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 Background - Manufacturing organizations seek for a practical plan for implementing 

lean tools, which results in a suitable change in performance measures. Various 

sequences for implementing a common set of tools have been reported in literature. 
Objectives - This paper presents a method that employs control charts to determine the 

most suitable sequence for implementing a set of lean tools. Methodology - Using a 

full-factorial experimental design, all possible combinations of the three lean tools 
(increase in production capacity, reduction in lot size, and constant work-in-process 

system) are tested. Discrete event simulation is employed, and the performance 

measures are the average flow time and total output. Results – Several common 
patterns provide a guideline in determining the best sequence for implementing a set of 

lean tools. The first tool selected is one that functions to streamline the process, 
followed by bottleneck mitigation and suppression of work-in-process build up. 

Originality – Control charts are generally used to identify out-of-control points and 

deduce the underlying causes from the corresponding process. This paper presents a 
new function of control charts, which is to determine the best sequence for 

implementing a set of lean tools. 
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INTRODUCTION 

 

 Lean manufacturing, the core belief of which is 

waste elimination, has been the preferred solution to 

obstructions faced in production. Lean 

manufacturing, a structured method of mapping the 

production process, aims to determine the critical 

areas with the potential for waste reduction (Womack 

et al., 2008). Lean manufacturing generally proceeds 

through a series of gradual implementation of lean 

principles rather than through a single stage of 

absolute implementation; such procedure is 

important to facilitate the acceptance by the 

production personnel and to ensure sustainability of 

the proposed changes that are integrated into the 

production process (Feld, 2002). The detailed 

perspective of this paradigm adheres to the belief that 

factories often choose to incorporate selected lean 

tools in their daily operation, rather than targeting a 

completely lean environment because the latter may 

require complete overhaul of the production practice 

(Shah and Ward, 2003). Among the tools that aid in 

obtaining an improved production process are 

bottleneck mitigation, cellular manufacturing, cross-

functional workforce, cycle time reduction, 

continuous flow, lot size reduction, maintenance 

optimization, preventive maintenance, pull system, 

and quick changeover.   

 In practice, one concern that arises is the 

selection of the appropriate sequence for 

implementing a set of lean tools. Several sequences 

have been identified by Åhlström (1998), but these 

sequences merely dictate the precedence between 

managerial principles and lean tools, rather than the 

sequences among the tools themselves. Examples are 

changing the workers‟ attitudes toward the lean 

perception of quality (though training) prior to actual 

implementation and implementing process factors 

(where teamwork is involved) prior to structural 

factors (alteration of structural features of the 

production process). Ferdows and De Meyer (1990) 

justified the existence of a natural sequence of lean 

tools in the attainment of lasting capabilities in a 

manufacturing type that is subjected to the how 

constrained resources are allocated. However, 

literature that addresses the existence of this 

sequence is scarce, which results in the proposal of 

various sequences to implement a given set of tools. 
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The literature below highlights the existence of 

various combinations for the implementation of a 

common set of tools.  

 Scherrer-Rathje et al. (2009) implemented case 

studies that represent failed and successful lean 

implementations. Although an improved 

performance was demonstrated in the first case 

study, the performance was unsustainable, which 

resulted in the depletion of the lean tools from the 

production floor. Continuous flow and cellular 

manufacturing were implemented simultaneously 

with performance optimization and cost 

improvement. In the second case study, improved 

performance and sustainability were exhibited; this 

improvement was brought about by the 

implementation of the pull systems with production 

smoothing. Raab et al. (2008) examined the 

implementation of lean tools in one section of a 

medical laboratory. The success of the 

implementation was attributed to the acceptance of a 

series of trainings by the healthcare personnel as well 

as the implementation of 5S (sort, set-in-order, shine, 

standardize, sustain) continuous flow, and pull 

system in series. 

 Murrell et al. (2011) sequentially implemented 

two lean tools in an emergency department to attain a 

“rapid triage and transit system.” A value stream 

mapping identified the non-value added activities 

from the process flow, and the proposed solution 

employed a continuous flow, followed by self-

directed work teams. The system shows an increase 

of 10% in the number of patients and a reduction of 

15% in the time between admission to discharge. 

