
Assessing the impact of a dynamic allocation 
of continuous improvement in flow shop under 
uncertain conditions   

1. Introduction

Companies must continually maintain and en-
hance their global competitiveness This critical as-
pect compels entire organizations to plan and imple-
ment continuous improvement programs [1], [2]. At 
the shop floor level, the allocation of improvement 
programs enables the enhancement of manufactur-
ing system performance under both standard condi-
tions and uncertain events. Significant areas where 
improvement programs can have an impact include 

bottleneck mitigation, setup, failures, and quality 
control. The allocation policy plays a decisive role 
in improving manufacturing system performance by 
focusing on specific areas for improvement. Previous 
works in the literature have focused on two allocation 
models: distributed and centralized. The centralized 
allocation model directs improvements to the Capac-
ity Constraint Resource (CCR) [3]. The distributed 
allocation model uniformly distributes improvements 
across all resources [4]. A combination of the cen-
tralized and distributed models is tested as a hybrid 
strategy [5]. The areas of improvement considered in 
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the literature are process time variability, setup time, 
Mean Time Between Failures (MTBF), Mean Time 
To Repair (MTTR), defective rate; this research ex-
tends the evaluation to the number of bottlenecks 
and the effect of the higher processing time of the 
bottlenecks in the manufacturing system. The study 
of additional parameters allows to better understand 
the behavior of the allocation models. 

The setup comprises both internal and external 
components, where internal setup involves stopping 
the machine, and external setup pertains to machine 
operation [6]. The improvement focuses on reduc-
ing internal setup time for preparing the machine for 
a new task or converting internal setup to external 
setup [7]. The defective rate caused by machines 
increases machine utilization due to the need to re-
place defective products [7]. The Mean Time Be-
tween Failures (MTBF) and Mean Time To Repair 
(MTTR) impact machine availability and depend on 
the maintenance policy of the production system.

The design of the flow line, along with task alloca-
tion, can result in a bottleneck that limits the system's 
throughput rate. Therefore, this study considers both 
the number of bottlenecks and the increase in pro-
cessing time at the bottleneck. 

Another limit of the works proposed in the litera-
ture is that the strategies proposed in the literature 
are static and do not handle the uncertainty of all the 
stations that compose the flow line. 

The proposed model is dynamic able to handle 
the fluctuations of the manufacturing system and 
compared to the past works the research questions 
are the following. The first research question of this 
paper is as follows:

RQ1: Can the proposed allocation model im-
prove the performance of the flow line compared to 
the benchmark models proposed in the literature?

Considering the critical issue of energy consump-
tion, a reduction strategy, such as the introduction of 
a switch-off policy, is proposed to decrease energy 
consumed in the idle state. Therefore, the second re-
search question is as follows:

RQ2: Can the proposed allocation model reduce 
the idle state of workstations without impacting 
manufacturing performance measures?

The research presented in this paper focuses on 
using a throughput time formulation of each station 
of the line to assess how different areas (failures, set-
up, bottleneck, and quality) can impact this value. 

The estimation of this value for each station pro-
vides information to evaluate the cycle time of the 

line. Subsequently, a mathematical model is pro-
posed to allocate a limited budget for improvements 
in these areas. The objective function of the math-
ematical model developed is to minimize the cycle 
time estimation of the line. This model addresses two 
key issues related to the allocation of improvement 
programs: how to distribute improvements among 
the machines and which parameters to enhance.

The available budget level for improvements is 
taken into consideration to analyze the numerical re-
sults. The improvement in potential throughput rate 
is compared to the two main benchmarks (centralized 
and distributed) proposed in the literature. Another 
original contribution involves computing the total idle 
time as an evaluation of energy consumption in ma-
chines in the idle state, which is significant from a sus-
tainability standpoint. The power demand of an op-
eration can be divided into a variable and fixed part. 
The fixed part ensures the operational readiness of 
the machines, and it can account for over 30% of the 
energy consumed when the machines are operational 
[8], [9]. Reducing this fixed energy component can 
enhance the sustainability of manufacturing systems.

The paper is organized as follows: Section 2 
provides an overview of the literature; Section 3 de-
scribes the benchmarks and the proposed improve-
ment policy. Section 4 presents the experiments and 
numerical results, while Section 5 offers conclusions 
and outlines future research paths.

