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Abstract. The work presented in this paper is part of a project aimed at stream-

lining and improving the process flow at a leather furniture manufacturing com-

pany. The manufacturing throughput time is highly variable, and this has result-

ant effect on subsequent stages of the process, where the components produced 

are to be assembled. It would be highly beneficial to have a high level of predict-

ability at the upstream stages of the production process, such that the downstream 

assembly operation can be planned in accordance with the expected arrival of 

components for specific product types. Research conducted in a previous phase 

of the project showed that the application of the CONstant Work In Progress 

(CONWIP) control mechanism to regulate inventory yielded significant im-

provements in the throughput time’s mean and variation. However, as it is the 

case with tighter control of inventory in manufacturing, previously unrealised 

problems were exposed in relation to the selection of the product model to release 

into the CONWIP loop. This has significant impact on the balance of the distri-

bution of workload across the system’s workstations and among the multi-skilled 

teams at one of the workstations. 

This research implements a nested configuration of the Paired-cell Overlap-

ping Loop Of Cards with Authorisation (POLCA) and the Generic Kanban con-

trol mechanisms to achieve a balance of the workloads. This ensures a synchro-

nised flow of the different product mix through the entire manufacturing system.  

Keywords: POLCA, Generic Kanban, High-mix Manufacturing. 

1 Introduction 

The research presented in this paper is part of a project titled SØM4.0, which is aimed 

at streamlining and improving the process flow at a furniture manufacturing company. 

There is a significant amount of deviation between the value adding time and the 

throughput time. Additionally, the throughput time is highly variable, and this has re-

sultant effect on subsequent stages of the process, where the components produced are 

to be assembled. 

Research conducted in a previous phase of the project showed that the application 

of the CONWIP control mechanism to regulate inventory and a sequencing rule to con-

trol production yielded significant improvements in the throughput time’s mean and 
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variation [1, 2]. However, as it is the case with tighter control of inventory in manufac-

turing, previously unrealised problems were exposed in relation to the selection of the 

product model to release into the CONWIP loop. This has significant impact on the 

balance of the distribution of workload across the manufacturing stages and among the 

operator teams at one of the processing steps. 

The aim of the research reported here is to implement a production control mecha-

nisms that would provide a balance of workload, both across the system’s workstations 

and among the teams at one of the workstations. This would ensure a synchronised flow 

of the different product mix through the entire system.  

The rest of the paper is organised as follows. In the next section, a more detailed 

overview is provided of the case study company’s challenges, previous works that have 

been done to overcome the challenges and the current challenges that are to be ad-

dressed in this work. In Section 3, related production control mechanisms that have 

been applied to address similar challenges are reviewed and discussed. Section 4 will 

describe a concept for achieving workload balance through a nested configuration of 

control mechanisms in the case study system. Finally, Section 5 will provide insights 

and conclusions on the nested configuration concept described in this work. It will dis-

cuss the benefits of such nested configuration of production control mechanisms and 

establish grounds for future work to further investigate the concept. 

2 Overview of Case Study System 

The case study company is a typical example of high-mix production. The product line 

consists of 36 different models, most of which are offered in two or three different sizes 

(small, medium and large), while other models are offered with two differential models. 

Furthermore, all the products are offered with a wide selection of materials and colours. 

The main variety explosion occurs right from the beginning of the production process 

where the model and materials are selected. 

 

Fig. 1. Process Flow Chart 

The leather pieces for the furniture are cut in Step 1 followed by them undergoing 

variety of sewing operations between Steps 2 and 10, which constitute the sewing sec-

tion. This work focuses on Steps 2 to 10 (i.e. S2 to S10), which are the most labour 

intensive and value-adding processes of the whole production. The routing possibilities 

through these processing steps differ from one product model to another, as shown in 

Fig. 1. 
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2.1 Background 

The company previously applied a Push control mechanism to release items from the 

cutting into the sewing section, followed by applying a FIFO rule to sequence their 

processing at the workstations. Barring any capacity constraints, this should ensure that 

the products are completed as planned in the production order. However, the direct 

release of semi-finished items from the leather cutting section (Step 1) into the down-

stream sewing section created a constant need for human intervention to re-sequence 

and reshuffle the in-process items. A personnel had to monitor the workloads at the 

different teams and redistribute waiting items to alternative teams that had spare capac-

ity for processing. 