Álvarez et al. (2009) introduced lean tools in an 

injection valve manufacturing plant. In the test run 

on a selected portion of the manufacturing line, 

kanban system was first introduced to a series of 

workstations, followed by a milk-run replenishment 

system that aids in the effective transport of material 

among the remaining stations. The improved system 

realizes a reduction of 13% in flow time.  

 The literature on adaptation of lean improvement 

alternatives indicates that the predetermined 

sequences lack a means to achieve precedence 

relationships. A set of measurable performance 

would serve as a guide in determining the 

appropriate sequence, rather than the random 

assignment of sequence. In typical cases where 

production planning is not involved, production 

control serves as the sole determinant in measuring 

shop floor performances, whereby the efficiency and 

effectiveness of an action is quantified (Neely et al., 

1997). Given the dynamic nature of a shop floor, 

determining the changes in the performance measure 

with respect to time is important in implementing 

any alternative system (Liu et al., 2007).  

 The use of time series in manufacturing is well 

illustrated in statistics as control charts, which depict 

the fluctuations of a performance measure within the 

boundaries of control, while showing the deviation 

from the mean line. Apart from the research of Raab 

et al. (2008), studies that cite changes in the 

performance measures with respect to time, 

specifically in implementing lean manufacturing, are 

abundant, although the measures studied were those 

used in various applications. Middleton and Joyce 

(2012) investigated the application of lean 

manufacturing principles on the performance of a 

software development team employed by BBC 

Worldwide. Time series control charts were used to 

track the mean and variance in the lead time for order 

completion, from the planning phase of the lean 

principles until the implementation. In general, the 

lead time improved by 37%, accompanied by a 

reduction in process variability. Wang and Chen 

(2010) extended the lean approach to the banking 

industry by implementing lean initiatives in a wealth 

management and customer service section of a 

representative savings bank; control charts were also 

used to monitor the waiting time before and after 

implementation. The method resulted in a significant 

reduction in waiting time for opening an account, and 

an infrastructure to initiate and sustain greater 

performance was created.  

 In general, the coupling between lean 

improvement tools and control charts are more 

frequently found in Lean Six Sigma approach, where 

the performances of the lean initiatives are monitored 

via statistical tools. For example, Khurma et al. 

(2008) used simulation to examine potential lean 

improvement tools that can be implemented in the 

emergency departments of several Canadian 

hospitals. Control charts were used to track 

admission peaks in the emergency department. 

Several identified key tools (visual management, 

layout reconfiguration, and work standardization) 

were tested via simulation, and the corresponding 

waiting times at consecutive intervals were tracked 

using control charts. The control chart showed that 

the mean and variance of the waiting time was 

reduced significantly. Laureani and Antony (2010) 

illustrated the application of Lean Six Sigma in the 

human resource department of a service corporation. 

Changes in various factors influencing employee 

turnover was tracked with respect to time. This 

procedure served as a platform to identify potential 

improvement alternatives. A review on human 

resourcing policy was implemented subsequently, 

and the resulting turnover was traced on a control 

chart, which showed reduction in turnover. 

 The usual purpose of control charts is to identify 

out-of-control points and deduce the underlying 

causes from the corresponding process. However, the 

papers cited previously employed control charts for 

tracking the mean and variability in performance 

measures. The control charts are tracked in the two 

typical scenarios: 1) before and after the 

implementation (Wang and Chen, 2010; Khurma et 

al., 2008; Laureani and Antony, 2010), or 2) 

throughout the implementation (Middleton and 
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Joyce, 2012; Raab et al., 2008). In the latter scenario, 

the proposed lean tools follow a predetermined 

sequence, and the control chart is used to monitor the 

mean and variance at successive periods, attributing 

the pattern of points to the lean tool employed at 

discrete points in time. Mean and variance are 

standard measurements that determine if an 

improvement plan yields the desired result. In other 

words, manufacturing organizations will seek a 

gradual change, rather than a sudden change, in mean 

and variance. A sudden change may cause 

inventories of finished goods to be held longer (prior 

to shipment) or produce insufficient space for 

holding incoming finished goods (because the space 

is taken up by finished goods waiting for shipment) 

(Aiello, 2007). Both scenarios suggest higher holding 

cost while the production schedule is adjusted to 

make way for newly finished goods (Ho and Chang, 

2001). 