2. Literature review 

This section presents recent studies on methods 
for allocating improvement programs, with a major 
focus on the flow shop context. Godinho Filho and 
Uzsoy [10] and Godinho Filho [11] investigated the 
introduction of continuous improvement programs 
in flow shop systems, considering lot size for setup, 
MTBF, MTTR, process time variability, and defect 
rate, and their effects on cycle time. Godinho Filho 
and Uzsoy [12] examined improvement allocation 
on MTTR and setup times for a single production 
station. Numerical results indicated that concentrat-
ing efforts on a single area is more effective than 
spreading improvements across multiple areas. Go-
dinho Filho and Utiyama [13] and Godinho Filho 
and Uzsoy [14] explored centralized and distributed 
allocation policies in a flow shop system using simu-
lation models based on system dynamics. Areas of 
improvement studied included arrival variability, 
process variability, defect rate, time to failure, repair 
time, and setup time. Simulation results highlighted 
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that centralized and distributed approaches yield 
similar results when utilization is low, whereas cen-
tralized is a better choice when utilization is higher.

Renna [15] investigated improvement allocation 
programs in job-shop manufacturing systems. The 
proposed model is based on workload evaluation, 
and three allocation policies were developed: cen-
tralized, distributed, and proportional. Simulation 
results demonstrated that the centralized approach 
performs better in static conditions, while the pro-
portional approach works better in dynamic condi-
tions. Renna [16] examined the allocation of im-
provements in flow shop systems that manufacture 
multiple products with bottleneck shifting. They 
studied centralized, distributed, and proposed a hy-
brid allocation model. Simulation results indicated 
that the proposed model is more adaptable to bottle-
neck shifting than the centralized approach. Renna 
and Ambrico [17] expanded on previous works by 
incorporating additional performance measures such 
as throughput, lead time, work in process, average 
utilization, and defective products for each worksta-
tion in the production line. Simulation results dem-
onstrated that the centralized policy is superior in sin-
gle-product scenarios, while the hybrid policy yields 
better results in the case of multi-products.

Utiyama et al. [18] investigated strategies for al-
locating improvement programs in a flow shop with 
two capacity-constrained resources. They empha-
sized that focusing on the bottleneck is a better strat-
egy when the available budget is higher, whereas the 
hybrid strategy performs better with a lower budget. 
Wu et al. [19] introduced a Generalized Process of 
Ongoing Improvement approach in flow shop sys-
tems. They illustrated how improving a front-end 
machine in a production line can be more effective 
than enhancing the bottleneck. The interconnec-
tions among stations are crucial for the allocation of 
improvement policies. Utiyama et al. [20] explored 
improvements considering manufacturing setup time 
and time between failures. The simulations con-
ducted suggested that the goal is to mitigate extreme 
events. This strategy allows for a reduction in the 
lead time of manufacturing systems with lower invest-
ments. Govoni et al. [21] evaluated six improvement 
methods through simulation models, three of which 
are based on the theory of constraints. Numerical 
results highlighted the relevance of balance degree 
for choosing the appropriate improvement method. 
Balanced systems require improvements across all 
resources, while unbalanced systems need to focus 
on resources with a high degree of utilization. Kumb-
har et al. [22] proposed a digital twin framework to 

detect, diagnose, and improve bottleneck resources 
using utilization-based bottleneck analysis, process 
mining, and diagnostic analytics. The improvement 
of the bottleneck concerns the evaluation of mean 
processing time, MTBF, MTTR, setup time. The 
proposed model is tested in a real manufacturing sys-
tem with throughput improvement of 10%. Grznár et 
al. [23] used advanced simulation techniques, seam-
less data integration, and process optimization to sup-
port the development of robust and efficient adaptive 
manufacturing systems. The focus is to obtain a dy-
namic layout of a flow line to improve the robustness 
of the system.  Magnanini and Tolio [24] developed a 
novel Digital Twin model based on analytical model 
for performance evaluation of manufacturing system 
embedding evaluation of joint parameter variations 
is introduced. The model concerns mean process-
ing time, MTBF, MTTR that works dynamycally. 
The method is proved in a real industrial case in the 
railway sector. Javaid et al. [25] argued that the in-
tegration of Flexible Manufacturing Systems (FMS) 
with Internet of Things (IoT), big data, Artificial In-
telligence, cloud computing, and simulation is con-
sidered a key element to improve the resilience and 
flexibility of manufacturing systems. Digital twins and 
simulation can expedite the implementation of im-
provement allocation programs, responding rapidly 
to market changes.

