 
job shop environment to react to several production disruptions, including random 
breakdowns, due date changes and new job arrivals. According to their results, the 
real-time optimization-based system outperforms the commonly used approach in 
practice (e.g. fixed sequencing) by reaching a cost-saving of about 27% on average 
(Ghaleb et al. 2021).

Summing up, the content analysis of the SLR highlights that it is difficult to use 
real-time production monitoring data to support PPC strategies. Indeed, modern 
Industry 4.0 approaches enable the generation of real-time data on the shop floor 
but most of the data generated in production systems are frequently not completely 
exploited for PPC purposes. Therefore, this research investigates the effect of using 
real-time data, to increase the update frequency of push and pull PPC strategies on 
logistics performance indicators.
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3 � Research design and methodology

The research is based on the Design of Experiments (DoE) approach, where the 
aim is to plan, design and analyze the experiment to derive valid and objective 
conclusions (Antony 2014). Here, changes are made intentionally to the input 
variables (machine or process factors) to observe the related changes in the output 
variables. To reduce the experimental bias, the principles of (1) randomization, 
(2) replication, and (3) blocking were applied (Antony 2014). Randomization was 
applied in the assignment of orders to the PPC system to make sure that all orders 
are equally affected by noise factors (e.g., MTBF, MTTR, MTTF, MTTA). Rep-
lication was guaranteed by conducting a number of 8,100 simulation runs under 
the individual settings of the respective production planning and control by vary-
ing the update frequency. Blocking was applied by arranging similar simulation 
runs into blocks to mitigate external noise factors by considering, a daily, weekly, 
and monthly update frequency (forming so the different blocks).

The paper investigates the impact of increasing the update frequency on logis-
tics performance between push and pull production planning and control strat-
egies. Therefore, the authors focused on material requirement planning (MRP) 
and KANBAN because they are considered the most important conventional 
approaches in industrial enterprises (Kapeller 2018). Within the centralized MRP 
approach, the material is pushed through production from one machine to the sub-
sequent machine after processing the order. In contrast to MRP and KANBAN, a 
decentralized pull system is based on the usage of cards as a trigger for the trans-
port of material starting from the outbound storage (Kapeller 2017, 2018; Sendil 
Kumar and Panneerselvam 2007; Gstettner 1998; Jodlbauer and Huber 2008; 
Dolgui 2010). Thereby, the logistics performance was operationalized by using 
lead time (LT) and work in progress (WIP).

In the second step, the paper investigates the potential of increasing the update 
frequency on lead time logistics performance between different pull production 
planning and control strategies. Specifically, COBACABANA, CONWIP, KAN-
BAN, and POLCA were selected as the most relevant card-based production 
planning and control strategies (Thürer 2016; Thürer et  al. 2017). In this con-
text, KANBAN is considered to be the pioneering card-based system. Although 
KANBAN systems were originally used to control a company’s internal supply 
chain, they can also be applied to control problems of all kinds. The basic task of 
KANBAN systems is to combine processes or flows of resources. In such a sys-
tem, one process turns to the preceding process to obtain the resources it needs. 
The preceding process produces the product that is currently needed or will be 
needed in the future. All KANBAN systems are different, so there is no univer-
sal KANBAN system as each of them has different functions. Examples of Kan-
ban types include work in progress (WIP) KANBAN and production KANBAN. 
While WIP KANBAN deals with the task of replenishing stocks that have been 
consumed, the production Kanban tries to synchronize production lines with each 
other (Kistner et al. 2001). CONWIP is similar to production KANBAN by shar-
ing information between internal supply chains. However, in CONWIP systems, 
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only one large loop is formed. This loop is the connection between the start and 
end points of the production line. However, the biggest difference between the 
systems is the anonymization of the cards. While, in KANBAN systems, each 
card is assigned to exactly one order, in CONWIP systems a card only signals 
that orders have been fulfilled. Thus, the decision of which order to accept next is 
moved from the end to the beginning of the production line. However, the opera-
tion of such a system only makes sense if a straight flow production is practiced 
(Jaegler et  al. 2018; Spearman et  al. 1990). POLCA is a card-based production 
planning and control system that emphasizes short lead times and fast reac-
tions related to customer requirements. In this system, like KANBAN, loops are 
formed between the different workstations. However, like CONWIP, POLCA uses 
anonymized cards for production planning and control. This means that a POLCA 
card signals to the system that a processing step has been completed, and the 
respective workstation is now available again. Thus, POLCA loops are decoupled 
from each other. Since the POLCA cards are anonymized, the system is supported 
by an MRP system, which is designed to ensure that only required intermediate 
products are produced. The task of the MRP system is to calculate the earliest 
possible release date for each activity. Due to this calculation, only urgent orders 
are processed. However, the usage of an MRP system entails certain weaknesses. 
For example, inaccuracies in the calculation of release dates have a strong impact 
on the entire system (Riezebos 2010). COBACABANA, as a card-based control 
system, should be primarily used in production systems with higher complexity 
of orders. In this system, a central planning entity makes all decisions to release 
orders. Unlike other systems, no loops are set up between the individual stations. 
Hence, loops are formed between the individual workstations and the release 
function. Orders are collected in a central pool, which is located upstream of the 
production system. These orders are now released in such a way that the workload 
of the workstations is balanced and delivery dates can be met in the best possi-
ble way. Another difference between this system and other production planning 
and control strategies is that it always focuses on one workstation and one order. 
This means that each card specifically represents an activity on a workstation. 
COBACABANA thus makes it possible to control production even in the case 
of different variants of the process route and widely differing processing times 
(Thürer 2016; Thürer et al. 2017). The logistics performance was operationalized 
by using the lead time (LT), work in progress (WIP), machine utilization (MUT), 
and on-time delivery (OTD). Figure 2 summarizes the concept of our research, 
which focuses on the investigation of the following two hypotheses:

H1  Increasing the update frequency will lead to significant differences in logistics 
performance between push and pull production planning and control strategies.

H2  Increasing the update frequency will lead to significant differences in logistics 
performance between COBACABANA, CONWIP, KANBAN, and POLCA produc-
tion planning and control strategies.
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Moreover, according to Unver, we derived three levels of update frequency (50, 
100, and 150 time units) based on the ISA 95 framework leading to three test groups 
for the subsequent testing of the hypotheses (Woschank et  al. 2020; Unver 2013). 
The empirical analyses are based on data from an electronics manufacturing com-
pany working in the MTO environment. Within an initial analysis of the company, 
we applied value stream mapping (VSM) as a method for data gathering, where we 
focused on one specific product group. As displayed in Fig. 3, based on the VSM, 
we identified the following four value-adding processes: Step 1: raw printing, solver 
paste printing, printing check (SMT), step 2: picking and placing of components, 
soldering (THT), step 3: programming and function control (PFC), and step 4: final 
assembly (FA). Moreover, we recorded the following parameters for every process 
step: cycle time (C/T), change over time (C/O), lot size, availability, mean time to 
repair, lead time, pieces per shift, and the number of shifts. In sum, we identified the 
following problems: (1) The productivity of the production and logistics department 
is quite low, (2) frequently, the customer demand cannot be satisfied, (3) high costs 

Fig. 2   Concept development

Fig. 3   Simulation development
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due to high stock levels within the production, and (4) the planning data in the pro-
duction planning system are not up to date.

Specifically, we identified a low accuracy of the information for the precise plan-
ning of orders (e.g., cycle times, setup times, lead times) as one of the major prob-
lems within the current PPC strategy. This is connected to the fact that the company 
did not use real-time data from the shop floor to update PPC parameters like C/T, 
lead time, and others. Furthermore, because of not measuring the production pro-
gress, the logistics system is frequently challenged with necessary changes in the 
production sequence, which are mainly forced by rush orders. To compensate for 
the actual shortcomings, we evaluate the impact of increasing the update frequency 
within the different push and pull PPC strategies.