 The literature review indicated that lean tools 

have been concurrently used with control charts, but 

these studies focused on performance monitoring 

rather than on determining the suitable sequence for 

implementing lean tools. The current paper presents 

a method that employs control charts to determine 

the sequence for implementing a set of lean tools, 

with the aid of discrete event simulation. The method 

was verified using data from a case study conducted 

in facility located in Batu Gajah, Malaysia. The 

production line of this facility produces inductors 

that are used in commercial robots and 

telecommunication devices. During the time of the 

study, the production line was faced with long flow 

time with a high variance (3-7 days). The 

management expressed interest in incorporating 

selected lean tools to reduce the mean and standard 

deviation of flow time. However, the management 

also required that the lean tools be delineated 

sequentially to prevent congestion in or starvation in 

the storage of finished goods. Based on these 

situations, control charts were used to track the 

changes in flow time for the various combinations of 

the tools with respect to time. The paper is presented 

in the following order: problem description of the 

case study facility, the proposed lean tools, 

construction of the simulation model, method for 

gauging performances, results and discussion, and 

conclusion. 

  

Problem Description: 

 The research scenario was based on a case study 

of Company “X”, a subsidiary of a Japanese 

electronic component manufacturer. This facility is 

located in Batu Gajah, Perak, Malaysia. The main 

products of this facility are power inductors, 

electromagnetic interference suppression filters, 

capacitors, sensors, and resistors. This case study 

focused on the improvement of a production line that 

manufactures power inductor. A detailed 

understanding of the current process flow was 

mapped and depicted in the current state value 

stream map (VSM) of the power inductor, which is 

shown in Figure 1. 
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Fig. 1: Current state VSM of the power inductor. 

 

 The working shift is 12 h per shift, 2 shifts per 

day, and 5 days per week, with a total rest time of 75 

min per shift. A total of four inductor types (55P, PO, 

JO, and 5BP) are manufactured in this line. 55P and 

JO are low runners, whereas PO and 5BP are high 

runners. Raw material (inductor core) arrives daily 
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according to a min–max system. In core winding 

(YCW), copper wire is wound onto each inductor 

core, followed by flux and soldering. The inductor 

cores are placed equidistantly onto a tape, and then 

wound into a reel. The tape is then fed into a core 

magnetizer (CCM) machine to form magnetic resin 

on the copper wire of each inductor core. Afterwards, 

the reel is placed into an oven to dry and harden the 

resin. Once cured, the reel is fed into a sorting 

(DSM) machine, where the appearance of the 

inductor core on the tape is sorted following the 

winding, soldering, and coating processes. DSM is 

only applicable for PO and 5BP product types. Next, 

manual checking (APP1) is conducted. Once sorted, 

an inductance test (EST) is conducted to check the 

inductance properties of each core on reel. After this 

test, manual checking (APP2) is again conducted. 

Finally, each reel is sampled for quality checking 

(OQC) on its electrical properties and accuracy in 

dimensioning. Between the processes, all four 

product types share 5 ovens, 9 APP2, and 2 OQC 

machines. The number of machines allocated to each 

product type for the remaining processes is shown in 

Table 1. 

 
Table 1: Quantity of dedicated machines for 55P, PO, JO and 5BP. 

Product type 
Process 

YCW CCM DSM APP1 EST 

55P 1 2 - 1 2 

PO 4 5 1 2 3 

JO 1 3 - 1 2 

5BP 9 6 1 4 2 

 

 The current state VSM of the middle core 

reveals several crucial areas for potential 

improvement. First, the irregular WIP distribution 

across buffers indicates that several workstations 

have either too high or too low WIP (work-in-

process) level. In the case of high WIP level, the 

produced WIP, irrespective of downstream 

workstation, may cause blocking of an upstream 

workstation. By contrast, a downstream workstation 

can be starved in the case of low WIP level. VSM 

cannot depict the events of starving and blocking, 

whereas machine utilization can indicate which 

machines are experiencing starving or blocking. 

Production records of the middle core during the 

time of the study revealed that CCM machines of 

55P and JO have low utilization (i.e., experiences 

frequent starving). This starving was attributed to the 

insufficient WIP that affected the decoupling of the 

different production rates between YCW and CCM. 

