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Kanban control systems have been around for decades and have been used to control work-in-process of manufacturing
systems. Lately many variations of the basic control system have been developed; however, much of the work in the
development and comparison of control systems has focused on a single-stage manufacturing system producing a single
product type. In this research, we present procedures for optimising multiple product kanban control systems, namely
Base Stock, Traditional Kanban Control System and Extended Kanban Control System (both dedicated and shared type).
We then conduct a detailed simulation study to compare the performance of the systems using a common total cost
measure. Numerical results show that the dedicated and shared-extended kanban control systems outperform the other
two systems. The study also shows that in spite of their different schematics and contrary to conventional wisdom, the
performance of dedicated and shared-extended kanban control systems doesn’t differ much.

Keywords: kanban control system; multiple products; base-stock; traditional kanban control; extended kanban control

1. Introduction and literature review

Just-in-time (JIT) production control philosophy gained considerable traction in the late 1970s, its implementation
facilitated by the use of kanbans. Kanbans are production authorisation cards (PACs) that signal to upstream stations the
appropriate time to replenish stock of downstream stations. Kanbans travel with a batch of products/components as it
continues its journey through various stages of manufacturing. Upon receipt of a customer order (or order from a down-
stream station) the batch is sent to the customer/downstream station, its kanban is detached and transferred upstream to
reinitiate the production process. Kanbans thus become the only way to control work-in-process (WIP) and to authorise
upstream stations to initiate production of a new batch to replenish the downstream stock.

Several empirical studies have documented the potential of kanban control to significantly improve operations
(White, Pearson, and Wilson 1999; Fullerton and McWatters 2001). The main advantage of a kanban control system
(KCS) is its simplicity: in a kanban system, the number of kanbans determines the number of full containers (of parts)
that circulate in the system (Monden 1998). Since full containers must always have a kanban attached to them and those
kanbans can be removed only when a container is depleted, the number of kanbans also represents the WIP in the
system.

Many different versions of kanban systems have been discussed in the literature (Buzacott and Shanthikumar 1993;
Gershwin 2000; Liberopoulos and Dallery 2002). For the sake of simplicity most researchers analyse kanban systems
with one product (Diaz and Ardalan 2010; Moran and Brayer 2011; Aghajani, Keramati, and Javadi 2012). A number
of analytical procedures have also been proposed but they are all for systems processing a single product either at a sin-
gle stage (So and Pinault 1988; Wang and Hsu-Pin 1991; Di Mascolo 1996; Kim and Tang 1997; Nori and Sarker
1998), or at multiple stages (So and Pinault 1988; Deleersnyder et al. 1992; Buzacott and Shanthikumar 1993; Tayur
1993; Siha 1994; Di Mascolo 1996; Gstettner and Kuhn 1996; Fujiwara et al. 1998; Bonvik, Dallery, and Gershwin
2000). Despite the fact that kanban systems in industry control the production of several products in a single manufac-
turing facility (Anupindi and Tayur 1998; Krieg and Kuhn 2002), only a couple of researchers have discussed different
forms of Multiple Product Kanban Control Systems (Baynat, Buzacott, and Dallery 2002; Onyeocha et al. 2015). In
addition, hardly any approaches exist to guide the control of a Single Stage, Multiple Product Kanban System (Askin,
Mitwasi, and Goldberg 1993; Krieg and Kuhn 2002, 2004).
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Various types of KCS have been introduced in the literature, the notable ones being

(1) Traditional Kanban Control System (TKCS) (Sugimori et al. 1977)

(2) Constant Work-In-Process (CONWIP) system (Spearman, Woodruff, and Hopp 1990)
(3) Generalised Kanban Control System (GKCS) (Buzacott 1989)

(4) Extended Kanban Control System (EKCS) (Dallery 2000)

(5) Extended CONWIP Kanban system (ECKS) (Boonlertvanich 2005)

