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Abstract: Today, companies need to continuously improve their production processes, which is
a complex task. Lean manufacturing is one of the methodologies for production improvement,
and one of the basic goals of any lean implementation is to reduce work-in-process (WIP) and
shorten the production lead time. One of the basic lean principles for achieving these goals is pull
principle. The adoption of this principle is quite challenging, as it requires a long-term commitment
in the application and adoption of various lean techniques and tools that are prerequisites for the
successful introduction of the pull principle. Kanban is the most well-known pull production control
mechanism, and the first one developed within Toyota production system, but later, other pull control
mechanisms were developed. Some of them include Conwip, Hybrid Kanban/Conwip, and Drum
Buffer Rope (DBR), and those three, together with Kanban, were the research topic of this study.
These four mechanisms were not explored and compared all together not for these specific production
configurations considered in this research but also with regard to optimal parameters of control
mechanisms. The goal was to analyze and compare how these pull control mechanisms affect lead
time in different production conditions. For this purpose, simulation experiments were performed.
The results showed that for different production conditions, different pull control mechanisms are
optimal in terms of shortening lead time. This finding could help companies as a guideline for
making a decision in terms of which pull control mechanism to choose.

Keywords: lean manufacturing; lean principles; pull principle; production control mechanisms;
production processes; lean implementation

1. Introduction

As demand for different types of products is advancing exponentially, more efficient
production processes, innovative manufacturing models, and methods are becoming more
important than ever. It goes without saying that manufacturing companies that want
to survive must work continuously to improve their production. Many companies are
introducing lean manufacturing to boost their competitiveness; thus, the study conducted
by Industry Week and the Manufacturing Performance has found that the largest number
(39%) of North American companies considered to be world-class manufacturers use lean
manufacturing as the methodology for production improvement [1].

The concept of lean manufacturing originated from the Toyota production system
(TPS). The main goal of the concept is to achieve production processes that respond quickly
to changes in customer requirements, and this is possible if all waste is eliminated from
production processes and with short production lead time [2,3]. John Krafcik coined the
term “lean manufacturing” to describe TPS as lean production [4].

However, recently, the most researched topic in the field of manufacturing is Industry
4.0, lean manufacturing is still an important and significant topic both for manufacturing
practices and scientific research. Thus, Buer and Strandhagen conducted extensive research
concerning the relationship between Industry 4.0 and Lean manufacturing and made a
conceptual framework that represents the relationships between Industry 4.0 and lean
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manufacturing, as well as their implications on performance and environmental factors.
One of the relationships described states that Industry 4.0 can support and further develop
lean manufacturing practices, which well demonstrates that the lean manufacturing concept
is still very important in the context of manufacturing practices [5].

M.P. Ciano, P. Dallasega, and G.O.T. Rosii have also investigated the relationship
between Industry 4.0 and lean manufacturing. They state that most studies find that lean
manufacturing is a prerequisite for Industry 4.0, which can overcome barriers of lean man-
ufacturing, but most studies miss an in-depth study of this topic on a practice technology
level. As such, they conducted multiple case studies investigating these relationships. One
of the relationships investigated is the importance of one-piece -flow, the concept from lean
manufacturing, and its relationship to a successful implementation of the industry 4.0 [6].
One-piece-flow is one of the ideally achieved goals in any lean implementation. In his
book, J. Womack defines lean as a set of five principles, with the two most important and
most complex to achieve being the principles of flow and pull. Ideally, flow is a one-piece
flow and the way to manage it is by pulling material in the production process. The first
production control mechanism for achieving pull was Kanban.

The Kanban system was being developed by Toyota for over ten years; that is, it took
Toyota over ten years in the 1950s to implement the idea of pulling material using signal
cards. The reason for that was that there are several prerequisites for the successful imple-
mentation of such a system, and these are primarily small series or ideally one-piece flow,
short set-up times, stable production process, i.e., production process with little variation
and no downtime caused by any equipment failure, or some other disturbances [7,8].

In the last few decades, scientists and engineers from the field began to develop other
systems similar to the Kanban signaling system for controlling material flow through the
manufacturing process. Thus, to this day, several pull control mechanisms have been
developed. The purpose of this study to was enable easier decision-making regarding
pull control mechanism. The choice of pull strategy is dependent on the configuration
of production processes. Pull control mechanisms have been researched extensively. The
idea of this study was to evaluate four mechanisms that, according to researched literature,
were not evaluated together specifically in production settings described in this study. In
addition, most of the reviewed papers do not take into account optimal parameters of
control mechanisms themselves which was also considered in this research.

Literature Review

Many studies have been conducted in order to define the optimal parameters of these
control mechanisms [9–13], but also there are several studies answering the question of
which control mechanism is a better choice in a given production setting. [14–24]. Some
studies contradict each other [15,22], and despite the large number of comparisons of
individual mechanisms, no research was done that would include a higher number of
mechanisms and consider parameters that significantly affect the defined prerequisite
for achieving pull. Therefore, it is necessary to conduct research that would consider
the parameters that significantly affect the prerequisites for the successful application of
production control mechanisms, and to determine which mechanism is a better choice for
different values of these parameters.

Since the Kanban was developed in Toyota’s production facilities, the application of
this pull control mechanism has become more present in different types of production
processes. That was the reason behind the need for changing the characteristics of the
pull control mechanism in order to adjust to individual needs of production processes.
Thus, Monden has concluded that the traditional Kanban system has certain shortcomings,
namely that it requires certain preconditions to be successfully applied, which are some-
times not so easy to achieve [7]. Some of these prerequisites are: variability in demand must
be low (demand should be almost constant); product variety (production program) must
be low; the process must be stable, without variations and machine set-up times should be
kept to a minimum.
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In 1990, Spearman, Woodruff and Hopp proposed another pull control mechanism,
called “Constant Work in Process” (Conwip), which, unlike the classic Kanban system, lim-
its the total amount of work-in-process, and signal cards exist only between the warehouse
(where orders first arrive) and the first operation, and the further flow of material takes
place according to FIFO (First in-First out) rule [25].