Table 1 categorizes the main issues discussed in 
the above overview of recent literature. The classifi-
cation is based on the manufacturing systems studied: 
single machine, flow line, and job-shop; the param-
eters subject to improvement allocation; the use of 
simulation (Sim.) as a method to study performance; 
the introduction of dynamic allocation models in 
terms of parameters and resources; the evaluation of 
different budget levels for improvement allocation; 
and the assessment of performance measures, in-
cluding some sustainability indexes. As highlighted in 
Table 1, the literature primarily focuses on the static 
allocation of improvements, with only one work con-
sidering budget levels, and none evaluating sustain-
ability indexes related to improvement allocation.

This paper's research addresses the limitations 
of the existing literature by proposing a mathemati-
cal model for dynamically allocating improvements 
to the workstations of a flow line. Subsequently, ex-
tensive numerical results are provided, extending the 
analysis beyond the literature's scope to include bot-
tleneck numbers, different levels of processing time 
increases, and two budget levels. The evaluation also 
incorporates total idle time as a measure of the flow 
line's energy consumption, which the allocation mod-
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el aims to reduce. The original contribution of this 
research concerns the dynamical allocation of the 
improvements that is able to handle the fluctuations 
of the manufacturing system and include the energy 
consumption to improve the sustainable issue. 

3. Model development

The improvement policies focused on a flow line 
where each workstation i processes the items with 
the same process time pti, except for a bottleneck 
workstation that works with a higher process time ptb. 
Three areas of improvement concern the flow line:

 - Setup time, which depends on various factors, 
such as changing tools in the workstation.

 - The workstations are characterised by an aver-
age defect rate.

 - Failures with Mean Time Between Failures 
(MTBF) and Mean Time To Repair (MTTR) 
occur for each workstation of the flow line. 

Then, four parameters can be modified by the 
introduction of improvement policies. Specifically, 
the reduction of the setup time, the reduction of de-
fect rate, the reduction of MTTR and the increasing 
of MTBF. A budget is considered available for im-
provement, which can be allocated to the worksta-
tions for each parameter. The two policies used as 
benchmarks are proposed in Godinho Filho and Uti-
yama (2015). The first benchmark is the distributed 
policy, which allocates the budget of improvements 
equally on the workstation of the flow line for each 
parameter to improve (see Figure 1).  

The second benchmark is the centralized policy 
that concentrates improvements solely on the bottle-
neck workstation of the flow line for all parameters to 
improve (see Figure 2). In cases where the flow line 
has more than one bottleneck, the improvements are 
distributed equally among the bottlenecks.

The two benchmark models are static policies: 
the distributed policy always allocates improvements 
uniformly among the stations, while the centralized 
policy remains static when the bottleneck is detected.

Single 
machine

Flow 
line

Job-
shop Parameters Sim. Dynamic

allocation
Budget 

level Sustainability

[10] X Setup, MTBF, MTTR, process time variability, 
defect rate X

[11] X Setup, MTBF, MTTR, process time variability, 
defect rate X

[12] X MTTR, setup X

[14] X arrival and process time variability, defect rate, 
MTBF, MTTR, setup time. X

[13] X arrival and process time variability, defect rate, 
MTBF, MTTR, setup time. X

[15] X arrival and process time variability, defect rate, 
MTBF, MTTR, setup time. X

[16] X arrival and process time variability, defect rate, 
MTBF, MTTR, setup time. X X

[17] X arrival and process time variability, defect rate, 
MTBF, MTTR, setup time. X X

[18] X MTBF, MTTR, X X

[19] X MTBF, MTTR,

[20] X Setup, MTBF X

[21] X mean processing time and standard deviation X

[22] X mean processing time, MTBF, MTTR, setup time. X

[23] X layout X X

[24] X mean processing time, MTBF, MTTR X X

This 
paper X Setup, MTBF, MTTR, process time variability, 

defect rate X X X X

Table 1. Classification of the literature review 
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3.1 The proposed improvement policy 

The proposed policy dynamically allocates im-
provements to the stations and evaluates the enhance-
ment for each considered parameter. The notation 
used is described in Table 2.