(6) Flexible Kanban System (FKS) (Gupta, Al-Turki, and Perry 1999)

(7) Adaptive Kanban System (AKS) (Tardif and Maaseidvaag 2001)

(8) Reactive Kanban System (RKS) (Takahashi, Morikawa, and Nakamura 2004)

(9) Knowledge Kanban (KK) (Lin, Chen, and Chen 2013)

(10) E-Kanban (Al-Hawari and Aqlan 2012)

One novel KCS is Extended Kanban Control System (EKCS) which is a hybrid of the TKCS and the Base Stock.
Dallery (2000) is the first to propose this system but only discusses a single product version; Baynat, Buzacott, and
Dallery (2002) then introduce the multi-product version.

A more recent body of literature (Faccio, Gamberi, and Persona 2013; Faccio et al. 2013; and Lolli et al. 2016)
looks at the framework and optimisation of kanban control systems in a mixed-model assembly facility, using a super-
market warechouse and tow trains (or forklifts) to feed the assembly lines. In this body of research, the focus is on
designing the control system, including the number of kanbans and tow truck operators, so as to minimise the system
wide costs, including inventory, holding and handling costs, while using a basic kanban control system. In comparison,
the focus in this research is on determining the best (optimally designed) version of kanban control system to manage a
manufacturing system producing multiple products.

Ang (2015) conducts a performance comparison of Single Stage, Single Product Kanban Control Systems (SS/SP/
KCS) including EKCS. Using simulation, he shows that Extended-KCS outperforms Traditional KCS and Base-stock,
but only under specific conditions of low utilisation rate and low backorder and shortage costs. TKCS still performs
very well, whereas BS performs the worst. Deokar (2004) also performs a simulation-based comparison of different
types of KCS for a multi-stage manufacturing system producing multiple products, but the comparison is done simplisti-
cally, by varying key parameters (such as number of kanbans) over a chosen range. More recently, Onyeocha et al.
(2015) compare two variations of CONWIP policy on a 3-stage serial manufacturing system producing multiple prod-
ucts. The authors find that the base-stock Kanban CONWIP policy (BK-CONWIP) performs better when coupled with
shared kanbans. While, this work does an excellent job of developing a detailed simulation model and comparing the
two variations of the CONWIP policy, like most hybrid policies, the results may not be extendable to a more general
set of conditions. In addition, the hybrid policies are more difficult to implement in practice, explaining the shortage of
real-life applications.

These are the only works to date to have conducted a comprehensive study of kanban control systems using
simulation. In this research, we first carry out an optimal design of the following control systems:

» Base Stock (SS/MP/BS),

* Dedicated-Traditional Kanban Control System (SS/MP/De-TKCS),
* Shared-Extended Kanban Control System (SS/MP/Sh-EKCS), and
* Dedicated-Extended Kanban Control System (SS/MP/De-EKCS).

This is followed by a detailed comparison study, based on actual total cost of operating the policy; the total cost also
quantifies the cost of backorders. The Kanban control systems are used to control manufacturing systems modelled as a
single-stage, but producing multiple products. In the literature, two kinds of MP/TKCS have been proposed: dedicated
and shared; however, they have proven to be equivalent (Baynat, Buzacott, and Dallery 2002). Thus, in this research
only the dedicated version is considered and in further discussion the system is simply termed as SS/MP/TKCS.

The rest of the paper is organised as follows: Section 2 contains a schematic and discussion of the base-stock sys-
tem, followed by a discussion of the three KCS in Section 3. Section 4 then presents optimisation procedures for opti-
mising the four systems, which is followed by a simulation study in Section 5 compare the four systems using a
common total cost measure. Section 6 presents the conclusions and future work.