Boonlertvanich introduces another variant of the production management mechanism,
which he concludes, has an advantage over both Kanban and Conwip. Boonlertvanich com-
bines some features of Kanban, Conwip and Base Stocks and introduces a new mechanism
called the “Extended Conwip-Kanban System” [26].

The fact that thirty-two different variants of the Kanban system have been developed
and analyzed to date (of which nine variants have come to life in practice) shows how
interesting the field of development of new variants of the Kanban signaling system has
been to scientists and engineers [27]. Furthermore, to date, four different variants of the
Conwip system have been developed [28].

The choice of the appropriate production management mechanism is very important.
In some production conditions, the application of one machine will be more favorable in
terms of achieving the shortest possible production lead time and as little work in process,
which is the main goal of lean production, while in other conditions another mechanism
will work better. It is up to the production manager to decide which mechanism to apply
and define the optimal parameters of the selected mechanism. But how to make a good
decision? What are the factors to consider when choosing a production control mechanism?
If the process is not stable, i.e., the variability of individual parameters is quite high, will
some other mechanism be more appropriate than a mechanism that would be appropriate
in the same process but with small variations in parameters? According to Chao and
Shih [29], there are forty-one parameters that affect the behavior of the production process.
This piece of data alone indicates how complex the production process is and that defining
the mechanisms which control the flow of materials through the production process is not
such a simple task.

As the field of pull production control mechanisms has evolved, more and more
scientists are comparing them to answer the question of which mechanism is more appro-
priate in the specific conditions of the production process. In general, all papers dealing
with the comparison of production control mechanisms can be divided into two groups:
research dealing with the study of production processes in which only one product is
made [14–24], and research dealing with processes in which two or more products are
produced [19,22,23,30].

The disadvantage of most comparisons is the lack of a unified framework for compar-
ison. Namely, many studies do not consider the optimal parameters of the mechanisms
they compare [15]. This is most likely why the conclusions are contradictory. For example,
Lavoie, Gharbi and Kenne [15] conclude that in some situations Kanban is better, which
is contrary to Bonvik’s conclusion [24]. Cheraghi et al. noted that Gastettner and Kuan
analyzed Kanban and Conwip and concluded that choosing the best distribution of Kanban
cards achieves less work in the process than with Conwip, which is contrary to Spearman’s
work [22,25].

In order for the comparison to be correct, Amos et al. believes that each of the mecha-
nisms should have optimal settings with respect to the given criteria and thus propose a
methodology for comparing different mechanisms based on simulation experimentation
and multicriteria optimization. In that work, Amos et al. compare Kanban, Conwip, and
DBR in the production process of one product. They simulated an unbalanced production
line consisting of 14 workstations and experimented by changing the location of a bottle-
neck in the process. The conclusion is that DBR is generally better than the Kanban and
Conwip systems [14].

As an experimental factor in the comparison, many authors take the amount of stock
in the buffers, which is defined by the size of the signal cards [15,17,21]. Lavoie, Gharbi and
Kenne, monitor how the cost function behaves for different buffer sizes and conclude that
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the hybrid mechanism is better than Kanban and Conwip if the cost of storage is taken into
account, but if these costs are not taken into account and only the cost of holding stocks
is observed, then the hybrid mechanism and Conwip are equally good. Kanban becomes
more financially viable if the cost of holding inventory and the number of operations
increase [15].

Pettersen also takes the level of stocks in the buffers as an influential factor, but the
frequency of machine downtime is taken as another parameter that influences the choice
of mechanism. Pettersen compares Kanban and Conwip, simulating the production of a
single product on a four-workstations production line and confirmed the advantage of
Conwip over Kanban [16].

Enns and Rogers [21] also dealt with the problem of choosing a production control
mechanism in the process of making a single product. They observed processing time and
variability in demand by changing the rate of arrival of orders. In the end, they do not
give an unambiguous conclusion as to which mechanism would be better under the stated
conditions in production.

Bonvik, as well as Enns and Rogers, analyze the production of one product in con-
ditions of different levels of demand, comparing Kanban, Conwip and Hybrid Kan-
ban/Conwip mechanism, concluding that in most cases the Hybrid mechanism gives
better results if the goal is to achieve less work in process and better service level [24].

Sharma and Agrawal [18] analyzed the behavior of the production system under
different mechanisms (Kanban, Conwip, and Hybrid), also under conditions of variable
demand. The production line of four workstations and the production of one product
were analyzed. The results obtained by the AHP method were ranked and it was analyzed
which alternatives are more suitable according to each criterion (minimum work in process,
maximum production rate, etc.). Given the required criteria, the best choice of mechanism
for different demand regimes (four different statistical distributions) was determined.
The conclusion is that Kanban is better for three distributions, and Conwip for only one
distribution [18].

Kabadurms [19] analyzed the production process of five different products by simu-
lation experimentation and concluded that in conditions of variable demand the POLCA
system (Paired Cell Overlapping by Card with Authorization) gives better results com-
pared to Conwip, if the criterion is a small amount of work in the process and as short lead
time. Kabadurms used the factorial design of the experiment by changing five parameters:
coefficient of variation of processing time, orders arrival rate, batch size, number of process
delays, and product variations.

Cheraghi [22] also analyzed a production line that produces more products, two
different products specifically. He analyzed how batch size, demand frequency, and
machine maintenance mode affect the total amount of work-in-process and the rate of
production. He concluded that the frequency of demand significantly affects the behavior
of production control mechanisms and concluded that pull production is not always the
best choice compared to push when it comes to the criterion of reducing the total number
of work-in-process.