The disparity in the production rates between 

adjacent workstations contributed to the lack of WIP 

build up between them. This problem can be solved 

by reducing the disparity in the different production 

rates. One method to realize this reduction is by 

increasing the production rate of the upstream 

workstation, that is, YCW of 55P and JO. As shown 

in Figure 1, EST machines of PO and 5BP have low 

utilization. This finding suggests that increasing the 

capacity of APP1 for the two product types may 

reduce the disparity in the different production rates 

of the adjacent workstations.  

 Second, performing the setup tasks in YCW 

takes approximately 5 min. However, the primary 

reason of the management for adopting its current lot 

size (one reel completely utilized) is to reduce the 

setup frequency. Given that the setup time consumes 

a small percentage of the total YCW cycle time (~ < 

5%), reducing the lot size to a level in which the 

setup frequency is balanced by the setup time is 

reasonable. Third, a pull system can regulate the flow 

of WIP through the line, and thus WIP peaks at 

crucial areas (e.g., between DSM and APP1 of PO, 

between YCW and CCM of 5BP, and between DSM 

and APP1 of 5BP) can be reduced. The production 

line of this facility has previously employed kanban 

system as a means to limit WIP between adjacent 

workstations. However, this system was eventually 

abandoned because of the difficulty in sustaining its 

operation and the confusion in card transfer faced by 

operators. However, the management was willing to 

experiment with an alternative pull system that is 

easier to manage and more sustainable. To date, 

various pull systems have been conceived, such as 

paired-cell overlapping loops of cards with 

authorization (Suri, 1998) and constant WIP 

(CONWIP) (Spearman et al., 1990). Hybrid systems 

have also been introduced (Cochran and Kim, 1998). 

One pull system that has currently received 

widespread attention is CONWIP system. CONWIP 

is known to be more pertinent compared with other 

pull systems because of the fewer prerequisites (i.e., 

setting of a single card count and allowance for work 

ahead) (Krishnan, 2007). Another strategic advantage 

of CONWIP over its counterparts is the naturally 

harmonized distribution of high-runner and low-

runner WIP throughout the line, given that the 

essence of CONWIP is limiting WIP within the 

boundary of workstation (Olhager, 2003).  

 

Methodology: 

 This study aims to determine the appropriate 

implementation sequence to provide relatively low 

flow time variance at successive periods throughout 

the implementation period, accompanied by an 

overall improvement in performance. The flow chart 

of the methodology is shown in Figure 2.  

 

Lean tools and possible combinations: 

 The three tools discussed previously (i.e., 

increase in production capacity, reduction in lot size, 
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and CONWIP system) lack a means of precedence 

relationship. Using a full-factorial experimental 

design, all possible combinations were tested. 

Despite being less efficient because of the large 

number of experiments involved, this design 

provides higher accuracy of the predicted 

relationship between the combinations and 

performance measures (Montgomery, 2008). From 

the three tools, six possible sequences were 

proposed. These are summarized in Table 2. For ease 

of expression, the tools are abbreviated as LS (for lot 

size reduction), PC (for change in production 

capacity), and CW (for CONWIP system) hereafter.  

 To ascertain the relative superiority of one 

sequence over another, the experimental method 

should provide slight superimposition of the existing 

shop floor operations. Simulation is useful for 

problem solving in various areas of application. In 

particular, discrete event simulation as a form of 

computer simulation is widely used in various fields 

including manufacturing, construction, management, 

military, logistics, transportation, and health care 

(Law and Kelton, 2000). In discrete event simulation, 

the state variable in a system changes at discrete 

points in time. Discrete event simulation was 

employed in this study because this system has the 

following advantages (Banks et al., 2010): a) 

provides a risk-free environment for testing a new 

system, b) handles complex systems involving 

uncertainty, and c) visualizes characteristics and 

movement of product discretely. This experiment 

employed WITNESS 13 as the interface for model 

construction. 

 

Start

Decision on lean tools and possible combinations

Building discrete event simulation model of each alternative

Data collection at successive intervals

Plot control charts and performance comparison

End
 

Fig. 2: Methodology flow chart. 

 
Table 2: Sequences examined in simulation models. 