2. Single stage, multiple product base-stock system (SS/MP/BS)

Figure 1 shows the schematic of a SS/MP/BS system for two product types. In initial state of the system, buffers B}
and B} have infinite component parts, B} and B} have base-stock levels S| and S7, respectively; all the other queues are
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Figure 1. Single Stage, Multiple Product Base Stock (SS/MP/BS) System. Adopted from (Baynat, Buzacott, and Dallery 2002).

empty. When a customer demand arrives, it is instantaneously transmitted to the two demand queues, D and D)}, for
product type ‘j’.

The MP/BS system operates as follows: when a customer demand for part type j arrives at the system, it is
duplicated and immediately transmitted to its respective queues D’ The last one joins the Queue D) requesting the
release of a finished product from B’ for the customer.

At this time there are two poss1b111tles.

(a) A part is available in B]i, and is released immediately to the downstream stage; MP then begins producing a part
to top up the base-stock S} in B). '

(b) No part is available in B the demand is backordered and waits in Queue D) until a new part is completed by
the MP.

Whenever the base-stock level in B’l drops below S’1 the MP begins to produce another lot, drawing the components
from the buffer B which is assumed to contain infinite number of components. Thus, the system operates on a
one-for-one lot replacement basis, continuously striving to maintain the base-stock in buffers B;.

3. Single stage, multiple product, Kanban control systems (SS/MP/KCS)

In this section, we first present three kanban control systems: traditional KCS followed by the dedicated and shared
versions of extended KCS. In all these control systems, Buffer B}, is the component buffer and is assumed to contain
infinite number of component parts.

3.1 Single stage, multiple product, traditional kanban control system (SS/MP/TKCS)

Figure 2 displays the schematic of a Traditional KCS for multiple products where kanban movement is shown by the
dashed lines. When the system is in its initial state, B} contains K’ finished parts, each with a stage i Kanban attached.
All the other queues are empty. The system operates as follows: when a customer demand for part type j arrives at the
system it joins queue IV requesting the release of a finished product from B’ At that time there are two possibilities:

(a) A part is available in B’l (which is initially the case), is released to the customer and its kanban is detached. The
detached kanban is moved upstream to K7, where it authorises the production of a new part by pulling a compo-
nent from buffer B),.
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Figure 2. Single Stage, Multiple Product, Traditional Kanban Control System (Adopted from SS/MP/TKCS) (Baynat, Buzacott, and
Dallery 2002).

(b) No part is available in B’i, the demand is backordered and waits in queue I’ until a new part is completed and
arrives in B). The newly completed part is then released to the customer and its detached kanban is transferred
upstream to queue K.

3.2 Single stage, multiple product, dedicated-extended kanban control system (SS/MP/De-EKCS)

Figure 3 shows the process flow of a MP/De-EKCS; Buffer B’1 is the output buffer for product type j and contains dedi-
cated kanbans attached to finished products. Queue D), contains incoming customer demands and queue K} contains
undispatched kanbans. De-EKCS depends on two parameters per stage: number of undispatched kanbans, K/, and base-
stock level . Initially, output buffer B) contains S finished parts attached with dedicated kanbans and queue K]
contains K’ undispatched kanbans. All the other queues are empty. The De-EKCS operates as follows:

(1) When a customer demand for product type j arrives at the system, it is duplicated and transmitted to the two
demand queues for the jth product. If a part is available in output buffer B), it is released to the customer after
detaching its dedicated Kanban, which is transferred upstream to the undispatched kanban queue K7; otherwise
the demand is backordered.

(2) The duplicated demand signal that joins the demand queue D, results in the un-dispatched kanban from queue
K being attached to a component from component buffer By,

A part is then released into the MP since all three, a component (infinite supply), demand signal and a Kanban, are
available. However, if no un-dispatched kanbans are available, the demand signal waits. Since we assume that the com-
ponent buffer (B)) contains infinite number of components, the pre-requisite for MP to start producing a new lot is the
availability of a demand signal in D} and a Kanban in K.
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Figure 3. Single Stage, Multiple Product, Dedicated-Extended Kanban Control System (Adopted from SS/MP/De-EKCS) (Baynat,
Buzacott, and Dallery 2002).