The parameters of the areas of improvement are 
defined as follows:

 -  K=1 is the setup;
 -  K=2 is the scraps;
 -  K=3 is the MTTR;
 -  K=4 is the MTBF.

The model is based on the computation of a cycle 
time for each workstation as shown in equation 1:

(1)

The cycle time computation considers the possi-
ble improvements of the parameters studied on each 
workstation that composes the flow line. For each pa-
rameter is evaluated the possible improvement of the 
cycle time. 

Figure 1. Distributed policy

Figure 2. Centralized policy

Notation Definition 

Indices

i It is the index of the station i=1,..,I

k It is the index of the parameters to improve k=1,..,K

Parameters

PTi It is the processing time of the workstation i
Setupi It is the setup time of the workstation i, considered as the average setup time for unit of product

MTBFi It is the Mean Time Between Failures of the workstation i
MTTRi It is the Mean Time To Repair of the workstation i
Scarpsi It is the average percentage of scraps for the workstation i
Budgetk It is the budget to improve the parameter of the area k 

Decision variables

imprki It is the value of improvement allocated to the workstation i for the area k
Tci It is the cycle time of the workstation i

Table 2. Notations and definition used in the study 
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The mathematical model to allocate the improve-
ments is the following. 

(2)

Subject to:

(3)

Imprk,i are integer positive

The objective function (expression 2) aims to min-
imize the cycle time of the flow line considering the 
higher cycle time of the stations. Constraint 3 ensures 
that the budget assigned to each station in each area 
is under the budget available for the improvement 
program. Improvements are constrained to integers 
to minimize fractional allocation. The mathemati-
cal model can dynamically allocate improvements, 
considering the operating conditions of each work-
station, with limited computational complexity. This 
enables the activation of the model when operational 
conditions change.

4. Experiments and numerical results

The numerical results were obtained by consider-
ing 7 factors, each with two levels: Low (L) and High 
(H). The factors considered are: MTBF, MTTR, set-
up, defective rate, number of bottlenecks (bottleneck 
no.) in the flow line, the percentage increment of the 
processing time of the bottleneck (bottleneck %), and 
the level of budget available. The combination of all 
factors results in 128 experimental classes, which 
were conducted for the two benchmarks and the 
proposed policy, totaling 384 cases. Annex 1 reports 
the 128 experimental classes of the combinations 
of MTBF, MTTR, setup, defective rate, bottleneck 
number, bottleneck percentage and budget available 
for the simulation tests. 

The flow line consists of 6 workstations (i=6) 
with the same factors except the processing time of 
the bottleneck. The processing time of the station 
PTi=10 minutes, while the bottleneck has an increase 
of the processing time as shown the table 3 (bottle-

neck %).  Table 3 reports the values for the two lev-
els of each factor studied. The mathematical model 
(Section 3.1) for each experimental class is solved us-
ing Lingo® package. 

The performance measures investigated with the 
allocation of improvement policies are as follows:

 - The efficiency of the flow line considered the 
ratio between the cycle time of the experimen-
tal classes and the ideal cycle time of the flow 
line. This index evaluates the throughput rate 
of the flow line.

 - The total idle time of the flow line considering 
the idle time of each workstation that composes 
the flow line. This index evaluates the idle time 
of the workstations that impacts on the energy 
consumption. 

 - The Coefficient Variation (CV) of the improve-
ment allocations to evaluate the uniformity 
among the workstations of the flow line. This 
index evaluates how the improvement alloca-
tions is distributed among the workstations 
with higher complexity. 

Table 4 presents the ANOVA analysis for the 
efficiency performance of the flow line, consider-
ing the comparison with distributed and centralized 
policies. The comparison with the distributed policy 
highlights how each factor considered affects the su-
perior results of the proposed policy. In contrast, the 
comparison with the centralized policy shows that 
improvements are not affected by the factors: scraps, 
bottleneck number, and the available budget.