In his doctoral dissertation, Terrence [23] also analyzes the production of several differ-
ent products on the production line by comparing Kanban with the Economic Production
Series (EPQ). The criteria for comparison were the work in process, the production cycle,
the total production costs, and the influence of the machine set-up time. Terrence concludes
that the time it takes to set up the machines significantly affects the production costs in
both the Kanban and EPQ cases. However, in the case of a longer machine set-up time,
EPQ is more cost-effective than Kanban. This is partly due to the larger production series
of the EPQ, which reduces the frequency of machine adjustments. Costs are lower in the
case of Kanban only when the set-up time is less than 15 min. Terrence concludes that the
advantage of Kanban is that it gives flexibility to production, but does not take into account
the variability of the level or frequency of demand which is a very important factor, but
keeps demand constant and also does not take into account certain factors that can signif-
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icantly influence behavior of production process, as well as on the choice of production
control mechanism (variations in the duration of operations, process delays, etc.).

One of the factors that significantly affect the applicability and effectiveness of the
production control mechanism is bottleneck. Among all researched literature, only Amos
et al. [14] have investigated its influence on the performance of pull control mechanisms,
Kanban, Conwip and DBR. But the influence of other factors, together with bottleneck, as
well as their interaction, were not considered. In addition, the greater part of the researched
literature considered two or three control mechanisms. The aim of this study was to evaluate
only influence of the bottleneck together with another two factors, found in the literature,
but also factors important for the successful implementation of pull principle from the
authors’ experience. Those factors are variability in process and the time of operations.
Together with those three factors, the influence of the selection of pull production control
mechanism was evaluated. The idea was to analyze how the change in the characteristics
of the production process, thus different levels of influence factors and the selection of
production control mechanism affects the performance measurement of the production
process, the lead time. The research goal was to determine under what conditions a certain
production control mechanism is a better choice given the characteristics of the production
process; thus the research questions are:

1. Q1: Is there a performance difference between different pull production control
mechanisms in terms of production lead time?

2. Q2: Is the one pull production control mechanism that is optimal for one set of
production conditions also optimal for another setting of production conditions?

2. Materials and Methods

In order to analyze the effects of factors (characteristics of the production process)
on response (lead time), simulation experimentation and design of experiments were
performed. The effect of the decision which production control mechanism to use in
different production conditions (different levels of factors) on response criterion (lead time)
was examined.

The pull mechanism is one of the basic principles of lean manufacturing [2]. The
best way to describe it is to compare the pull mechanism with the push mechanism. Push
mechanism is related to Material Resource Planning, and as Hopp and Spearman state,
there is no other way of controlling work in the process other than work orders [8]. Figure 1
represents the production push system.

The flow of material in the push system is the same as in the pull system, but the
rules defining how the information is distributed towards production stations are the key
difference between the push and pull system [31]. Figure 2 represents the production
pull system.

The fundamental difference between push and pull production systems, according to
Hop and Spearman, is that the pull system explicitly restricts the work in process, while the
push mechanism does not. They also state that there is a confusion and wrong perception
that the difference between those two systems lies in the fact that push represents a make-
to-stock system and pull represents a make-to-order system, which according to Hopp and
Spearman is wrong. They state that this perception occurred after the releasing the book,
Lean Thinking [2], where the authors define pull system as the rule that no one upstream
in the production process can produce a product or service until the customer downstream
requests one [8].
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Figure 1. Production push system.

Figure 2. Production pull system.

Hopp and Spearman also state that there is misunderstanding that pull mechanism
is the synonym for Kanban system, while the true definition is that the Kanban system is
only one of the mechanisms to achieve pull production. Although it indeed was the first
production control mechanism developed in Toyota for achieving pull, later, other pull
production control mechanisms were developed.

If one looks at the production system as a flow of information and a flow of materials,
the flow of information is the one that triggers and control the flow of material. The
information flow can be global and local. The global flow represents the information on
customer demand, and the local flow is communication between different phases of the
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production process. [31]. The difference among all production control mechanisms is in the
logic of distribution of both local and global information through the production process.
Thus, every production control mechanism defines the flow of material by its own unique
logic of the flow of information. [8].

Bicheno states that Kanban is one of the three most used production control mech-
anisms) for achieving a pull system. The other two most widely used mechanisms are
CONWIP (“Constant work in process”) and DBR (Drum buffer rope) [32]. After reviewing
the literature, it was decided to research these three mechanisms as well as Kanban/Conwip
hybrid mechanism. Thus, the researched mechanisms are as follows:

1. Kanban;
2. Conwip;
3. Kanban/Conwip hybrid;
4. DBR.

3. Results
3.1. Simulation Model

In order for the pull production control mechanisms to be compared and evaluated,
simulation experimentation had to be performed. The first step was to build production
process model. In the researched literature, it was found that the production line consisting
of five workplaces present different enough aspects of production relationships and prob-
lems [23,33–35]. One such model was used in Enns and Rogers research paper [21]. The
model consists of five workplaces, and every station presents a different operation, plus
there is inventory between workplaces. This model was used for validation of the model in
this research.

Figure 3 represents the model of the production process simulated in this study. The
production begins at workplace number 1, then continues respectively through workplaces
2, 3, 4, and 5. The processing time is 60 min, while in the case of the existence of bottleneck,
the processing time is 80 min. The production process begins at workplace 1 and continues
at workplaces 2, 3, 4, and 5, respectively. The processing time on each machine is 60 min, and
as one of the parameters is the existence, that is, the non-existence of a bottleneck. In the case
of a bottleneck, the duration of the operation is 80 min. A lognormal distribution was used
to generate processing time values. A review of the literature, but also conversations with
experts dealing with this area, found that the lognormal distribution well the phenomena of
processing time rather well. A new random number seed was used for each simulation run.
This ensures the randomness of the generated values. For each level, i.e., a combination of
input parameters, five simulation runs (five repetitions) was performed.