3.3 Single stage, multiple product, shared-extended kanban control system (SS/MP/Sh-EKCS)

In Figure 4, Buffer B’i is the output buffer for product type j and contains finished parts with kanbans attached. Queue
D’ contains the incoming customer demand and queue K, contains the shared kanbans. Sh-EKCS depends on two
parameters per stage: number of shared, undispatched kanbans, K and base-stock level /. The operation of
shared-EKCS is similar to De-EKCS, except that the kanbans are shared and wait in a single queue K.

4. Optimisation of kanban control systems (single stage, multiple products)

For sake of tractability, we assume that the kanban control systems control a single-stage manufacturing process which
processes two product types. Each MP contains only one server/machine and its processing rate is different for different
product types. It is also assumed, without loss of generality, that product type 1 is the higher priority product.

4.1 Manufacturing process (MP) for single stage, multiple product kanban control system (SS/MP/KCS)

The detailed processing at a MP was first discussed by Baynat, Buzacott, and Dallery (2002) who made no assumption
about the internal processing of parts; the focus, instead, was on external routeing. However, for a detailed simulation
of the control systems, an understanding of the internal mechanism at the MP is also necessary.
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Figure 4. Single Stage, Multiple Product, Shared-Extended Kanban Control System (Adopted from SS/MP/Sh-EKCS) (Baynat,
Buzacott, and Dallery 2002).

4.2 M/M/1 with priority queues

Figure 5 shows the detailed arrival and processing operations at the server of an MP/KCS, modelled as an M/M/1
queue.
The single server operates as per the following assumptions:

* Types 1 and 2 demands have Poisson arrival rates of A; and /,, respectively.

* Type 1 demand arrivals have higher priority.

* Types 1 and 2 demands have Exponential service rates with mean u; and u,, respectively.

* There is no pre-emption of service.

* 1 < /4,: Demand arrival rate of type 2 is higher than arrival rate of type 1. As part type 1 has higher priority in
processing, this assumption is required to ensure that some part type 2 products also get processed.

* A1 <up and A, <y, is a standard queuing theory assumption; arrival rate is lower than the processing rate for each

part type.

Manuf: ring Pr MP
1st Priority
Exponential Service
Distribution Rate,

Product ‘ )
Type 1 Poisson Arrival Rate, lambda1
miu,
Single Server
Que#e f:r‘intozduct Manufacturing
yp Process (MP)
2nd Priority
Product Poisson Arrival Rate, lambda2
Type 2

Exponential Service
Figure 5. Manufacturing Process (MP) as an M/M/1 queue serving two product types with different arrival rates and priorities.

Distribution Rate,
miu,
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* A <u;: Demand arrival rate for type 2 is smaller than the processing rate for type 1. This assumption is required
to prevent the system from getting overwhelmed with type 2 arrivals. Consider the alternative y; < A,: each time a
type 1 product enters, it has priority for processing. Since it has a slower processing rate compared to type 2
arrivals, the system would overflow with type 2 demands.

* A1 <up: Demand arrival rate for type 1 is smaller than service rate for type 2. This assumption is similar to the
previous assumption and is needed to prevent the system from being overwhelmed with type 1 demands.

Since the fundamental queuing theory assumption requires that average demand arrival rate, A5, be lower than aver-
age service rate, i, only the following two combinations satisfy all the assumptions listed above, and are considered in
the rest of the paper:

(1) A1 <A <pi<i
(i) A1 <Ay <oty

4.3 Average manufacturing process rate

Since the processing rates for the two part types are different, average MP rate needs to be computed for use in the opti-
misation of MP/KCS. Ross (2007) uses a general service time to compute the average arrival rate 15 and the distribution
of arrivals as follows:

dy =2+ (1)