Figure 3 presents the main effects analysis of the 
proposed policy compared to the distributed and 
centralized policies. The average improvement with 
the proposed policy is approximately 4.9% compared 
to the distributed policy, whereas the improvement 
is notably lower compared to the centralized policy. 
The proposed policy performs better when all pa-
rameters are at the high level, except for the number 
of bottlenecks. The flow line efficiency obtained by 
the proposed model is the same of the centralized 
policy and the improvement allocation works better 
when the bottleneck number is lower. 

level MTBF
[Minutes]

MTTR
[Minutes]

Setup
[minutes] defect rate bottleneck no. bottleneck % Budget available

L 500 5 0.5 1% 1 10% 50%

H 100 15 1.5 5% 3 30% 90%

Table 3. Base parameters value 
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Proposed model vs distributed policy
Source DF Adj SS Adj MS F-Value P-Value
MTBF 1 0.008747 0.008747 36.17 0.000
MTTR 1 0.005135 0.005135 21.23 0.000
Set-up 1 0.007184 0.007184 29.70 0.000
defect rate 1 0.002797 0.002797 11.56 0.001
bottleneck No. 1 0.096608 0.096608 399.45 0.000
bottleck % 1 0.003554 0.003554 14.70 0.000
budget 1 0.010591 0.010591 43.79 0.000
Error 120 0.029022 0.000242
Total 127 0.163636

Proposed model vs centralized policy
Source DF Adj SS Adj MS F-Value P-Value
MTBF 1 0.001228 0.001228 15.27 0.000
MTTR 1 0.000290 0.000290 3.61 0.060
Set-up 1 0.000577 0.000577 7.18 0.008
defect rate 1 0.000099 0.000099 1.23 0.269
bottleneck No. 1 0.000137 0.000137 1.71 0.194
bottleck % 1 0.001686 0.001686 20.97 0.000
budget 1 0.000133 0.000133 1.66 0.200
Error 120 0.009649 0.000080   
Total 127 0.013801    

Table 4. Flow line efficiency ANOVA analysis 

3.a Main effects proposed mode vs distributed policy

efficiency=0.04918 + 0.00827 MTBF_H - 0.00827 MTBF_L + 0.00633 MTTR_H - 0.00633 MTTR_L+ 0.00749 Set-up_H - 0.00749 
Set-up_L + 0.00467 scraps_H - 0.00467 scraps_L- 0.02747 bottleneck No._H + 0.02747 bottleneck No._L + 0.00527 bottleck 
%_H - 0.00527 bottleck %_L + 0.00910 budget_H - 0.00910 budget_L

3.b  regression equation proposed mode vs distributed policy

3.c Main effects proposed mode vs centralized policy

efficiency=0.004483 + 0.003097 MTBF_H - 0.003097 MTBF_L + 0.001506 MTTR_H - 0.001506 MTTR_L+ 0.002123 Set-up_H 
- 0.002123 Set-up_L + 0.000880 scraps_H - 0.000880 scraps_L - 0.001036 bottleneck No._H + 0.001036 bottleneck No._L - 
0.003630 bottleck %_H + 0.003630 bottleck %_L + 0.001020 budget_H - 0.001020 budget_L

3.d regression equation proposed mode vs centralized policy

Figure 3. Efficiency main effects analysis
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Table 5 presents the ANOVA analysis for the idle 
performance of the flow line, considering the com-
parison with distributed and centralized policies. The 
improvement in this performance compared to the 
distributed policy is influenced by each of the factors 
studied. The comparison with the centralized policy 
highlights that only the MTTR factor does not affect 
the improvement of this performance index.

Figure 4 presents the main effects analysis of the 
proposed policy compared to the distributed and 
centralized policies regarding the reduction of idle 
time. The average improvement with the proposed 
policy is approximately 54% compared to the distrib-
uted policy and about 22% compared to the central-
ized policy. The proposed policy performs better 
when all parameters are at a high level, except for the 
number of bottlenecks and the increase in the pro-
cessing time of the bottleneck. The proposed policy 
has a significant impact on reducing idle time, affect-
ing energy consumption when workstations are in the 
idle state. This analysis highlights that the proposed 
model performs better for the reduction of idle time 
and the energy consumption of the line. 