4 � Simulation

The concept regarding the investigation of different levels of update frequencies 
and various PPC strategies to enhance PPC in an MTO environment was evalu-
ated by using a discrete event simulation. In this context, simulation as a research 
methodology is frequently used in empirical research studies for the investigation 
of theoretically derived cause-effect relationships in complex systems. Thereby, the 
simulation offers the benefits of high internal validity, reliability, and the isolation 
of confounders by relying on formal modeling procedures (Cooper and Schindler 
2014; Rabe et al. 2008). In addition, the external validity of simulation experiments 
will be enhanced by using real data from the underlying case study (Bortz and 
Döring 2007). Moreover, the research design of this paper is based on the VDI 3633 
guidelines for the simulation of (production-) and logistics systems which consider 
the steps of preparation, simulation, and evaluation (März et al. (2011). The simu-
lation process can be divided into the following steps: Reading the data; selecting 
the simulation according to the PPC principle; initializing the simulation; starting 
the simulation; performing a simulation run; checking the termination conditions; 
and retrieving the results and parameters. The authors used the software packages 
Tecnomatix Plant Simulation 16 by Siemens PLM and Python 3.10. The simulation 
framework is based on our case study, which includes primary data from the VSM 
analysis. The simulation approach is displayed in Fig. 4.

For the testing of the first hypothesis, we created a simulation model in Plant 
Simulation to compare the impact of the update frequency between the centralized 
and push-based MRP with the decentralized and pull-based KANBAN as the most 
used conventional PPC systems in industrial enterprises. Thereby, the update fre-
quency was simulated by generating three different test groups and the logistics per-
formance was operationalized by using two indicators (LT, WIP). In this case, we 
focused on the measurement of LT and WIP in the production system. For the evalu-
ation of the second hypothesis, we created a simulation model in Python to inves-
tigate the impact of update frequencies within the card-based production planning 
and control strategies COBACABANA, CONWIP, KANBAN, and POLCA. Again, 
the update frequency was simulated by generating three different test groups, and 
the logistics performance was operationalized by using four indications (LT, WIP, 
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MUT, OTD). Moreover, we measured machine utilization (MUT) and on-time deliv-
ery (OTD). In sum, we created six different simulation models which were com-
puted by using three different levels of update frequencies and measured by a set of 
latent indicators for the logistics performance. In total, we computed 5,400 simula-
tion runs. Moreover, we computed additional simulation models with 2,700 simula-
tion runs, which did not show any significant difference (p < 0.05) in comparison to 
the initial simulation results.

5 � Results and discussion

In the first step, the authors investigate if an increased update frequency will lead to 
significant differences in lead time (LT) and work-in-progress (WIP) between push 
and pull production planning and control strategies. Figure 5 displays that compared 
to MRP (mean LT: 8578.75; Std.D.: 271.574; mean WIP: 25.29; Std.D.: 0.498), 
the implementation of KANBAN (mean LT: 6000.78; Std.D.: 633.314; mean WIP: 
11.00; St.D.: 0.000) would lead to a reduction of 30.05% in LT and a reduction of 
56.51% in WIP.

For the testing of H1, we performed a comparative evaluation of an increased 
update frequency on logistics performance MRP and KANBAN. As a result, 
increasing the update frequency leads to a reduction of 0.69% in LT and 0.44% 
in WIP within the MRP approach and a reduction of 1.79% in LT but no reduc-
tion in WIP within the KANBAN approach. Based on the statistical procedures, 
the independent t-test showed highly significant differences (p < 0.01; F = 593.658; 
T = 2.789) regarding the impact of an increased updated frequency on LT between 
MRP and KANBAN. As a result, H1 can be tentatively confirmed, meaning an 
increased update frequency leads to significant differences in logistics performance 
between MRP and KANBAN.

In the second step, the authors further investigate if an increased update frequency 
will lead to significant differences in logistics performance between COBACA-
BANA, CONWIP, KANBAN, and POLCA. Table 1 displays the comparative results 

Fig. 4   Simulation approach
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by showing the change of LT according to the three different update frequency 
groups.

