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ABSTRACT

Over the years, the JIT approach has highlightedeso
different types of pull production systems. Many
researchers have developed control systems pgi&dba
on a new strategy for managing production "pulled"
from the market. They have proposed control pdicie
such as: Kanban, CONWIP, Base Stock and different
techniques arising from combination of two of these
policies: Generalized Kanban, Extended Kanban,
CONWIP-Kanban. In literature, there are severalksor
on the analysis of each control systems, but theee
few works that treat more extensive comparisons of
different policies. In this study we have analyzexine
different pull production policies to single-produc
multi-stage system to highlight similarities and
differences in terms of performance, through the
comparison of simulation models built with ARENA
software.

Keywords: pull systems, lean manufacturing, discret
event simulation, Extended-CONWIP-Kanban System,
decision support system.

1. INTRODUCTION

The events of recent years have shown some needs
more and more widespread in the industrial worthe t
traditional business model is no longer suitableht®
actual context in which companies are increasingly
subjected to a fierce competition. Therefore weehtav
rethink the business model: it has to be able togiee

and manage change. Therefore, many researchers have
developed control systems pull, based on a neuegya

for managing production "pulled" from the markeej

the actual customers demand). These systems are
against with the more traditional push-type systems
(such as MRP), in which the production is "pushed"
from forecasts of customer demand.

During the years, experts have developed and
proposed several policies based on pull controiclog
from the model universally known as Lean Thinkihg.
particular, in literature they have proposed cdntro
policies such as: Kanban, CONWIP, Base Stock. We
can also speak about different techniques arisiom f
combination of two of these policies: Generalized
Kanban, Extended Kanban, CONWIP-Kanban.
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Finally, it is recently developed, the technique
called Extended-CONWIP-Kanban, by a combination
of the three basic policies. The main goal of lean
management is to reduce and eliminate the "muda”:
only in this way we help to streamline the producti
system (less inventory, scrap, etc..).

In literature, there are many works on the analysis
of each control systems, but there are few works th
perform more extensive comparisons of different
policies. It is difficult to identify and to analgz
performance’s parameters that quantify the goodotss
these techniques: the difficulty lies in assessittch
control system can give better performance depgndin
on the type of production. This paper aims to arely
and compare the pull-type control policies in a tmul
stage production system, highlighting differencesl a
similarities of control actions in each policy.

2. PULL PRODUCTION CONTROL SYSTEMS

The pull control system is based on real eventsagheim
rather than on its forecasts. The demand for ettios

in downstream is sent to the upper station on bafsis
the current consumption of the downstream station,
since the demand for finished products required by
consumers. So, in a pull control system, producison
allowed by current demand and upstream station
produces only what is needed to meet the dematiteof
downstream phase, which is controlled by the eiffect
demand of end customers (Murino, Naviglio and
Romano 2010).

Recently, many manufacturers have used the lean
production as a strategy to increase their global
competitiveness. Since the '80s, in fact, the lhust-
Time (JIT) approach has triggered the emergence of
several "pull production systems": they emphashe t
importance of production control systems that react
real demand, rather than to forecasts of futureashein
In literature, there are a large number of variarftsull
production systems (Lage, Filho 2010) that can be
traced back to the pull techniques representedhby t
Kanban, Base Stock and CONWIP. From their
combination some different hybrid systems deriviee T
Generalized Kanban system mixes Kanban and Base
Stock policies , as well as the Extended Kanbaityol
CONWIP-Kanban System mixes, however, the Kanban



and CONWIP controls, while all the three basic ¢ogi
define the Extended-CONWIP-Kanban system. These
control policies have been described for a genmutitti-

stage production system, where each phase has been

modeled as a production system characterized by a
production process and an output buffer.

2.1.The Kanban control system (KCS)

The Kanban control system (KCS) is the most
widespread pull control system: the informationtba
demand are transferred from downstream station to
upstream station through the kanban cards. Theyvall
synchronization between the release of parts to the
downstream station and the transfer of demand ¢o th
upstream station. Then, the control kanban depends
one parameter per each phase, the numberlafriban

at each i stage. This parameter limits the number o
units in each stage of production.
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Figure 1: The Kanban control system

2.2.The CONWIP control system (CCS)

The CONWIP control system (CCS), however, limits
the total number of parts inside the productiorteays
using only one type of card that follows the pieces
through the system. The production control is
performed only at beginning of the production ahd t
information about the demand are transferred only
between the last and the first phase. Therefore,
CONWIP control results from a single parametertifier
complete system: the number of CONWIP cards C
(Framinan, Gonzalez and Ruiz-Use, 2006).
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Figure 2: The CONWIP control system

2.3.The Base Stock control system (BSCS)

In the Base Stock control system (BSCS), howewver, a
not physically present cards which allow the
production: the information on the demand are $ent
each stage as soon as available. The levels of i/IP
each stage are unlimited, because every request tha
arrives to the system authorizes the release ofitew

This request provides a safety stock level in auffeln
system, defined as basi¢c stock level, which is the
control parameter for any phase of this system 4Bdi