Table 6 presents the ANOVA analysis for the 
Coefficient of Variation (CV) of the improvement al-
location. The distributed policy exhibits a perfectly 
uniform distribution. The CV of the proposed policy 
is influenced by the factors of Setup, bottleneck num-
ber, processing time increase, and available budget. 
The CV of the centralized policy is affected only by 

the number of bottlenecks.
Figure 5 shows the main effects on the CV index 

for the proposed and centralized policies. The aver-
age CV of the proposed policy is slightly higher of 
the centralized about 6% (1.8954 vs 1.77359).  The 
CV of the proposed policy is characterized by higher 
fluctuations of the centralized policy. This means that 
the proposed model allocates the improvements with 
higher fragmentation of the benchmark models. 

From the above results, the following main con-
clusions can be drawn. The centralized policy, as in-
dicated in the literature, results in a better throughput 
rate than the distributed policy. The proposed policy 
achieves similar throughput rate results to the cen-
tralized policy, with slightly better outcomes in some 
tested cases. The primary advantage of the proposed 
policy, compared to both the distributed and central-
ized policies, lies in the reduction of idle time. This 
improvement is significant for reducing the energy 
consumption of machines in the idle state. The main 
advantage of the distributed policy is its fixed and 
uniform distribution of improvements to all work-
stations for all parameters. The proposed policy is 
characterized by a Coefficient of Variation of the im-
provement allocation that is closer to the centralized 
policy. The introduction of the proposed model can 
improve significantly the reduction of the total energy 
consumption of the flow line compared to the mod-
els proposed in the literature. 

Proposed model vs distributed policy
Source DF Adj SS Adj MS F-Value P-Value
MTBF 1 0.7237 0.72374 58.04 0.000
MTTR 1 0.2963 0.29629 23.76 0.000
Set-up 1 0.6736 0.67357 54.02 0.000
defect rate 1 0.3613 0.36135 28.98 0.000
bottleneck No. 1 3.7669 3.76686 302.10 0.000
bottleck % 1 4.7607 4.76066 381.80 0.000
budget 1 0.9673 0.96728 77.58 0.000
Error 120 1.4963 0.01247   
Total 127 13.0460    

Proposed model vs centralized policy
Source DF Adj SS Adj MS F-Value P-Value
MTBF 1 0.7117 0.71165 9.02 0.003
MTTR 1 0.2416 0.24156 3.06 0.083
Set-up 1 0.5250 0.52495 6.65 0.011
defect rate 1 0.5102 0.51023 6.47 0.012
bottleneck No. 1 2.1157 2.11568 26.82 0.000
bottleck % 1 5.0593 5.05930 64.14 0.000
budget 1 0.6780 0.67797 8.59 0.004
Error 120 9.4660 0.07888
Total 127 19.3073

Table 5. Flow line idle time ANOVA analysis 
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4.a Main effects proposed mode vs distributed policy

time=0.53834 + 0.07519 MTBF_H - 0.07519 MTBF_L + 0.04811 MTTR_H - 0.04811 MTTR_L+ 0.07254 Set-up_H - 0.07254 Set-
up_L + 0.05313 scraps_H - 0.05313 scraps_L- 0.17155 bottleneck No._H + 0.17155 bottleneck No._L - 0.19285 bottleck %_H+ 
0.19285 bottleck %_L + 0.08693 budget_H - 0.08693 budget_L

4.b regression equation proposed mode vs distributed policy

4.c Main effects proposed mode vs centralized policy

time=0.2190 + 0.0746 MTBF_H - 0.0746 MTBF_L + 0.0434 MTTR_H - 0.0434 MTTR_L+ 0.0640 Set-up_H - 0.0640 Set-up_L + 
0.0631 scraps_H - 0.0631 scraps_L- 0.1286 bottleneck No._H + 0.1286 bottleneck No._L - 0.1988 bottleck %_H
+ 0.1988 bottleck %_L + 0.0728 budget_H - 0.0728 budget_L

4.d regression equation proposed mode vs centralized policy

Figure 4. Idle time main effects analysis

CV Proposed model 
Source DF Adj SS Adj MS F-Value P-Value
MTBF 1 0.2084 0.20836 2.46 0.119
MTTR 1 0.1928 0.19280 2.28 0.134
Set-up 1 0.8540 0.85399 10.09 0.002
defect rate 1 0.2263 0.22631 2.67 0.105
bottleneck No. 1 4.7694 4.76942 56.35 0.000
bottleck % 1 4.3913 4.39126 51.88 0.000
budget 1 0.5065 0.50652 5.98 0.016
Error 120 10.1576 0.08465   
Total 127 21.3062    