As displayed in Table 1, the lead time increases substantially with a higher update 
frequency for COBACABANA and CONWIP, while it increases only slightly for 
POLCA and considerably decreases for KANBAN. While for the PPC strategies, 
COBACABANA and CONWIP a slight increase can be observed already when the 
update frequency is doubled from 100 to 50, for POLCA even a shortening of the 
lead time can be noticed. The lead time of KANBAN is considerably lower than the 
lead times of the other PPC methods already at an update frequency of 100. At an 
update frequency of 10, the lead time of KANBAN turns out to be only one-third of 
COBACANABA or less than half of CONWIP or POLCA. One explanation of the 
LT reduction for KANBAN is that the transfer of information in this process con-
sumes a high proportion of the time. Since the individual process steps are directly 
linked to one another and the information takes a relatively long time to make its 
way through the production line to the starting point via the KANBAN cards a 
higher update frequency is very crucial. In addition, having information available 
more quickly increases the system’s ability to process orders faster and thus shorten 
LT. Moreover, if the update frequency increases, empty containers in Kanban have 
replenished faster leading also to a positive effect on LT reduction. For POLCA, the 
increased update frequency does not have a large effect, which could be related to 
the fact that this method is supported by an MRP system that does not take much 
advantage of the increased frequency at all. The increase of LT for CONWIP can 
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Fig. 5   Comparison of MRP versus Kanban

Table 1   LT results depend on the update frequency

Update frequency [min] Difference [%]

100 50 10 100 → 50 50 → 10 100 → 10

[a] COBACABANA 306.28 316.99 364.39 3.50% 14.95% 18.97%
[b] CONWIP 233.50 236.87 272.89 1.45% 15.21% 16.87%
[c] KANBAN 169.30 135.30 111.35 − 20.08% − 17.70% − 34.23%
[d] POLCA 225.24 220.91 234.06 − 1.92% 5.95% 3.91%
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be explained by the fact that in this process no information about the machine uti-
lization or the progress of the orders is passed on between the start and end of the 
production line. Increasing the update frequency here has the effect that as soon as a 
job is finished and a card is free again, the information is passed on more quickly to 
the start and a new job is started. This can lead to a possible overload of the system. 
Table 2 displays the comparative results by focusing on the work in progress (WIP).

Table 2 shows that in all four PPC strategies, WIP increases when the update fre-
quency is increased from 100 to 10. Moreover, a substantial increase can be seen for 
COBACABANA and CONWIP while the increase is much smaller for KANBAN 
and POLCA. However, considering POLCA, WIP is reduced only by changing the 
update frequency from 100 to 50. It is worth noticing that within all four PPC strate-
gies increasing the update frequency only leads to a small change in WIP. In com-
parison, increasing the update frequency from 50 to 10 highly increases the WIP for 
COBACABANA and CONWIP. Thus, the update frequency has a high influence on 
the WIP in methods COBACABANA and CONWIP, while the WIP in KANBAN 
and POLCA does not change much with an increased update frequency.

Table  3 displays the comparative results by focusing on machine utilization 
(MUT). For COBACABANA, the utilization of machines plays an important role. 
Thereby, an increased update frequency leads to the fact that the orders are recal-
culated and, therefore, released to increase the total utilization of the machines. 
However, this also leads to an increase in the LT. For machine utilization (MUT), 
all PPC strategies show a substantial increase with higher update frequency. 
While for COBACANABA we see an increase of 16.24% at the first stage of 
increasing the update frequency, a further increase of the update frequency from 

Table 2   WIP results depending on the update frequency

Difference [%] Difference [%] Difference [%] Difference [%]

100 50 10 100 → 50 50 → 10 100 → 10

[a] COBACABANA 15.32 15.85 18.22 3.50% 14.95% 18.97%
[b] CONWIP 11.68 11.85 13.65 1.45% 15.20% 16.87%
[c] KANBAN 438.21 443.83 454.57 1.28% 2.42% 3.73%
[d] POLCA 11.26 11.05 11.71 − 1.92% 5.95% 3.91%

Table 3   MUT results depending on the update frequency

Update frequency [min] Difference [%]