Sequence Tool 1 Tool 2 Tool 3 

A LS PC CW 

B LS CW PC 

C PC LS CW 

D PC CW LS 

E CW LS PC 

F CW PC LS 

 

Building discrete event simulation models: 

 The model construction stage was initiated by 

building the model of the original system, as depicted 

in the current state VSM. Attributes, variables, and 

event notices generally serve as the input to a 

simulation model, with the performance measures as 

the corresponding output. Attributes take on a fixed 

value in a model. Variables take on values that are 

varied during the simulation run. Moreover, event 

notices provide a record of event occurrences 

throughout the simulation run. 

 The distinct implementation of each tool 

translates into specific dynamic changes in the 

simulation environment. The admission of batches in 

B1 at each inter-arrival time (start of each day) is 

assigned a lot size. This value reflects the lot size of 

all succeeding batches, until the point in which the 

lot size changes, which necessitates the assignment 

of a new lot size to the admission of batches in B1 at 

the following inter-arrival time. Initially, the LS 

procedure is gradual; subsequently it changes 

progressively until an optimum value is reached, 

where subsequent reduction will result in 

deterioration of system performance. Similarly, the 

LS process possesses a minimum allowable lot size, 

where the utilization of a reel (according to product 

type) is at a minimum. However, with the objective 

of determining the optimum lean tool sequencing, 

rather than the optimum lot size, the LS in the 

simulation model encompasses the reduction from 

the current lot size to the minimum lot size. This 

procedure is summarized in Table 3. 

 The change in the capacity of YCW and APP1 

follows a similar trend, in which the procedure is 

initially gradual, and then changes progressively until 

the desired quantities of machines are achieved. In 
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YCW, an increase in the number of machines for 55P 

and JO indicates a decrease in the number of 

machines for PO and 5BP. This situation is created 

because the relatively low utilization for PO and 5BP 

justifies its substitution for use by 55P and JO. 

Hence, the total number of YCW machines is 

maintained. However, the condition of APP1 being a 

manually executed process enables the increase in its 

quantity for PO and 5BP independent of 55P and JO. 

Table 4 summarizes the capacity change procedure in 

the simulation models. 

 
Table 3: Lot size reduction procedure. 

Condition 
Lot size 

55P PO JO 5BP 

Original 7100 7500 11500 7100 

Optimal 5500 5500 5500 6500 

 
Table 4: Capacity change procedure. 

Condition 
YCW_ 

55P 
YCW 
_PO 

YCW 
_JO 

YCW 
_5BP 

APP1 
_55P 

APP1 
_PO 

APP1 
_JO 

APP1 
_5BP 

Original 1 4 1 9 1 2 1 4 

Optimal 2 3 2 8 1 3 1 5 

 

 The current production adopts a push system. To 

enable the line to operate via CW, a suitable card 

count for each product variety must be determined. 

One commonly used procedure in converting a line 

from a push system to a pull system is known as the 

“greedy” procedure (Federgruen and Groenevelt, 

1986). In this procedure, a card is attached to each 

WIP batch and the batches are progressively reduced 

(by removing the card of one batch at the front of a 

queue and pushing it forward) until the minimum 

requirement to meet the targeted production is 

achieved. In the simulation model, these steps are 

translated as follows. One card is attached to each 

batch for each product type. When a batch of parts 

complete OQC, the card is detached from that batch 

and sent to the start of the line. A card is attached to 

the new batch is attached before processing at YCW. 

The card reduction process is continued gradually at 

the start of each inter-arrival time until a limit is 

reached. In other words, if the demand is not met, 

then the card count is increased to the immediate 

preceding value.  

 

Data collection at successive intervals and 

performance measure: 

 The period of data collection for progress 

monitoring takes place at the end of each week. Such 

period is chosen because it complements the existing 

practice in the facility, where a meeting is held once 

a week to discuss the production issues of the week 

before. A period of one week for each successive 

monitoring also serves as a guide in tracing back the 

specific lean tool adopted during that period. The 

performance measures (measured weekly) used are 

the average flow time (AFT) and total output (TO) 

because improvement programs in manufacturing 

organizations are evaluated based on performance 

(Capkun et al., 2009). AFT is the average duration 

from the time the products are ready for processing 

until the completion of the process; TO is the total 

number of completed parts produced in a given 

period (Hopp and Spearman, 2001).  