Figure 3. Production process.
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The assumptions for the model are consistent with the other studies [8,23,26,36], and
are as follows:

1. Each machine can only process one product in a time unit;
2. Transport of the parts from the buffer to the next workplace follows the rule FIFO

(first-in-first-out);
3. Transport time between operations is negligible;
4. One-piece flow production;
5. Kanban system is the one-card Kanban system;
6. Set-up time is not the subject of this research, so the production line produces one

type of product;
7. There is no storage of finished, good material and the material is always available

from the raw material storage;
8. Simulation time is 117,000 h (equals one year);
9. Possible machine downtimes, waiting or any other stoppage of the process that

may affect the processing time variability, are “covered” by the randomness of the
processing time;

10. Set-up time is not the subject of the research, so it is included in the processing time.

3.2. Validation of the Model

After the production process was modeled, it had to be validated. Two validation
techniques were utilized. The first one is the comparison to other models technique
and the other is the extreme condition test technique. Furthermore, all models were
confirmed by Face validation in the way that three colleagues from the same field of
research examined them and confirmed their validity [37]. Since the five-station model is
also used in Enns and Rogers paper, their results could be compared with the ones that
were gathered in this study. In their study, push and pull models were developed, and
the pull model was controlled with the Conwip mechanism. Thus, as a first step, these
two models were developed, and the results were compared. Simulation experimentation
was performed in Simulink, a special module for the simulation in the MATLAB software,
and since the discrete manufacturing production processes is simulated, an add-on for
discrete simulation, SimEvents, was used [38]. After modeling and validation of these two
models, all other mechanisms were modeled, Kanban, Hybrid Conwip/Kanban and DBR,
respectively. The extreme condition test and face validation were performed.

In order to create the conditions for comparison, as in Enns and Roger’s article for
comparison, the simulation time for the push and Conwip model was 101,000 min, and
five runs were made for both push and Conwip. The processing time was chosen to be
stochastic and is defined with operations time and coefficient of variation, cp, which is
defined to be the standard deviation of the processing times divided by the mean processing
time, 1/µ. The distribution used to generate processing times was the Gamma distribution,
is defined by parameters α and β [21]. For the Conwip model, the number of control cards
had to be the same; thus, six Conwip cards in the process were modeled. The results of
comparison are given in Table 1.

Table 1. Validation of push and Conwip model.

Factors Results—
MATLAB

Results for
Comparison Difference Difference, %

Lead time-push, min 12.48 12.384 0.096 0.775
WIP-push, pcs 7.6 7.465 0.135 1.8

Lead time-Conwip, min 10.14 9.925 0.215 2.12
Throughput-Conwip,

pcs/min 0.618 0.605 0.013 2.1
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Since the differences in results are insignificant, it could be concluded that the model
for this research has a satisfactory range of accuracy, which is a match to the model
presented and validated in the Roger and Enns research [21].

Further on, Kanban, Hybrid Conwip/Kanban and DBR were validated on the existing
production model, validated previously by comparison. As already mentioned, the extreme
condition test was used. In the case of Kanban, two extreme conditions were made:

1. Extremely long operation time on the second workplace (85,000 min, which is 80% of
the whole simulation run);

2. The number of Kanban on the last workplace was set to be zero.

For the first condition, the result was that only one product came out of the process,
which is expected since the second operation took 80% of time of the simulation run. And
for the second condition, none of the products came out of the process, which also was
expected. Since there were not any Kanban cards in the last workplace, thus there was no
signal for processing. These results showed that the Kanban was well modeled.

The hybrid Kanban/Conwip control mechanism utilize both Conwip and Kanban
cards in the process. Conwip cards regulate the overall amount of WIP, in a way that the
information about demand is sent to the first stage of the production process, while the
Kanban card sends the information about demand upstream starting from the last stage of
the process up to the first one. Thus, Kanban cards regulate the amount of WIP at every
production stage and unlike the Conwip cards that regulate the overall amount of WIP, thus
the total amount of WIP in the whole process. The first extreme condition was as follows:

1. The number of Conwip cards equals zero;
2. The number of Kanban cards stays the same.

The second extreme condition was as follows:

1. The number of Conwip cards stays the same;
2. The number of Kanban cards changes in the fourth workplace and equals zero.

As expected, in both cases none of the products left the production process. In the first
scenario, as the number of Conwip cards defines the total number of WIP in the production
process, the WIP was zero, so the process could not produce any product. In the second
scenario, just like in Kanban validation, as there were no control cards in the workplace, so
there was no information for starting the production on that station. Again, none of the
product left the process.

The same extreme condition, namely zero control cards, was used for DBR model and
the same results were obtained.

3.3. Experiment Set-Up

In order to conduct the experiments, the level of the factors had to be chosen. But first,
allow the decision of selected factors to be explained. There is an exact definition, found in
literature, on what the prerequisites for successful implementation of pull production are:

1. Balanced production process;
2. Short set-up time;
3. Constant customer demand;
4. Production without downtimes [7].

Very often, these conditions are hard to achieve. Bottlenecks are quite a challenge in
regard to production control. Thus, the question is whether, in these kinds of processes,
a different control mechanism other than the Kanban is more suitable in terms of the
efficiency of the production process. In addition, a smooth process, without stoppages
is desirable, but the real processes are often faced with unexpected stoppages. From the
authors’ experience, it is also known that the planned operation times are often different,
due to many reasons, for example, a worker’s skills or frequent change of worker on the
machines, requiring time for training, etc. All of this led to experimental factors chosen in
this research:
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1. Variability of operation;
2. Existence of a bottleneck in the process;
3. Operation time;
4. Number of control cards.

The last factor, the number of control cards, had been chosen because the production
control mechanisms that were going to be examined in different production conditions
(different level of experimental factors) have their own parameters that influence response
function (lead time) that is being observed. Actually, the number of control cards, Kanban
cards, Conwip cards, etc., is the parameter that had to be taken into account when consider-
ing efficient production flow. This parameter has not been considered much in previous
research. Thus, many authors in the reviewed literature take the fixed number of cards,
which they define as optimal and vary all other factors, but the optimal number of cards
for one setting of factor levels does not have to suit different settings of factors level. This
is the reason why the number of control cards has been taken as one of the experimental
factors in this research.