2y
A
Equation (1) defines the average arrival rate of two Poisson arrival rates, while Equation (2) shows the average arrival
distribution of two independent arrival distributions. Equations (1) and (2) hold since the combination of two indepen-

dent Poisson Processes is itself a Poisson Process whose mean is the sum of the means of the component processes.
Simplifying Equations (1) and (2) for exponential distribution leads to:

Gx) = =G (x) + =G, (x) @

Aal o
= —/‘ 3
A iy + dapy ®

4.4 SS/MP/BS optimisation

The SS/MP/BS system is considered a dedicated system as products use separate component types and dedicated
buffers. It is basically a combination of two dedicated single product systems as both demands and products are type
specific. Thus, the single product optimisation methods can be used in the multiple product system, except that during
the calculation of optimal base-stock levels, S} and S;, the average MP rate needs to be used. In a multiple product
base-stock system, each type’s optimal base stock can be computed individually (Zipkin 2000).

Hopp and Spearman’s (2008) method can be used to compute individual optimal base-stock levels, S7 and S; in the
multi-product BS system. The required inputs are the individual demand arrival rates 4;, and holding and backorder
costs, Cy,; and Cy;.

4.5 SS/MP/TKCS optimisation

Askin, Mitwasi, and Goldberg (1993) optimised the SS/MP/TKCS using Markov chains. In this research, we modify
their technique for improved computational efficiency.

G + G ity 0]
Z)Iz:o —(kf!x)u W pr

Minimise ETC (k) = 4



8 R. Piplani and A.W.H. Ang

Equation 4 is the expression for the Expected Total Cost (ETC) for a MP/TKCS; the reader is referred to Appendix A
for its development. To find the minimum cost, exhaustive enumeration can be used where ETC is minimised over the
feasible range of K.

4.6 SS/MP/De-EKCS optimisation

This section details a method to determine the optimal size of base stock, S*, and kanbans, K*, for each of the products
in a SS/MP/De-EKCS. The proposed method is based on Markov chains technique. The expression for ETC for SS/MP/
De-EKCS can be written as (see Appendix B for its development):

ETC (S, K) = Cy(I[S, K]) + Cy(E{tstockout })

K /lSH{ (5)
=G(S+5) + G STK (S1K)! x
2 ino (s(+J1r<7>x')!’IS+K P

To optimise Equation (5) with respect to S and K we again resort to exhaustive enumeration. However, optimisation of
MP/De-EKCS entails optimising two parameters, S and K. Total holding cost (first term in Equation (5)) is an increasing
function of S and K. However, an upper bound for S and K exists from the total shortage cost (second term in Equation
(5)). We again adopt the exhaustive enumeration strategy to determine the optimal parameters. Firstly, treating (S + K)
as the total WIP, we search for the optimum value that minimises the total shortage cost. Then, we search through each
combination of S and K that adds up to the optimal (S + K) (determined in the first step), and minimises the total cost,
leading to the optimal $* and K* combination.

4.7 SS/MP/Sh-EKCS optimisation

In dedicated kanban systems, for minimising ETC, holding cost and shortage costs can be computed separately for each
product type. Since kanbans are shared in a SS/MP/Sh-EKCS, the enumeration technique to obtain optimal §* and K*
for dedicated EKCS cannot be used and obtaining an optimal shared K* becomes difficult. In this section a new heuris-
tic is developed to optimise the SS/MP/Sh-EKCS: the heuristic effectively partitions the shared Queue K|, into two parts,
each to serve one of the two product types separately.

Total WIP in the MP/Sh-EKCS system is S; + S, + K, where K represents the number of shared un-dispatched kan-
bans in the queue. Askin, Mitwasi, and Goldberg (1993) and Ross (2007) discuss total number of jobs in process (or
total WIP for all product types, i=1, ..., m) ‘L’ in an M/G/1 queue. Since Sh-EKCS can be modelled as an M/M/1
queue (an instantiation of the M/G/1 queue), L = S; + S, + K. The utilisation rate of MP for product type ‘i’ can be writ-
ten as, A,/u. Next, L is apportioned as per the utilisation rates and the WIP assigned to the two product types, equal to
(87 + K) and (S, + K3). Note that K; and K, are not dedicated kanbans, but shared un-dispatched kanbans in the kanban
queue Ky. However, they are assigned the subscript ‘i’ as they represent the number of un-dispatched kanbans (in steady
state) required to meet the demand for product type i’.