To overcome the problem highlighted above, a CONWIP control was implemented 

in the sewing section, which meant that a limit was set on the number of WIP allowed 

in the sewing section and an intermediate buffer created between the two sections. The 

lower amount of WIP, judging by Little’s law [3], reduced the throughput time [1, 2]. 

The intermediate buffer served decoupling purposes between the flows out of the cut-

ting section and the releases into the sewing section. As a result, the resequencing be-

came easier, as the number of items that had to be re-ordered reduced, and the level of 

chaos in the sewing section reduced, although this is not directly quantifiable. 

However, although the lower WIP level reduced the effort needed for reshuffling, it 

did not ensure a balanced workload distribution across the teams at S8. The release of 

items from the intermediate buffer into the sewing section did not consider the current 

level of inventory for individual product models or operator teams at S8. Prior to the 

implementation of the CONWIP, there were excessive items in the sewing section 

which ensured that the workstations and operator teams were consistently utilised. With 

the CONWIP, it became necessary to ensure that the limited number of items released 

into the sewing section consisted of a balanced distribution of workload across the 

workstations and the operator teams at S8. 

Making use of additional information, such as the capacity availability and level of 

inventory downstream, can significantly improve item release decisions. And, as re-

ported in a previous study, the release method into a system is more crucial than the 

sequencing or prioritisation rule at individual workstations, such that if the release rule 

functions well, the setting of sequencing rule at individual workstation becomes less 

effective or even counterproductive [4, 5]. Hence, the aim of the current work reported 

here is to implement control mechanisms that will synchronise the release of items into 

the sewing section with the current state of the downstream workstations, particularly 

the operator teams of Step 8. This shares some of the objectives of existing production 

control techniques which are going to be discussed in the next section. 

3 Review of Literature on Related Control Mechanisms 

The card-based mechanisms that are available in literature can be categorised into unit-

based or load-based, depending on if their signal card represents the physical inventory 

implication or the workload impact of releasing an item for processing. The original 
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card-based mechanism was the traditional Kanban control strategy of Toyota Produc-

tion System, and it was unit-based [6]. Other unit-based mechanisms are the CONWIP 

[7], the Generic Kanban [8], the paired-cell Overlapping Loops of Cards with Author-

isation (POLCA) [9] and many others. Load-based mechanisms adapted workload con-

trol concepts [4, 10] into card-based control mechanisms. As such, some of the existing 

load-based mechanisms have retained the same control logic of previously existing 

unit-based mechanisms, but with load-based interpretation of their cards. Examples of 

such load-based mechanisms are the Constant Load (CONLOAD) [11], Control of Bal-

ance by Card Based Navigation (COBACABANA) [4] and Load-based POLCA [12], 

which can be said to be the load-based versions of the CONWIP, Generic Kanban and 

the POLCA respectively. The aim of these load-based implementations was to take into 

account that different products might have different workload impacts on a manufac-

turing resource, especially in high-mix systems in which the processing time require-

ments of the system’s products vary significantly. Unit-based mechanisms, on the other 

hand, would not adequately quantify the difference in the load impacts of releasing a 

unit of a short processing and a high processing product into a system. 

However, load-based mechanisms are generally less used than the unit-based mech-

anisms, because of challenges that have to do with accurate quantification of the load 

impact of released item units, as well as the complexity of their software and hardware 

requirements for implementation and execution [13]. As evident in the 

COBACABANA, for which two methods of representing workload have been reported 

[4, 14], it can be difficult to find a trade-off between requiring many cards to precisely 

represent different product workload ranges and reducing the number of cards with the 

implication of a less precise load representation. 