100 50 10 100 → 50 50 → 10 100 → 10

[a] COBACABANA 0.70 0.82 0.82 16.24% 0.14% 16.40%
[b] CONWIP 0.52 0.73 0.82 39.90% 11.98% 56.53%
[c] KANBAN 0.55 0.68 0.76 24.21% 11.56% 38.57%
[d] POLCA 0.41 0.58 0.78 42.54% 34.38% 91.54%
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50 to 10 min only leads to an increase of MUT of 0.14%. In contrast to COBACA-
BANA, we notice a substantial increase in the update frequency within all other 
PPC strategies. By far the greatest effect was achieved by increasing the update 
frequency for POLCA, where an increase of 91.54% was achieved when the fre-
quency was from 100 to 10. With this frequency, a better value is achieved than 
with KANBAN and it is only slightly below COBACABANA and CONWIP. For 
COBACANA, the small increases can be explained by the fact that already a high 
starting value was achieved by using the initial update frequency of 100. Thereby, 
the MUT is 15% higher compared to the best results of the other PPC strategies. 
This can be explained by referring to the basic idea of COBACABANA, which 
tries to avoid unnecessary or early idle times. One reason for such idle times can 
be fluctuating processing times, which lead to large idle times with other PPC 
strategies. In general, at a high update frequency, a very high value of the MUT 
is achieved with all PPC strategies. The update frequency is most important for 
POLCA.

Table  4 displays the comparative results by focusing on on-time delivery 
(OTD). In OTD, we achieved the best result with KANBAN. While we obtained 
only a minimal increase in OTD for COBACABANA and CONWIP the increase 
in the update frequency, led to substantially better OTD values for KANBAN and 
POLCA. For KANBAN, the increase in on-time delivery can be attributed to the 
reduction in LT at a higher update frequency. For COBACABANA, CONWIP, 
and POLCA, the value of OTD reaches saturation at increasing update frequency 
from 100 to 50. There is only a minimal change by increasing the update fre-
quency for COBACABANA and CONWIP.

For the testing of H2, we performed a comparative evaluation of an increased 
update frequency on logistics performance between COBACABANA, CONWIP, 
KANBAN, and POLCA. Based on the statistical procedures, the ANOVA showed 
highly significant differences regarding the impact of an increased updated fre-
quency between the four PPC strategies. Table  5 summarizes the output of the 
ANOVA calculations. As a result, H2 can be tentatively confirmed, meaning that 
an increased update frequency leads to significant differences in logistics perfor-
mance between COBACABANA, CONWIP, KANBAN, and POLCA.

Table 4   OTD results depending on the update frequency

Update frequency [min] Difference [%]

100 50 10 100 → 50 50 → 10 100 → 10

[a] COBACABANA 0.398 0.40 0.40 0.50% 0% 0.50%
[b] CONWIP 0.399 0.40 0.40 0.25% 0% 0.25%
[c] KANBAN 0.60 0.80 0.80 33.33% 0% 33.33%
[d] POLCA 0.20 0.40 0.40 100.00% 0% 100.00%
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6 � Limitations and implications for future research

The limitations of the research are summarized below.

1.	 Single product manufacturing line: The simulation of the proposed approach is 
based on a single product manufacturing line. The effect of using real-time data 
to increase the update frequency of PPC strategies by considering multi-product 
manufacturing lines has not been investigated.

2.	 Three levels of update frequency: We derived three levels of update frequency 
consisting of 10-, 50-, and 100-time units. This is because the focus of our 
research was to see if there is a significant impact on logistics performance indi-
cators by increasing the update frequency. The authors decided to start with an 
update frequency of 10 limiting a potential negative impact of inducing system 
nervousness (Fernandez-Viagas and Framinan 2022) and so deteriorating the 
performance. However, identifying the limit of increasing the update frequency 
without inducing system nervousness was not the focus of our study.

3.	 Pull PPC strategies: We compared just four pull PPC strategies, KANBAN, CON-
WIP, COBACABANA, and POLKA. Although, these can be considered the most 
relevant card-based production planning and control strategies (Framinan et al. 
2019; Ghaleb et al. 2020).