 

RESULTS AND DISCUSSION 

 

 The AFT and TO of sequences A, B, C, D, E, and 

F are shown in Figures 3, 4, 5, 6, 7, and 8, 

respectively. Prior to achieving a lower standard 

deviation of the changes, the predetermined sequence 

should first demonstrate an improvement in the 

overall performance. Notably, the performance for a 

particular tool implemented at the start of a given 

week is observed at the end of that week (i.e., the 

following week). 

 

Comparison between sequences: 

 As shown in the figures, all sequences have 

demonstrated certain levels of performance 

improvement at the end point with reference to the 

first point, although the levels vary. Sequences A and 

D demonstrate the lowest degree of performance 

deterioration compared with those of sequences B, C, 

E, and F. In sequence A (Figure 3), TO of BP5 shows 

a slighter decrease at week 14 compared with that of 

week 1. In sequence D (Figure 6), TO of BP5 shows 

a more significant drop in week 11 compared with 

that of week 1 (from 380 kpcs to 250 kpcs). By 

contrast, sequences B, C, D, and E show a more 

severe deterioration in performance. In sequence B 

(Figure 4), AFT of P55 and JO increases at week 10 

compared with week 1 (from 3 days to 5 days and 

from 6 days to 19 days, respectively). In sequence C 

(Figure 5), AFT of BP5 increases at week 17 

compared with that of week 1 (from 4 days to 14 

days). In sequence E (Figure 7), AFT of P55 and JO 

increases at week 9 compared with that of week 1 

(from 2 to 6 days and from 6 to 15 days, 

respectively). In sequence F (Figure 8), AFT of JO 

shows an increase at week 10 compared with that of 

week 1 (from 7 to 10 days). In addition, between the 

two best alternatives (sequences A and D), the 

completion times for the entire implementation 

process are 14 and 11 weeks. Table 5 and 6 

summarizes the standard deviations of AFT and TO 

for all sequences. The table shows that sequence D 

has a lower performance standard deviation 
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compared with sequence A, despite showing a lower performance improvement. 

 

 

 
 

Fig. 3: Performance of Sequence A (week 1-3=LS, week 4-5=PC, week 6-13=CW). 

 

 
 

Fig. 4: Performance of Sequence B (week 1-3=LS, week 4-7=CW, week 8-9=PC). 

 

 

 
 

Fig. 5: Performance of Sequence C (week 1-2=PC, week 3-5=LS, week 6-13=CW). 

 

Comparison between lean tools: 

 The control charts in Figures 3 to 8 display 

several trends of the influence of specific lean tools. 

The influence of changes in production capacity (PC) 

observed in the simulation environment shows a 

particular trend irrespective of the sequence: at the 

point where PC is completed, a drop in AFT is 

observed, and this drop is more significant for low 

runners (P55 and JO) compared with that of high 

runners (PO and BP5). Moreover, for high runners 

(PO and BP5), an increase in AFT is achieved if PC 

is the first tool to be implemented (Figures 5 and 6). 
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This finding is caused by the significantly low 

demand of low runners such that an increase in 

production capacity will not induce the admittance of 

more parts into the line. By contrast, the demand of 

high runners is relatively high such that an increase 

in production capacity will induce the admittance of 

more parts into the line. This situation prolongs the 

flow time. However, more visible increase is only 

observed when PC is used as the first tool. When 

used as the second or third lean tool, the preceding 

tools provide sufficient improvement in the 

production system, in which the system suppresses 

any increase in AFT. 

 

 
 

Fig. 6: Performance of Sequence D (week 1=PC, week 2-7=CW, week 8-10=LS). 

 

 
 

Fig. 7: Performance of Sequence E (week 1-4=CW, week 5-6=LS, week 7-8=PC). 

 

 
 

Fig. 8: Performance of Sequence F (week 1-4=CW, week 5-6=PC, week 7-9=LS). 

 
Table 5: Standard deviation of AFT for Sequence A, B, C, D, E and F. 