With the WIP for each product type computed, the expression for ETC can then be used to obtain S; and K} for
each product type. ETC expression for Sh-EKCS is the same as De-EKCS. Finally, K} and K3 are summed up to obtain
the total shared K*. The flow chart for optimising Sh/EKCS is shown in Figure 6. The development of expected
inventory level for MP/Sh-EKCS can be found in Appendix C.

5. Simulation study

Motivated by the practice of automobile platform sharing we next discuss a manufacturing system which forms the basis
for comparison of the different KCS discussed in the previous section. An automobile platform is a vehicle’s primary
load-bearing assembly, determines a vehicle’s size and links the driveline and suspension components (Diem and
Kimberley 2001) The benefits of sharing an automobile platform across different models, while still preserving the mar-
que identity of the models include potential savings from standardisation. For instance, the platform shared between
Peugeot and Citroen helped save €0.4 billion in one project, while using a common platform for Volkswagen helped the
company cut costs by €1 billion and speed up development of niche vehicles.
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Obtain the Total WIP, L, for Sh/IEKCS.
L=S,+S,+K
and
D*/u* D
__Dju> D

(1-D/u)

v

Obtain the utilization rate of MP for each product type.

Apportion the total WIP, L, according to the utilization rate to each
product type, p,

Use ETC to obtain the optimal base stock, S*, and undispatched
kanban number, K* , for each product type.

That is,

ETC(S,K)=C, (I[S.K])+C, (E{t peton })

S+K
:Ch S+£ +Cs ﬂ/
2 ‘ & (S+K)' S+K—-x _x
S e
S(S+K—x)!

v

Sum up the individual K,* and K,* to get the
optimal total shared kanbans, K*.

Figure 6. Algorithm for optimising SS/MP/Sh-EKCS.

5.1 Simulation data

The data used in the simulation study is derived from the case of Volkswagen small passenger car platform A. A series
of mini car models such as VW Golf, Audi A3 and Audi TT are based on platform A (Diem and Kimberley 2001).
Production of platform A is considered as single-stage Manufacturing Process (MP), while the two vehicle types result-
ing from the same production stage refer to VW Golf and Audi TT models. Product type 1 (Audi TT) is the expensive
product, while product type 2 (VW Golf) is the cheaper product. The demand arrival rate for product-type 1, 4;, is
assumed to be 500 units per month, while that for product-type 2 (the inexpensive model) 4,, is 1200 units per month.
This assumption is based on the Volkswagen platform production in 2000, where the production for VW Golf was far
greater than Audi TT (Diem and Kimberley 2001). Being the more economical car, the sales forecast for VW Golf was
higher than for Audi TT, leading to our assumption that the demand arrival rate for VW Golf be higher than Audi TT.
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Next, the processing (MP) rate for product type 1, x;, is set at 1800 units per month, while the rate for product type
2, Uy, is 2000 units per month. The values of 1, 4, u1, o are chosen so that the queuing theory assumptions of Sec-
tion 4.1 hold.

The holding cost for product type 1, Cy, is assumed to be $1000 per unit per month, while Cy,, is set at $500 per
unit per month. Holding cost for the Audi TT is twice that for the VW golf as Audi TT is considerably more expensive
due to the cost of electronics used in the Audit TT’s engine and transmission system (Diem and Kimberley 2001). The
shortage cost for product-type 1, Cy;, is assumed to be $10,000 per unit per month, while shortage cost for product-type
2, Cy, is assumed to be $2000 per unit per month.