The response function in this research is production lead time. The lead time is the
total time elapsed from the moment when the material, i.e., the raw material, enters the
production process to the moment when the finished product is ready for delivery to
the customer [39]. Why has this response function been chosen? The goal of every lean
implementation is to shorten the lead time [2], and since the topic of this research is one
of the five basic principles of lean thinking [2], namely pull production, so this response
function has been selected.

The levels of input parameters were defined after an extensive review of the literature
and based on previous experience in various manufacturing companies. The levels are
shown in Table 2.

Table 2. Factor levels.

Factors Level 1 Level 2

Operation time 5 60
Coefficient of variation 0.06 0.18

Existence of a bottleneck in the process NO YES
Number of control cards 10 15

As previously mentioned, the simulation model was developed in MATLAB, more
precisely by Simulink and SimEvents, which are the features of MATLAB for simulation.

The Response Surface Methodology (RSM) was used to determine the effect of factors
on response function; thus, the mathematical model was developed to describe the rela-
tionship between factor and response. The general factorial design was chosen to conduct
the experiments. This experimental design was chosen because some of the varied factors
(input variables) are numerical variables, and some are categorical variables. In such a case,
it is convenient to use the general factorial design plan of the experiment. In the software
package, Design Expert [40], which was used to analyze the results, this experimental plan
is also called “multilevel categoric”.

After performing simulations followed by a designed experiment, an analysis of
variance (ANOVA) was performed to determine the significance of the factors, and the
mathematical model (response function) was developed by regression analysis. The factors
of models A, B, C, and D are in order:

1. A—coefficient of variation;
2. B—operation time;
3. C—the existence of a bottleneck;
4. D—number of control cards.
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3.4. Experiment Results

In the next part of the chapter, results of the experiments conducted Kanban-controlled
processes will be described. This chapter will present the results of data analysis to describe
the impact of processing time, coefficient of variation, bottleneck, and number of control
cards on the lead time of the production process in the case of Kanban control mechanism.
RSM was used to investigate the impacts of factors. Based on this method, a mathematical
model was generated to describe the variable response.

Before analyzing the variance, it was necessary to make data transformation. In this
data set, the ratio of the maximum and minimum measured value was greater than 10, so
the transformation was required [40]. In this way, the homogeneity of variance over the
experimental space is satisfied [41]. Data were transformed according to the equation:

y’ = ln (y + k), k = 0, (1)

Variable y’ in the equation presents transformed value, and variable y presents the
real value.

The bull hypothesis H0 for the experiment design was as follows: variability of
processing time, processing time, bottleneck, and number of production control cards do
not affect the lead time of the production process. Table 3 presents an analysis of variance
(ANOVA) for the design of experiments. ANOVA generates significant factors of the model
for the response while its significance was evaluated according to the probability levels.
F-value shows that the model is significant. p-value also shows that the model is significant
and that the null hypothesis can be rejected. Namely, the null hypothesis is rejected when
the p-value is less than 0.05, which is the case here [40]. Furthermore, p-values of the factors
A, B, C, and D, as well as their interactions AB, AD, BC, BD, CD, ABD, and BCD show
their significance.

Table 3. ANOVA—Kanban.

Source of
Variation

Sum of
Squares Df 1 Mean

Square F-Value p-Value Significance

Model 165.31 11 15.03 1 169.75 <0.0001 significant
Factors:

A 2.48 1 2.48 193.02 <0.0001 significant
B 148.80 1 148.80 11,581.87 <0.0001 significant
C 8.58 1 8.58 667.45 <0.0001 significant
D 3.39 1 3.39 264.03 <0.0001 significant

AB 0.0526 1 0.0526 4.10 0.0469 significant
AD 0.6140 1 0.6140 47.79 <0.0001 significant
BC 0.1743 1 0.1743 13.57 0.0005 significant
BD 0.2573 1 0.2573 20.03 <0.0001 significant
CD 0.6793 1 0.6793 52.87 <0.0001 significant

ABD 0.1425 1 0.1425 11.09 0.0014 significant
BCD 0.1465 1 0.1465 11.41 0.0012 significant

Residual 0.8736 68 0.0128
Deviation of

the model 0.0197 4 0.0049 0.3685 0.8302 not
significant

1 Df—degree of freedom.

The next step was regression analysis, which is a method for estimating the relation-
ships between a dependent variable and one or more independent variables. In this study
dependent variable is lead time, while independent variables are: coefficient of variation,
processing time, and existence of bottleneck. Based on the results obtained by simulation
experimentation, the coefficients of the mathematical (regression) model were estimated.

The value of the coefficient of determination, R2, which is 0.9947 implied that the
model is successful in explaining 99.47% of the experimental variables. In addition, the
adjusted value of determination, the value of which is 0.9939 declared high significance
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of the generated model. These coefficients are in good relation. This is indicated by
the necessary condition, which is that the difference between the adjusted R2 value and
determination fitting R2 value is less than 0.2. When this condition is achieved it means that
the obtained regression model (response function) is different from random phenomena
(Table 4).

Table 4. Regression analysis—Kanban.

Name Value

Coefficient of variation, % 2.03
R2—coefficient of determination 0.9947

Radj
2—adjusted coefficient of determination 0.9939

Rpre
2—predicted coefficient of determination 0.9927

Adequate precision 94.4254

As the natural logarithm was used for data transformation, so the obtained mathemat-
ical model represents a mathematical function for calculating the lead time in logarithmic
form. Thus, the calculated value should be transformed from a natural algorithm into a
real number in order to obtain the actual value of the lea time variable.

ln (LTKanban) = 3.66826 − 0.002615Cv + 0.043041T + 0.194001Nr + 0.00809CvT + 0.008481CvNr (2)

ln (LTKanban-BN) = 3.17249 + 0.244123Cv + 0.052751T − 0.327Nr − 0.001974CvT + 0.195583CvNr (3)

Variables from Equations (2) and (3) are as follows:

1. LTKanban—lead time for the process with without bottleneck, controlled by Kan-
ban, min;

2. LTKanban-BN—lead time for the process bottleneck controlled by Kanban, min;
3. CV—coefficient of variation;
4. T—processing time;
5. Nr—number of control cards.