Sequence 
Std dev of AFT (days) 

P55 PO JO BP5 

A 1.34 2.27 1.80 4.85 

B 2.38 2.06 4.57 3.66 

C 0.38 1.56 2.02 3.89 

D 0.46 1.94 2.22 2.34 

E 2.14 0.93 3.43 1.47 

F 1.75 0.93 2.00 1.45 

 
Table 6: Standard deviation of TO for Sequence A, B, C, D, E and F. 

Sequence 
Std dev of TO (kpcs) 

P55 PO JO BP5 

A 8.89 60.20 18.59 58.83 

B 18.40 31.08 9.78 46.52 

C 6.84 42.36 23.64 35.23 

D 6.37 19.01 15.92 65.59 

E 13.35 31.94 14.05 23.17 

F 12.63 27.20 12.50 57.09 
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 Figures 3 to 8 show that the LS procedure takes 

two to three weeks to complete. Although a longer 

period that allows a more gradual reduction to the lot 

size could provide a more stable change in the 

performance (AFT and TO), such process increases 

the production cost (ElMaraghy, 2011). Frequent 

revisions in the production planning requires 

rescheduling of the daily raw material delivery and 

planning of daily capacity utilization, which 

ultimately result in irregular production scheduling 

that the production personnel should adhere to 

(Greeff and Ghoshal, 2004). In this regard, 

production planning frequently employs a one-off 

reduction on the targeted lot size, where the targeted 

lot size balances the setup time and setup frequency, 

with an overall performance improvement. Such 

calculation is frequently deemed tedious, but 

assumption made about the dynamic manufacturing 

environment (e.g., cycle time of labor-intensive tasks 

and mean time between failures and repairs) 

significantly simplifies the calculations.  

 The rationale for adopting LS as a lean tool for 

performance improvement is attributed to the more 

rapid processing or movement of parts. However, in 

the absence of any mechanism for controlling the 

queue lengths, AFT may increase. As shown in 

Figures 4 and 5, when LS is used as the first tool, 

AFT shows an increase. This finding indicates that 

LS is accompanied by an increase in the number of 

lots admitted into the line, but with equal total 

number of parts. Hence, a relatively steady TO is 

demonstrated. However, when used as the second or 

third lean tool, the effect of LS is dependent on the 

preceding tool. When preceded by PC in sequences 

C and F (Figures 5 and 8, respectively), TO shows an 

overall increase and AFT shows a decreasing pattern 

(except for BP5 in Figure 5, where AFT increases). 

This result is caused by the increase in production 

capacity that allows more lots to be admitted into the 

line. When preceded by CW in sequences D and E 

(Figures 6 and 7, respectively), the behavior varies: 

TO shows a mild increase (except for BP5 in Figure 

7, where TO decreases) and AFT remains effectively 

steady (except for P55 and BP5 in Figure 7, where 

AFT increases).  

 The implementation of CW in the simulation 

environment consumes a longer period compared 

with that in increasing PC and LS. Although the 

simulation is able to determine the exact quantity of 

cards required for optimum performance, the 

implementation is designed to mimic the actual 

implementation procedure, which is gradual. The 

purpose of having a gradual implementation is to 

phase out the WIPs from the existing level to the 

desired level in stages. A one-off reduction on the 

desired WIP level does not consider the available 

capacity of workstations per day and the priority of 

orders in queues (Prakash and Chin, 2014). Conflict 

between the two issues will ultimately require a 

substantially long period to achieve the targeted WIP 

level.  

 When used as the first tool (Figures 7 and 8), 

CW shows a positive influence on high runners (PO 

and BP5), that is, AFT eventually decreases. 

However, CW shows a negative influence on low 

runners (P55 and JO), that is, AFT consistently 

increases. When used after an increase in production 

capacity (PC) (Figures 3 and 6), TO fluctuates within 

its mean, thereby making it effectively constant; 

however, AFT decreases until an optimum is reached 

(except for sequence A in Figure 3, where AFT of 

BP5 increases first and then decreases). In both 

cases, the relatively low demand of low runners does 

not require a WIP limiting mechanism. When 

implemented, the flow time increases, as parts await 

for a signal even if the downstream workstations are 

in need for parts. With regard to the high runners, the 

relatively high demand allows more parts into the 

line, regardless of the need of downstream machines. 