Furthermore, some of the latter control mechanisms have been adapted to overcome 

the limitations of previous mechanisms in non-repetitive, dynamic environments, by 

incorporating necessary flexibility in the logic for the transmission of the cards. It is 

often easier to adapt a control mechanisms to an environment – even if it results in some 

loss of effectiveness – than to adapt the environment to the strategy [8]. Some of the 

common adaptations are the use of generic (or centralised) control of cards as found in 

the Generic Kanban and the Generic POLCA, which are adaptations from the tradi-

tional Kanban and POLCA respectively. In the original control mechanisms, an item 

obtains the authorisation cards for processing at the workstations one at a time; while 

in the generic adaptations, an item must obtain all the authorisation cards it requires for 

its required processing steps before it is released into the system. The aim is to ensure 

that an item has obtained authorisation cards for all the workstations, to indicate the 

availability of capacity at all the stages at which it is to be processed, before it is re-

leased at all into the system. Hence, once an item is released, subsequent queueing in 

between downstream stages is minimised because it does not have to wait for authori-

sation cards and, as a consequence, the system inventory level is reduced and replaced 

with card inventories instead. Another benefit of the generic control of authorisations 

cards is that it makes the control mechanisms applicable to systems with flexible rout-

ing, since each product model type can dynamically select the cards for the workstations 

that belong to its route. 
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However, the global control of cards, can lead to blocking in high-mix systems in 

which products have different routing possibilities. Because items obtain all the card 

for the workstations along their routes before being released into the system, it could 

become a problem for other products. If for any reason an item becomes stuck at up-

stream stations that it does not share with other items, it will continue to hold on to 

downstream authorisation cards that could be directly used by other items that are pro-

cessed through different upstream workstations. This could lead to starvation of the 

downstream workstations, if there is no card available to authorise the release of those 

other items. Methods, such as continuous monitoring and direct release of items to 

starving workstations even if it violates their workload limits [15], and the differentia-

tion of indirect from direct loading , have been proposed to avoid this blocking. 

This problem has been described in other studies on divergent systems [14] as prem-

ature idleness of the downstream stations, and recommendations have been made on 

how to overcome the problem [16]. Another investigation into this problem suggests 

that a proper setting of the load limit at critical loops can be used to mitigate it [13]. 

4 Nested Implementation of Multiple Control Mechanisms 

Based on the above it is clear that control mechanisms that operate generic control can-

not be applied in the type of highly variable routing system of this work. It is for this 

same reason that the Generic Kanban, the GPOLCA and the COBACABANA cannot 

be applied in the system considered here. However, it is possible to apply elements of 

the Generic Kanban in a way that takes advantage of its workload regulating attribute 

to balance the workload across the operator teams of S8. It has been previously demon-

strated in existing works that COBACABANA, which has a similar logic to the Generic 

Kanban, is effective at balancing workload across intermediate stages of a manufactur-

ing system [13, 17]. This attribute, through the Generic Kanban, will be extended in 

this paper to balancing workload across the lateral workstations at the same work-

station, i.e. for the operator teams of S8 in the case study system. 

In a nested configuration of two control mechanisms, the POLCA will be applied 

across the system, while a Generic Kanban will be used to synchronise the release of 

items into the system with the work rate of the operator teams at S8. The steps involved 

in setting up this nested configuration, are as described in the following sub-sections. 