The value obtained by Equation (2) represents the natural logarithm of the lead time,
and in order to get the actual value of the lead time, this value needs to be transformed into
a real number using the equation:

LTKanban = eln(LT
Kanban

) (4)

The same mathematical relation as in Equation (4) has to be used for transforming
natural logarithm values obtained by Equation (3) in order to get real number values.

Figure 4a,b presents contour plots of mathematical model which describes the influ-
ence of factors and their interactions on the response function, in this case, lead time, for
the production process controlled with Kanban. The first figure is for the process in which
there are two Kanban cards in each phase of production, thus, for each operation and the
second figure represents the process with five Kanban cards in each operation. Lead time,
in the case of five Kanban cards, is much longer for the same level of the other factors in
regards to the process with two Kanban cards. This was expected since the number of
Kanban cards influences the level of work in the process, so the time needed for one piece
of material to pass through the whole process is longer. Further experiments with other
control mechanisms will show whether there is any difference between mechanisms for
these same conditions.

A three-dimensional 3D response surface plot showing the effect of coefficient of
variation and operations is presented in Figure 5a,b—both figures present process with
bottleneck with a difference in the number of Kanban cards. Number of Kanban cards
affects the lead time quite significantly, as demonstrated below.
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Figure 4. Response surface contour plots: (a) Effects of coefficient of variation and operation time on
lead time for the process without bottleneck and two Kanban cards in each operation; (b) Effects of
coefficient of variation and operation time on lead time for the process without a bottleneck and five
Kanban cards in each operation.

Figure 5. Response surface 3D plots: (a) Effects of coefficient of variation and operation time on lead
time for the process with bottleneck and two Kanban cards in each operation; (b) Effects of coefficient
of variation and operation time on lead time for the process with bottleneck and five Kanban cards in
each operation.

The same analysis, as presented for the case where Kanban mechanism was controlling
simulated production process, was also conducted for Conwip, Hybrid Kanban/Conwip
and DBR. The results are going to be presented further in this chapter.

For all three mechanisms, Conwip, Hybrid Kanban/Conwip and DBR, respectively,
ANOVA has shown that both model and the factors are significant. Also, p-values of the
factors A, B, C, and D, as well as their interactions AB, AD, BC, BD, CD, ABD, and BCD
show their significance. As for the Kanban, based on the results obtained by simulation
experimentation, the coefficients of the mathematical (regression) models were estimated.
The coefficient of determination declared the significance of all models.

As for the analysis of variance for Kanban, in the case of Conwip, Hybrid Kan-
ban/Conwip, and DBR, data transformation needed to be made for the same reason. In
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this way, the homogeneity of variance over the experimental space is satisfied [41]. In case
of Conwip, the data were transformed according to the equation:

y’ = (y + k)λ, λ = 0.25 (5)

Variable y’ in the equation presents transformed value, and variable y presents the
real value.

In case of Hybrid and DBR data were transformed according to the equation:

y′ =
1√

y + k
, k = 0 (6)

The analysis of variance and regression analysis are given in the Tables 5 to 7.

Table 5. ANOVA—Conwip.

Source of
Variation

Sum of
Squares Df Mean

Square F-Value p-Value Significance

Model 143.46 12 11.95 1106.90 <0.0001 significant
Factors:

A 0.5033 1 0.5033 46.60 <0.0001 significant
B 133.04 1 133.04 12317.76 <0.0001 significant
C 6.81 1 6.81 630.09 <0.0001 significant
D 1.79 1 1.79 165.94 <0.0001 significant

AB 0.0058 1 0.0058 0.5400 0.4650 significant
AC 0.0685 1 0.0685 6.34 0.0142 significant
AD 0.0129 1 0.0129 1.19 0.2789 significant
BC 0.5327 1 0.5327 49.33 <0.0001 significant
BD 0.0201 1 0.0201 1.86 0.1774 significant
CD 0.6044 1 0.6044 55.96 <0.0001 significant

ABD 0.0441 1 0.0441 4.09 0.0472 significant
ACD 0.0330 1 0.0330 3.05 0.0851

Residual 0.7236 67 0.0108 significant
Deviation of

the model 0.0644 3 0.0215 2.09 0.1109 not significant

Table 6. ANOVA—Hybrid Kanban/Conwip.

Source of
Variation

Sum of
Squares Df Mean

Square F-Value p-Value Significance

Model 0.2172 15 0.0145 3266.36 <0.0001 significant
Factors:

A 0.0016 1 0.0016 359.70 <0.0001 significant
B 0.1908 1 0.1908 43,033.48 <0.0001 significant
C 0.0132 1 0.0132 2970.13 <0.0001 significant
D 0.0014 1 0.0014 318.39 <0.0001 significant

AB 0.0008 1 0.0008 176.88 <0.0001 significant
AC 0.0008 1 0.0008 188.31 <0.0001 significant
AD 0.0001 1 0.0001 12.06 0.0009 significant
BC 0.0063 1 0.0063 1413.99 <0.0001 significant
BD 0.0003 1 0.0003 76.65 <0.0001 significant
CD 0.0000 1 0.0000 3.53 0.0647 significant

ABC 0.0005 1 0.0005 119.90 <0.0001 significant
ABD 0.0000 1 0.0000 7.72 0.0071
ACD 0.0003 1 0.0003 72.08 <0.0001
BCD 0.0000 1 0.0000 3.85 0.0541

ABCD 0.0003 1 0.0003 75.05 <0.0001
Residual

Deviation of
the model not significant
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Table 7. ANOVA—DBR.