The data used in this study is summarised in Table 1. The MATLAB code for optimisation of different KCS and the
resulting plots can be found in Ang (2013).

To compare the four KCS (BS, TKCS, De-EKCS and Sh-EKCS) using a common testing platform and using similar
conditions, we use simulation modelling. However, we cannot use the closed form solution of their Expected Total Cost
(ETC) for performance comparison as ETC expression for each KCS is developed using a different set of parameters.

Instead we measure the performance of different KCS by Actual total cost (ATC) comprising of total backorder cost,
shortage cost and holding cost. The performance measures (such as the number of backorders and expected shortage
time) required for the computation of the three cost components are easily obtained using the developed simulation
model.

Actual Total Cost (ATC) = (Average inventory level x Cy;) + (Number of backorders x Cy;) + (Expected shortage
time x Cg).

In line with the two cases mentioned at the end of Section 4.2, we simulate two scenarios: processing rate of pro-
duct-type 1 slower than product-type 2, and vice versa. However, first we need to compute the average demand arrival
rate, 14 and the average MP rate, us. Then, the percentage average utilisation (45/1a) can be used to determine how
‘busy’ the system is. Table 2 lists the simulation parameters for SS/MP/KCS for the two scenarios described. The
system is studied only over the 50-90% utilisation range (its busy state).

5.2 Simulation assumptions

Using ARENA 11.0 software on a Windows platform, we next simulate the above-described manufacturing system
under control of the various KCS. The following assumptions are made for simulation modelling of the SS/MP/KCS:

* Only two product types are processed by the system.

» System consists of a single stage and a single MP, represented by a single server.

* Type 1 (expensive) demand has higher priority.

* Demand arrivals follow a Poisson Process.

» Processing times at MPs are assumed to be exponentially distributed.

* There is no pre-emption of service. If a type 2 demand is being served while a type 1 demand arrives, the type 2
demand completes its processing before type 1 demand is allowed to enter the MP.

* A one-card kanban system is adopted.

¢ Quality and yield issues are ignored, as are server failures

* Setup times at the server are ignored as they are implicitly considered in the processing times.

» The server can only process one part at a time.

* Transfer times for parts are negligible.

* Demand signals and kanbans flow through the system instantaneously.

¢ Component buffers contain an infinite supply of components.

Table 1. Input parameters for the manufacturing example.

Product-type 1 (Audi TT) Product-type 2 (VW Golf)
A1 Hi Chi Cst, Gy 2 H2 Ch2 Cs2, Ci2
(units/time)  (units/time)  ($/unit/time) ($/unit/time) (units/time)  (units/time)  ($/unit/time) ($/unit/time)

500 1800 1000 10,000 1200 2000 500 2000
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Table 2. Simulation parameters for SS/MP/KCS (50-90% utilisation rate).
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Processing rate of product 1 slower than product 2

/11 /12 y251 1253 /IA UA Utilisation (%)
1 2 3 8 3 5 0.58
2 3 6 9 5 8 0.67
3 4 9 10 7 10 0.73
4 5 10 11 9 11 0.85
5 6 11 12 11 12 0.95

Processing rate of product 1 faster than product 2

/11 /12 Ui Uz /1A Ua Utilisation (%)
1 2 8 5 3 6 0.53
2 3 9 7 5 8 0.65
3 4 10 9 7 9 0.74
4 5 11 10 9 10 0.86
5 6 12 11 11 11 0.96

* The simulation run length is one year, with a warm up period of three months.
» Each simulation run is replicated 30 times.

5.3 Simulation results

Figures 7 (u; <o) and 8 (u; > o) show the Actual Total Costs (ATC) for different Kanban Control Systems (KCS).
Both cases exhibit similar results: BS incurs the highest cost, followed by TKCS, and Dedicated and Sh-EKCS. BS
tends to keep high stock, resulting in very high total holding cost. Also, as the utilisation increases, the total cost (and
the difference between the systems) increases.