CV centralized policy
Source DF Adj SS Adj MS F-Value P-Value
MTBF 1 0.0001 0.0001 1.00 0.319
MTTR 1 0.0001 0.0001 1.00 0.319
Set-up 1 0.0001 0.0001 1.00 0.319
defect rate 1 0.0001 0.0001 1.00 0.319
bottleneck No. 1 58.7618 58.7618 522630.91 0.000
bottleck % 1 0.0001 0.0001 1.00 0.319
budget 1 0.0001 0.0001 0.93 0.337
Error 120 0.0135 0.0001   
Total 127 58.7759    

Table 6. Flow line CV improvements time ANOVA analysis 
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5. Conclusions and future development

This research proposes a dynamic allocation of 
improvement programs based on a simplified math-
ematical model supported by a throughput rate fore-
cast computation. The proposed model is evaluated 
through a comparison with two policies proposed 
in the literature: distributed and centralized. The 
experiments consist of 128 cases, considering the 
parameters of MTBF, MTTR, setup, scraps, bottle-
neck numbers, processing time of bottlenecks, and 
budget available. The original contribution lies in the 
broader range of parameters studied and the evalua-
tion of the idle time of the flow line. Idle time is sig-
nificant for assessing energy consumption to enhance 
the sustainability of the manufacturing system. The 
main findings of the research are as follows:

 - The centralized model outperforms the dis-
tributed approach in the 128 tested cases. 
This reaffirms the findings of key works in the 

literature that focused on a lower number of 
parameters. 

 - The proposed approach yields a throughput 
rate closer to the centralized model, with slight 
improvements in some cases. 

 - The primary advantage of the proposed policy 
is a significant reduction in idle time compared 
to the distributed and centralized policies. 
The proposed model enables a reduction of 
approximately 22% (compared to the central-
ized model) in idle time, leading to reduced 
energy consumption dependent on the energy 
consumed by the workstation in the idle state.

 - The evaluation of the Coefficient of Variation 
of the improvement allocations indicates that 
the centralized and proposed models are very 
similar. This underscores the main benefit of 
the distributed approach, which has a fixed 
and uniform distribution of improvement al-
locations, making it a simpler policy to imple-
ment.

5.a Main effects CV index proposed policy

CV=1.8954 - 0.0403 MTBF_H + 0.0403 MTBF_L - 0.0388 MTTR_H + 0.0388 MTTR_L- 0.0817 Set-up_H + 0.0817 Set-up_L - 
0.0420 scraps_H + 0.0420 scraps_L- 0.1930 bottleneck No._H + 0.1930 bottleneck No._L + 0.1852 bottleck %_H- 0.1852 bottleck 
%_L - 0.0629 budget_H + 0.0629 budget_L

5.b regression equation CV proposed policy 

5.c Main effects CV index centralized policy

CV=1.77359 - 0.000937 MTBF_H + 0.000937 MTBF_L - 0.000938 MTTR_H + 0.000938 MTTR_L+ 0.000938 Set-up_H - 
0.000938 Set-up_L + 0.000938 scraps_H - 0.000938 scraps_L- 0.677552 bottleneck No._H + 0.677552 bottleneck No._L - 
0.000938 bottleck %_H+ 0.000938 bottleck %_L - 0.000904 budget_H + 0.000904 budget_L

5.d regression equation CV index centralized policy

Figure 5. CV improvements main effects analysis
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Then, it responds to the first research question 
asked: Can the proposed allocation model improve 
the performance of the flow line compared to the 
benchmark models proposed in the literature? The 
numerical results show how the proposed approach 
leads to the same throughput rate of the centralized 
policy, while is significantly better than the distributed 
policy. The second answer to the research question 
asks: Can the proposed allocation model reduce the 
idle state of workstations without impacting manu-
facturing performance measures? The evaluation of 
the total idle time shows how the proposed model 
enables a drastic reduction of idle time. Then, the 
proposed model with the same throughput rate of the 
centralized policy reduces the total idle time, and the 
related energy consumption, of about 22%.