This effect is magnified when the production 

capacity is increased. Hence, CONWIP implemented 

after PC limits the entrance of the parts into the line, 

that is, the signal dictates when a downstream 

workstation is in need of parts. When used after the 

reduction in lot size (LS) (Figures 4 and 5), TO again 

fluctuates within the mean, making it effectively 

constant; however, AFT does not show a consistent 

pattern; generally an increase is shown followed by a 

decrease.  

  

Comparison between best sequences: 

 The two best sequences, A (Figure 3) and D 

(Figure 6), highlight certain similarities in terms of 

the sequence of used tools. Both methods adopt the 

implementation of CW only after the production 

capacity is increased (PC). The poorer performance 

of sequence D compared with that of A is attributed 

to the implementation of LS: in sequence A, LS is 

implemented first, whereas in sequence D, LS is 

implemented last. The precedence of PC over CW is 

consistent with the traditional belief that production 

improvement is initiated by bottleneck mitigation 

because this task contributes to the largest 

improvement in a production system (Almström and 

Kinnander, 2011). Bottleneck mitigation is 

commonly achieved through several notable 

methods. In the present study, this task was achieved 

by increasing the production rate of the bottleneck 

workstations. Other commonly employed methods 

include relocation of decoupling point, 

reconfiguration of layout, buffer resizing, and „takt‟ 

time evaluation (Mauri et al., 2010). Each tool has its 

own set of advantages and disadvantages. Specific to 

this study, the increase in the production capacity of 

bottleneck workstations was the lowest cost 

alternative sought because the machines were readily 

available. Only the required capacity per day in the 

production planning stage was recalculated and 

incorporated into the existing schedule.  
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 An increase in production capacity requires a 

means for limiting the WIP level. Smalley (2009) 

stated that the subsequent steps to be implemented 

during the time when the production capacity is 

ready to be matched with the demand are the 

selection of the pacemaker process (typically the last 

process) and the expansion of a pull system to 

upstream processes. Smalley (2009) specified the 

operation of kanban system; however, the study 

provided a brief explanation on sustainability of a 

pull system, that is, remove cards with redundant 

functions and relax the upper and lower limits of 

WIP in FIFO lanes, which essentially refers to a CW 

between boundaries of the preceding and succeeding 

workstation.  

 One issue that remains is the implementation of 

lot size improvement in the sequence. Zhao and Li 

(2014) studied the implementation of lot size prior to 

bottleneck mitigation. However, instead of reducing 

the lot size, they increased the lot size such that the 

reduction in the changeover time per part was 

sufficient to impose slight effect on the overall flow 

time. Although no reason was provided as to why 

such a selection was made, the study consistently 

adhered to the belief in waste reduction in lean tools, 

where the improvement starts with the maximum 

streamlining of the process and where the ultimate 

goal is attaining a one-piece flow, and if this is not 

possible, then one period worth of inventory should 

be held (Smalley, 2009).  

  

Conclusion: 

 This paper presents a method that employs 

control charts to determine the sequence of 

implementing a set of lean tools, with the aid of 

discrete event simulation. The simulation results 

show that all sequences achieved certain levels of 

performance improvement, although these levels 

were characterized with different degrees. Sequences 

A and D showed the lowest degree of performance 

deterioration compared with sequences B, C, E, and 

F. Figures 3 to 8 show common patterns that can 

essentially provide a guideline in determining the 

best sequence for implementing a set of lean tools, 

which can enable the tools to yield overall 

improvement in performance as well as the lowest 

standard deviation in performance change. The first 

tool selected is one that functions to streamline the 

process, followed by bottleneck mitigation, and 

finally, with suppression of WIP build up. Such a 

rule-of-thumb, though simplified, paves way for 

delineating the correct sequence for other 

combination of lean tools. 

 This study revealed potential research areas that 

can be enriched. First, a different combination of 

lean tools can be investigated to validate the findings 

of this study. Additionally, a hierarchical taxonomy 

of lean tools (process streamlining, bottleneck 

mitigation, and suppression of WIP build up) can 

also be developed to simplify the procedure of 

determining the implementation sequence. Finally, 

real time implementation of cases can fine-tune the 

simulation to match the real-time performance 

measure data, which could be the minimum result to 

be obtained. 
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