4.1 Implementation of POLCA 

POLCA has been reported to be suitable to high-mix, low-volume environments in 

which the traditional Kanban control mechanism would result in the proliferation of 

inventory. This is because the traditional Kanban control mechanism would need to 

keep stage level product specific base stock for each of the products produced in the 

system [18]. POLCA uses its cards to signal the availability of capacity downstream 

and release parts for processing, unlike the traditional Kanban control mechanisms 

which uses its cards to signal the need for the transfer of a specific part type downstream 

to fulfil a demand or to replenish stock. POLCA keeps inventory of cards instead of 
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physical parts, and as a result is able to avoid the need to keep inventory for each spe-

cific product type. The above contrasts between the two have only been made to enable 

the reader understand POLCA within the context of the more widely known traditional 

Kanban control, and to describe some of the reasons why the traditional Kanban is not 

being considered in this work. 

The first step taken in the implementation of POLCA in the case study system is to 

identify the possible paired cells formation for the eight different processing routes, as 

shown in Table 1. As shown in the table, there are between 3 to 5 paired cells that can 

be formed from each of the routes.  

Table 1. Routing Information with Paired Cells 

Route Steps Number of Paired Cells 

R1 S2-S3-S5-S8 3 

R2 S2-S3-S4-S5-S6-S8 5 

R3 S2-S3-S5-S7-S8 4 

R4 S2-S3-S5-S8-S9 4 

R5 S2-S3-S5-S7-S8-S9 5 

R6 S2-S3-S5-S8-S9-S10 5 

R7 S2-S3-S5-S8-S10 4 

R8 S2-S3-S5-S7-S8-S10 5 

 

Next, the possible paired cells across the routes are listed long with the routes to 

which they apply and the total number of such routes, as shown in Table 2. The aim of 

this information is to ensure that the paired cells are set up with adequate cards to cor-

respond to the number of routes they serve, and the expected production volume of the 

products processed along the routes. This is because, as earlier discussed in Section 3, 

a previous study has observed that setting appropriate card limits at such crucial points 

in the system is important to prevent the possibility of the system getting blocked. 

Table 2. Paired Cells and Routes Served 

Paired Cells Routes Served Number of Routes Served 

S2-S3 All 8 

S3-S4 R2 1 

S3-S5 All, except R2 7 

S4-S5 R2 1 

S5-S6 R2 1 

S5-S7 R3, R5, R8 3 

S5-S8 R1, R4, R6, R7 4 

S6-S8 R2 1 

S7-S8 R3, R5, R8 3 

S8-S9 R4, R5, R6 3 

S8-S10 R7, R8 2 

S9-S10 R6 1 

 

The card allowance for the paired cells can be determined using the same formula in 

[19], but with the inclusion of the average lead time across the different product models 

that share the paired cells, as well as the expected production volume for all the product 
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models during the planning horizon, in the original formula as expressed in equation 

(1). 

 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑟𝑑𝑠 𝑓𝑜𝑟 𝑝𝑎𝑖𝑟𝑒𝑑 𝑐𝑒𝑙𝑙 𝑖/𝑗 = (𝐿𝑇𝑖 + 𝐿𝑇𝑗). x (
𝑁𝑈𝑀𝑖,𝑗

𝐷
)  (1) 

Where 𝐿𝑇𝑖  and 𝐿𝑇𝑗  are the estimated average lead times for the two cells (work-

stations) over the planning period of length, 𝐷, and 𝑁𝑈𝑀𝐴,𝐵 is the total number of items 

that go from workstation 𝑖 to 𝑗 during the same period. Here, this will be the total num-

ber across the product model types that use the paired cells. 

4.2 Implementation of Generic Kanban Control 

At this point, the unbalanced workload across the teams at S8 has not been directly 

addressed, even if the POLCA’s balancing of workload across workstation would have 

had indirect impact in regulating the flow of items into S8 [13, 17]. Therefore, a Generic 

Kanban control mechanism is implemented to balance workload among the operator 

teams of S8. The Generic Kanban operates a global assignment of cards and sets limits 

on the number of WIP items per workstation, which are monitored globally through 

centralised display boards by a planner to determine the possibility to release newer 

items into the system. Unused cards, denoting available allowance from the WIP limit 

at each station, are displayed on the board. A new item can only be released into the 

system if there are spare cards on the board for each of the workstations at which it is 

to be processed. Once the item is released, cards for each of the workstation in its pro-

cessing route are removed from the board and attached to it. As it completes each of 

the operations, the corresponding cards are released from the item and sent back to the 

centralised board to signal the availability of capacity. 