Source of
Variation

Sum of
Squares Df Mean

Square F-Value p-Value Significance

Model 0.2142 14 0.0153 3 103.46 <0.0001 significant
Factors:

A 0.0018 1 0.0018 365.87 <0.0001 significant
B 0.1871 1 0.1871 37,947.93 <0.0001 significant
C 0.0142 1 0.0142 2882.65 <0.0001 significant
D 0.0011 1 0.0011 225.04 <0.0001 significant

AB 0.0011 1 0.0011 213.46 <0.0001 significant
AC 0.0007 1 0.0007 141.21 <0.0001 significant
AD 9.415 × 108 1 9.415 × 10−8 0.0191 0.8905 significant
BC 0.0064 1 0.0064 1289.18 <0.0001 significant
BD 0.0002 1 0.0002 43.31 <0.0001 significant
CD 0.0009 1 0.0009 178.52 <0.0001 significant

ABC 0.0005 1 0.0005 99.98 <0.0001 significant
ABD 0.0000 1 0.0000 7.92 0.0065
ACD 0.0000 1 0.0000 3.65 0.0606
BCD 0.0002 1 0.0002 49.68 0.0001

Residual 0.0003 65 4.930 × 10−6

Deviation of
the model 0.0000 1 0.0000 3.24 0.0766 not significant

Table 8 represents the regression analysis for Conwip, Hybrid Kanban/Conwip and
DBR. The values obtained for the regression functions are given in Table 9.

Table 8. Regression analysis—Conwip, Hybrid Kanban/Conwip and DBR.

Name Conwip Hybrid
Kanban/Conwip DBR

Coefficient of variation, % 2.56 2.49 2.64
R2—coefficient of determination 0.9950 0.9987 0.9985

Radj
2—adjusted coefficient of

determination
0.9941 0.9984 0.9982

Rpre
2—predicted coefficient of

determination
0.9928 0.9980 0.9977

Adequate precision 85.0434 148.9462 147.9360

Table 9. Coefficients of regression functions—Conwip, Hybrid Kanban/Conwip and DBR.

Cv T Nr CvT CvNr TNr CvTNr

(Conwip)0.25 +2.22138 +2.22138 +2.22138 +2.22138 +0.012985 +0.012985 +0.012985 −0.005601
(ConwipBN)0.25 +1.47958 +1.47958 +1.47958 +1.47958 +1.47958 +1.47958 +1.47958 +1.47958

Hybrid-y’ +0.165776 +0.165776 +0.165776 +0.165776 +0.165776 +0.165776 +0.165776 +0.165776
HybridBN-y’ +0.186511 +0.186511 +0.186511 +0.186511 +0.186511 +0.186511 +0.186511 +0.186511

DBR-y’ +0.196219 +0.196219 +0.196219 +0.196219 +0.196219 +0.196219 +0.196219 +0.196219
DBRBN-y’ +0.184555 +0.184555 +0.184555 +0.184555 +0.184555 +0.184555 +0.184555 +0.184555

The value obtained by Equation (2) needs to be transformed into real values by
using equation:

LTconwip = 0.25
√
(LTconwip)

0.25 (7)

In the case of Hybrid and DBR, transformation should be made by the equation below.

y = 1/(y’)2 (8)

A three-dimensional 3D response surface plot showing the effect of coefficient of
variation and processing time on lead time for the process with bottleneck is presented in
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Figure 6a,b. Both variations and processing time affects the lead time in terms that it gets
longer, which was expected. Furthermore, the number of control cards has the same effect,
which can be seen by comparing these two figures.

Figure 6. Response surface 3D plots: (a) Effects of coefficient of variation and operation time on lead
time for the process with bottleneck and three Conwip cards in each operation (15 cards for the whole
process); (b) Effects of coefficient of variation and operation time on lead time for the process with
bottleneck and two Conwip cards in each operation (10 cards for the whole process.

In the case of the hybrid mechanism, as presented in Figure 6, the lead time gets longer
as the number of control cards is higher (Figure 7a,b). Every card tie one product, and
more cards mean more products in the system, thus more work in process. But why would
anybody make a decision to utilize more cards, one could ask. The answer is that the
higher number of cards, meaning higher WIP, secures unstable processes and acts as a
safety buffer, so the optimal solution has to be found.

Figure 7. Response surface 3D plots: (a) Effects of coefficient of variation and operation time on lead
time for the process with bottleneck and two cards in each operation; (b) Effects of coefficient of
variation and operation time on lead time for the process with bottleneck and three cards in each
operation.

As well as for Kanban, Conwip, Hybrid Kanban/Conwip, the same relationships
between influence factors and response have been found for the DBR, as shown in Figure 8.
Now, the question is which mechanism out of these four is optimal in regard to the same
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production conditions. That was also the research question of this study, and it will be
explained further in the text based on the results shown thus far.

Figure 8. Response surface 3D plots: (a) Effects of coefficient of variation and operation time on lead
time for the process with bottleneck and nine DBR cards in the whole process; (b) Effects of coefficient
of variation and operation time on lead time for the process with bottleneck and 14 DBR cards in the
whole process.