Table 5   ANOVA results Difference [%]
UF 100 → 10

F p-value Sig

COBACABANA
LT 18,97% 5511.122 0.000 Significant
WIP 18,97% 5511.122 0.000 Significant
MUT 16,40% 3105.907 0.000 Significant
OTD 0,50% 5.406 0.004 Significant
CONWIP
LT 16,87% 20,026.756 0.000 Significant
WIP 16,87% 20,026.756 0.000 Significant
MUT 56,53% 32,686.336 0.000 Significant
OTD 0,25% 5.060 0.007 Significant
KANBAN
LT − 34,23% 178,055.744 0.000 Significant
WIP 3,73% 9963.611 0.000 Significant
MUT 38,57% 2456.740 0.000 Significant
OTD 33,33% 8.771E+29 0.000 Significant
POLCA
LT 3,91% 3862.748 0.000 Significant
WIP 3,91% 3862.748 0.000 Significant
MUT 91,54% 95,647.861 0.000 Significant
OTD 100,00% 4292E+30 0.000 Significant
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4.	 Parameters for the simulation model: The parameters of the simulation model 
were retrieved from one case study.

5.	 Job shop versus flow shop: The considered case study is based on a flow shop 
manufacturing strategy. Thus, the machines/processes were executed in a strict 
sequence. Considering a job shop manufacturing strategy would increase the 
complexity of the analyzed problem.

Based on the listed research limitations the following future research directions 
are suggested:

1.	 To better analyze the impact of changing the update frequency on the logistics 
performance indicators, the granularity should be extended from three to more 
levels. Here, cycle times and change-over times of the simulated processes should 
be considered.

2.	 Customer interaction strategies like engineer to order (ETO) or make to stock 
(MTS) may have a different impact on the logistics performance indicators. Thus, 
the simulation model should be extended to consider different customer interac-
tion strategies.

3.	 A sensitivity analysis should be included to analyze how the logistics perfor-
mance indicators are affected based on changes in the input variables. Other 
performance indicators like the responsiveness of the PPC system to changing 
customer demands should be considered.

4.	 The current simulation model could be extended according to the concept of a 
digital twin. Here, important manufacturing parameters are reflected in real-time 
in the digital model and by using the simulation, in case of problems, improve-
ment actions can be suggested and implemented in time. The proposed research 
will help to identify which parameters are important to reflect in real-time in the 
digital twin.

5.	 To better reflect the conditions in practice, the simulation results should be re-ver-
ified with the case study data after implementing the real-time update frequency 
of the PPC system. Moreover, the proposed approach should be empirically re-
validated within other manufacturing enterprises to identify and study potential 
difficulties and implementation barriers.

7 � Conclusions

The paper investigates the effect of using real-time data in push and pull produc-
tion planning and control (PPC) strategies on logistics performance by increasing 
the update frequency. The approach was modeled based on a practical case study of 
an electronics company and validated utilizing a discrete event simulation.

According to the analyzed literature, Industry 4.0 approaches enable the genera-
tion of real-time data on the shop floor but most of the data generated in produc-
tion systems are frequently not completely exploited for PPC purposes. Thus, the 
paper aims to confirm and answer two central research hypotheses. Hypothesis 1 
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(H1) claims that increasing the update frequency has a significantly higher impact 
on the logistics performance of pull than push PPC strategies. Hypothesis 2 (H2) 
claims that by increasing the update frequency there are significant differences in the 
logistics performance of COBACABANA, CONWIP, KANBAN, and POLCA pull 
PPC strategies.

Considering H1, increasing the update frequency leads to a significantly higher 
reduction of LT between push and pull PPC strategies but no reduction in WIP was 
recorded. Therefore, H1 can only be partially confirmed. Considering H2, the lead 
time increases substantially with a higher update frequency for COBACABANA and 
CONWIP, while it increases only slightly for POLCA and considerably decreases 
for KANBAN. On the other hand, by increasing the update frequency, the level of 
WIP significantly increases in all analyzed pull PPC strategies. Therefore, also H2 
can only be partially confirmed.

In future research, a specific analysis of the parameters that are useful to measure 
in real-time to be incorporated in a digital twin will be performed (Kaiblinger and 
Woschank 2022). Also, real-time-orientated production planning and control strate-
gies must in turn be fed back into teaching and learning approaches for engineering 
students at the tertiary level to provide them with state-of-the-art knowledge and 
to increase their competences regarding the optimization of modern production and 
logistics systems (Pacher et al. 2022, 2023; Omazic et al. 2022a, 2022b; Pacher and 
Woschank 2020). Moreover, that approach will be empirically re-validated within 
further manufacturing enterprises operating with other customer interaction strate-
gies to identify and study potential difficulties and implementation barriers.
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