Table 3. Cards Settings and Generic Kanban Display for Step 8 Teams 

Team 
Number of 

Cards Set 
Cards currently Occupied 

Free cards displayed on Generic 

Kanban Board 

A 35 30 5 

B 26 26 0 

C 28 24 4 

D 32 30 2 

 

As earlier reported, and as shown in Table 3, there are four operator teams responsi-

ble for carrying out the processing required for the different models at S8. The teams 

are skilled in the processing of different product models, with each team capable of 

processing more than one product model. Likewise, some of the product models have 

more than one team that is capable of processing them.  

The implication is that the POLCA paired cells involving S8 (i.e. S5-S8, S6-S8, S7-

S8, S8-S9 and S9-S10) will remain as they are, but items released into S8 will be routed 

to the available team that is qualified to process them. This means there will be four 

virtual POLCA loops (8A, 8B, 8C and 8D) into S8 and out of it, each representing the 

flow in and out of the teams within S8. Each virtual loop will have a set number of 
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authorisation cards and the unavailability of cards for any of them would stop the re-

lease of products requiring the connected team into S8, but this won’t prevent other 

teams from receiving items for which they have spare authorisation cards. Also, the 

information about the number of available authorisation cards for each of the virtual 

loops will be used globally as Generic Kanbans to select and release items for operator 

teams that have spare cards. As shown in Table 3, a Generic Kanban board showing the 

number of free cards at each of the operator teams is displayed to the planner to support 

the decision on the type of product model to release from the intermediate buffer into 

the sewing section. This ensures that the planner releases product model types upstream 

in synchronisation with the work rate of the teams at S8.  

Therefore, the factors that have to be considered when a new item is to be released 

into first workstation of the sewing section (i.e. S2) are the availability of a S2-S3 

POLCA card and the availability of spare cards on the board for one of the operator 

teams that are capable of processing the item. From then on, the progress of an item 

downstream through its required workstations is controlled locally by the availability 

of POLCA authorisation cards for the paired cells involved.  

4.3 Insights, Conclusions and Future Work 

The step by step practical implementation of POLCA in a case study manufacturing 

system, which has variable routings and high product mix, gives a good insight to in-

dustry practitioners on how POLCA can be implemented in systems with complex 

product routings. It shows how paired cells can be created from the system’s work-

stations, while reducing the complications resulting from the variety of product rout-

ings, or from the common use of the same workstations along multiple product routes. 

If physical distance between workstations does not make exchange and synchronisation 

of cards between paired workstations difficult, then POLCA should be practicable in 

such systems, as presented.  

It has demonstrated how the benefits of different control mechanisms can be com-

bined in one system, through a nested configuration of POLCA and the Generic Kanban 

control mechanisms. This was necessary for the case study system of this research, in 

order to also achieve a balanced distribution of work load across the multi-skilled teams 

of a workstation. This extends existing knowledge from previous works which have 

mostly focussed on balancing workload across intermediate workstations of a manu-

facturing system. It should be mentioned that other concepts, such as Workforce train-

ing and Staffing and Balanced product-mix release methods, have been used to achieve 

workload balance at operations involving teams. However, such static methods would 

only offer limited solutions to the dynamic change in product mix and routing involved 

in the system considered here. 

The future aim of this research is to implement the nested POLCA-Generic Kanban 

configuration and measure its performance. This would involve using simulation mod-

els to conduct experiments for configuring the card settings for the paired cells. Existing 

techniques, such as Evolutionary algorithms and metaheuristics algorithms, that have 

been successfully applied in simulation-optimisation for setting Kanban numbers in 

Kanban related literature will be adopted for this purpose. 
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