4. Discussion

The pull principle is one of the five basic principles in lean manufacturing. It is the
most important condition for achieving goals of lean manufacturing and that is flexible
and customer-driven production, meaning ready to quickly respond to changes in demand.
Prerequisites for pull are described in Monden’s work [7]. Some of these prerequisites,
such as balanced production line and reduction of variability are explored in the work
of Ertay T. [42]. However, in some cases, certain sources of variability in the process
are not manageable at a given moment, but company can still have the positive effects
of pull. In addition, balanced line due to existence of a bottleneck is not achievable at
the given moment, but still, pull can bring positive effects in the process. As Hopp and
Spearman state [8], it is quite common that Kanban is considered as a synonym for pull,
but it is just one of the control mechanisms for achieving pull. In this study four different
pull control mechanisms were explored, Kanban, Conwip, Hybrid Kanban/Conwip and
DBR, respectively. The goal of this study was to evaluate these mechanisms in terms of
their effectiveness, that is, how they affect lead time, which is one of the most important
performance measures in terms of lean manufacturing. That effectiveness was evaluated
by applying those control mechanisms in the same set of different production conditions.
The conditions that were explored were existence of bottleneck in the production process,
which has not been found a lot in the literature as a factor of research, and from the
personal experience of the authors of this study, this factor was found to be one of the
obstacles in achieving pull. The other two factors that were explored were variability and
processing time as well as the number of signal cards, which is the parameter of control
mechanism that ideally has to be optimal for a given condition. The response surfaces
as well as regression functions that define relationships between lead time and described
parameters, have been generated. Thus, lead time can be calculated for every combination
of parameters. Response surfaces in Figures 5–8 show these relations. For example, one
possible combination of parameters describing the condition of production process could be
as follows: coefficient of variation 0.2; processing time equals 40 min. Figure 9a,b shows the
length of lead time for this combination of parameters in case when the overall number of
signal cards is 15, where Figure 9a represents a case without bottleneck and Figure 9b with



Processes 2022, 10, 5 18 of 21

bottleneck. In practice, Kanban is very often the first considered mechanism for achieving
pull, but as can be seen in Figures 9 and 10, Kanban is not always the best solution.

Figure 9. Comparison of the lead time for each control mechanism under the same production
condition: (a) CV = 0.2 and T = 40 min for the process without bottleneck and WIP = 15; (b) CV = 0.2
and T = 40 min, for the process with bottleneck and WIP = 15.

Figure 10. Comparison of the lead time for each control mechanism under the same production
condition: (a) CV = 0.86, and T = 40 min, for the process without bottleneck and WIP = 15; (b) CV = 0.86
and T = 40 min, for the process with bottleneck and WIP = 15.

Figures 9a and 10a represent the relationship of the lead time and all four control
mechanisms for the production process with lower and higher variability and with no
bottleneck in the process.

Figures 9b and 10b represent the relationship of the lead time and all four control
mechanisms for the production process with lower and higher variability, but in this case,
with the bottleneck in the process.

Figures 9 and 10 show the length of lead time for all mechanisms for the same level
of parameters except the variability. Figure 9a,b present production condition with low
variability in the process (Cv = 0.2) and Figure 10a,b present production condition with a
higher level of variability in the process (Cv = 0.86). If one compares the Figures 9a and 10b,
it can be concluded that for the same production conditions except one difference and that
is variability, different pull control mechanisms contribute to the shorter lead time. Thus,
in the process with lower variability the best choice is DBR, and in the process with higher
variability the best choice is Conwip (Figures 9a and 10a). The same comparison can be
conducted for any combination of researched parameters.

Production managers and lean leaders often do not have time to test which control
mechanism to implement in their production process. When lean implementation is in
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the phase of introducing and implementing pull, the question that arises is which control
mechanism to apply. The results presented in this study could be applied in practice, as a
guideline for selecting a production control mechanism depending on the condition of the
production system. The decision process for the selection of production control mechanism
could be as follows:

1. Step 1: Define the current state of the production process in terms of variability,
processing time and whether there is a bottleneck in the process;

2. Step 2: Define the goal, that is minimal lead time;
3. Step 3: Select the pull control mechanism using the findings obtained in this study.

Managing production and readiness to continuously improve production processes
are challenging and never-ending tasks. As the literature suggests and practical experi-
ence supports, lean manufacturing is one of the methods that can help tremendously in
achieving that task and is still widely used. Although every production process has its
own characteristics, and solutions from one factory cannot be translated to another, some
problems and obstacles are similar or the same. Organizing and managing a production
process according to pull principles is a huge task for every factory; thus, any finding and
guideline for making decisions about pull implementation could be useful. In that context,
that was the goal of this research.

5. Conclusions

In this study, an evaluation of four pull production control mechanisms was conducted.
The aim was to check if there is any performance difference between these mechanisms
in terms of production lead time, and to investigate whether one mechanism which is
optimal for certain set of production conditions is also optimal for another different setting.
Specifically, for this study Kanban, Conwip, and DBR were chosen, because according to
the literature, they are the most widely used pull control mechanisms, but also a hybrid
mechanism, which is also commonly used. Parameters that define production conditions
and that were in focus in this research were process variability, operation time and existence
of bottleneck in the process. Some authors have investigated bottleneck as a parameter, for
example, Amos et al., but they studied only Kanban, Conwip and DBR in that context, but
not the Hybrid Kanban/Conwip mechanism. They found that DBR outperforms all others.

On the other hand, Bonvik et al. found that the Hybrid Kanban/Conwip outperforms
Kanban and Conwip in the case of bottlenecks and high variability. The aim of this study
was to include all of these four mentioned mechanisms, but also to consider the variability
as a parameter which, for example, in Amos et al.’s study, was not taken into account, but
the coefficient of variation was held constant. In addition, the scope of Bonvik et al. was
service level and for Amos was a trade-off between throughput and WIP. In this study,
regression functions for production lead time are gained, so for the different combinations
of different levels of these factors, the optimal mechanism can be chosen.

The results showed that there is the performance difference between different pull pro-
duction control mechanisms in terms of production lead time. One pull control mechanism
that is the best choice for the setting of production conditions is not also the best choice for
another set of production conditions. This is the answer to the research questions from the
beginning of the study.

The limit of this study is that only the single-product process is explored. For future
research, it would be interesting to explore multiple product lines, but also to explore
other parameters, such as whether the length of the line together with all of parameters
included in this study. Finally, for future research, it would be interesting to investigate
these relationships in terms of different performance measures, which could be the goal of
the companies in a given moment, such as productivity or service level.
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