Dedicated and Sh-EKCS outperform TKCS consistently by a difference of about 17% ($1000 on average) in both
the cases. The optimal number of dispatched kanbans for TKCS is, in general, a unit more than that for Dedicated and
Sh-EKCS (Ang 2013). As TKCS holds (on average) one additional unit of stock, its total cost is higher. But with one
extra unit of stock, the average customer waiting time for TKCS is lower. However, lowering the customer waiting time
does not reduce ATC as much as lowering the inventory does, which costs $10 per unit. So even though Dedicated and
Sh-EKCS have slightly longer customer waiting times, their un-dispatched kanbans help to lower the total cost. Overall,
the results show that Dedicated and Sh-EKCS outperform the other two systems.
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Figure 7. Performance comparison of SS/MP/KCS (u; < uy).
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Figure 8. Performance comparison of SS/MP/KCS (u; > 1).

We also conduct 20 hypothesis tests at 95% confidence level on the simulation results (discussed in detail in
Appendix D) which confirm the finding that EKCS outperforms TKCS and BS.

One interesting finding here is that the performance of Dedicated and Sh-EKCS is quite similar their total costs
being within 2.5% of each other. Further comparison of dedicated and shared-extended-KCS is carried out over the
range of low server utilisation (10-50%), with no significant difference between the two variations of EKCS.

From Figure 4 we see that when a customer order arrives a shared kanban acts as though it is ‘dedicated’ as the MP
can only process one product at a time and the product with the highest priority is served first. Despite the fact that
shared kanbans are pooled together in the shared kanban queue, they act as if they have been pre-assigned to a
particular product. Consider the following scenario:

(i) S! and S? each have 1 base stock (and an attached kanban) in their respective output buffers B! and B2. Also, in
order to see the effect of shared kanbans being effectively dedicated, let us assume that the kanban queue K| is
empty and the MP is processing a part.

(i) Assume now that one customer demand for product-type 2 arrives followed shortly (but before MP finishes its
processing) by a demand for product-type 1. Instantaneously, each demand is satisfied with the products on
hand, while each of their kanban is detached and sent back to the shared kanban queue K. Take note the
kanbans are not dedicated, but can be shared by any product.

(iii) However, upon entering queue Ko, these two kanbans are immediately attached to a respective component part,
and wait for processing by the MP (in order of priority).

(iv) Since the priority rule states that product 1 has precedence over product 2, it is processed first. Thus, despite
the fact that the two kanbans are shared, the priority rule ensures that the customer demand arrivals result in a
kanban dedicated to the arriving type.

This scenario shows that in a single-stage manufacturing system even if the kanbans are shared, the priority rule
results in the kanbans being effectively dedicated in the ratio of demand arrivals.

6. Conclusions and future work

In this research, the performance of different types of Single Stage, Multiple Product Kanban Control Systems is com-
pared. We first discuss the operations of different KCS with the help of detailed schematics. We also present algorithms
to optimise the parameters of the control systems. The algorithms are coded in MATLAB to obtain optimal parameters
for the different kanban control systems, namely S* for BS, K* for TKCS and S* and K* for EKCS. Finally, in order to
make a comprehensive and fair comparison of the different KCS, we develop simulation models and compute actual
total cost for each system by simulating its operations. Data used for simulation modelling is based on a real-life case
of Volkswagen ‘Platform A’ manufacturing.
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Simulation experiments show that dedicated and shared-EKCS outperform the rest, with BS performing the worst,
whereas the performance of TKCS lies in the middle. The most interesting finding is that performance of dedicated and
shared-EKCS does not differ much in a single-stage system. Extensive simulation experiments have shown that their
operating characteristics are similar inspite of slight differences in their schematics.

This research can be further extended to the case of multiple stages, similar to the Simultaneous EKCS (Chaouiya,
Liberopoulos, and Dallery 2000); it is likely that the multiple stage case may highlight the difference between the
dedicated and shared EKCS.
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