The managerial implication concerns the infor-
mation provided to the devisor maker that can select 
the more opportune improvement policy consider-
ing some significant indicators. The importance of 
a stable and simpler policy leads to choosing the 
distributed policy evaluation the efficiency loose. 
If the flow line is characterized by a higher energy 
consumption in the idle state, the proposed allows to 
reduce this energy with the same throughout rate of 
the centralized policy. The centralized approach can 
be the opportune choice when the throughput rate is 
the only relevant indicator because is a policy simpler 
than the proposed model.  

Further research concerns the introduction of the 
costs in the mathematical model proposed to link 
the improvement allocation to the costs of the pa-
rameters to improve and the energy costs that is the 
main benefit of the proposed model. Moreover, the 
proposed will be studied in dynamic conditions with 
the allocation and re-allocation of the improvements 
when the manufacturing conditions change. 
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EXP. No. MTBF MTTR Setup defective rate bottleneck no. Bottleneck  % Budget available

1 L L L L L L L

2 H H H H L L L

3 H L L L L L L

4 L H L L L L L

5 L L H L L L L

6 L L L H L L L

7 H H L L L L L

8 H L H L L L L

9 H L L H L L L

10 L L H H L L L

11 L H H L L L L

12 L H L H L L L

13 H H H L L L L

14 H H L H L L L

15 H L H H L L L

16 L H H H L L L

17 L L L L L L H

18 H H H H L L H

19 H L L L L L H

20 L H L L L L H

21 L L H L L L H

22 L L L H L L H

23 H H L L L L H

24 H L H L L L H

25 H L L H L L H

26 L L H H L L H

27 L H H L L L H

28 L H L H L L H

29 H H H L L L H

30 H H L H L L H

31 H L H H L L H

32 L H H H L L H

Annex 1.  Experimental classes 
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33 L L L L H L L

34 H H H H H L L

35 H L L L H L L

36 L H L L H L L

37 L L H L H L L

38 L L L H H L L

39 H H L L H L L

40 H L H L H L L

41 H L L H H L L

42 L L H H H L L

43 L H H L H L L

44 L H L H H L L

45 H H H L H L L

46 H H L H H L L

47 H L H H H L L

48 L H H H H L L

49 L L L L H L H

50 H H H H H L H

51 H L L L H L H

52 L H L L H L H

53 L L H L H L H

54 L L L H H L H

55 H H L L H L H

56 H L H L H L H

57 H L L H H L H

58 L L H H H L H

59 L H H L H L H

60 L H L H H L H

61 H H H L H L H

62 H H L H H L H

63 H L H H H L H

64 L H H H H L H

65 L L L L L H L

66 H H H H L H L

67 H L L L L H L

68 L H L L L H L

69 L L H L L H L

70 L L L H L H L

71 H H L L L H L

72 H L H L L H L

73 H L L H L H L

74 L L H H L H L

75 L H H L L H L

76 L H L H L H L

77 H H H L L H L

78 H H L H L H L

79 H L H H L H L

80 L H H H L H L

81 L L L L L H H

82 H H H H L H H

83 H L L L L H H
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84 L H L L L H H

85 L L H L L H H

86 L L L H L H H

87 H H L L L H H

88 H L H L L H H

89 H L L H L H H

90 L L H H L H H

91 L H H L L H H

92 L H L H L H H

93 H H H L L H H

94 H H L H L H H

95 H L H H L H H

96 L H H H L H H

97 L L L L H H L

98 H H H H H H L

99 H L L L H H L

100 L H L L H H L

101 L L H L H H L

102 L L L H H H L

103 H H L L H H L

104 H L H L H H L

105 H L L H H H L

106 L L H H H H L

107 L H H L H H L

108 L H L H H H L

109 H H H L H H L

110 H H L H H H L

111 H L H H H H L

112 L H H H H H L

113 L L L L H H H

114 H H H H H H H

115 H L L L H H H

116 L H L L H H H

117 L L H L H H H

118 L L L H H H H

119 H H L L H H H

120 H L H L H H H

121 H L L H H H H

122 L L H H H H H

123 L H H L H H H

124 L H L H H H H

125 H H H L H H H

126 H H L H H H H

127 H L H H H H H

128 L H H H H H H