Larsen, 2010).
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F|gure 3: The Base Stock control system
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2.4.The CONWIP-Kanban control system (CKCS)

In the hybrid CONWIP-Kanban control system
(CKCS), the cards CONWIP limit the level of WIP in
the full system, while the number of kanban avadab
each stage controls the inventory level. The infdiom

on demand are transferred to upstream station by a
kanban signal and they are transferred to the diexje

by the CONWIP signal. The CONWIP-Kanban system
depends on one parameter for each phase (i.e. the
number of kanban;kxand it depends on one parameter
for the entire system (i.e. the number of CONWIRisa

Q).
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Figure 4: The CONWIP-Kanban control system

2.5.The Generalized Kanban control system

(GKCS)
In Generalized Kanban control system (GKCS) the
kanban cards are used as production licenses @&nd th
maximum number of parts in the output buffer offeac
stage is fixed by the base stock level. The demand,
outside the system, is forwarded from upstreamostat
to downstream station through all different stadms,
the transfer of this information is not fully symohized
with the transfer of items to the next step: therefthe
information flow matches only partially to kanbdrhis
system results from two control parameters for each
phase, the;lkkanban number anglsase stock level.
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Figure 5: The Generalized Kanban control system

2.6.The Extended Kanban control system (EKCS)

The Extended Kanban control system (EKCS) as the
GKCS, mixes the Kanban and Base Stock controls. In
this case the information about the demand shall be
forwarded immediately to each workstation, while th
pieces are moving together with kanban: the trarciffe
information on demand and transfer of kanban are
completely unmatched (Chaouiya, Liberopoulos and
Dallery 2000). The Extended Kanban system is
therefore characterized by two parameters corfitrol
each workstation: the; kanban number and base
stock level. EKCS imposes a constraint on the
parameters: & § for each phase, so to have at each
stage a s limited number of free kanban not atththe
the finished pieces in the buffers (Dallery and
Liberopoulos, 2000).

F|gure 6: The Extended Kanban control system



2.7.The Extended-CONWIP-Kanban control system
(ECKCS)
Finally, the Extended-CONWIP-Kanban System
(ECKCS) mixes the features of the three pull logice
information about the demand are immediately
transferred to the different phases when thoseesriio
the system. The total level of WIP in the system is
limited by the number of CONWIP cards, while the
release of item in each phase is approved by thbawm
cards. Also in this system the flow of informatit
completely unmatched to the transfer cards. Thatesy
results from two control parameters per phase khe
kanban number and; $ase stock level) and one
parameter for the entire system (i.e. the number of
CONWIP cards C), G Xis, i =1, ..., N-1, in order to
have in the first phase a humber of CONWIP s cards
free not attached to the finished pieces in théeluf
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Figure 7: The Extended-CONWIP-Kanban System

3. LITERATURE REWIEW

In literature, many studies analyze the strategfesull
production control (Khojasteh Ghamari 2008), butyon

a few studies compare the several techniques, among
them only few papers compare - all together - pull
production control policies. This is due in parttte
different contexts in which it was assumed to araly
the several control policies. This doesn't allowimple

and direct comparative study among the different
techniques (Gallo, Guerra and Guizzi 2009).

The hybrid policy CONWIP-Kanban is compared
with the basic policies CONWIP and Kanban, but also
with the Base Stock (Bonvik et al., 1996). The sale
logics are compared in a system consisting of four
stages in series, simulating the behavior of daffier
systems with steady and variable demand: the hybrid
control policy reduces the inventory level of thystem
by 10-20% compared to Kanban policy with the same
level of service, while the performance of the Base
Stock and CONWIP are intermediate between the two
previous results. Geraghty and Heavey (2003) have,
however, compared the optimal control policy for
hybrid push / pull proposed by Hodgson and Wang
(1991) with the hybrid control policy CONWIP-Kanban
proposed Bonvik et al. (1996), showing that, under
certain conditions, the two logics are equivalémieed,
simulation tests gave the same results in terms of
average WIP, service level, holding and backlogsos
Also the studies related to hybrid systems Kanban /
Base Stock, or Generalized Kanban Control and
Extended Kanban Control policies, show betterltesu
than each policies basic (Karaesmen and Dallery,
1998).

Recent comparative studies among hybrid control
policies show, finally, that the Extended-CONWIP-
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Kanban policy is better than all other policiesdzhen
the pull logic (basic and hybrid) because it miaighe
advantages resulting from several techniques (leavoi
Gharbi and Kenne, 2010). It's been obtained, by
simulation techniques, the better results in tewhs
performance (trade-off between service level and
inventory level) and in terms of stability of sabrts to
changing conditions both within and outside thdesys
Boonlertvanich (2005) has simulated the differeall p
systems in three different scenarios, starting fram
basic case, characterized by a variability of dedreamd
process time. These parameters are expressednis ter
of variation of the Mean Time To Failure (MTTF) and
Mean Time To Repair (MTTR). He has evaluated the
performance of these systems when the parameters
changes.

In all examined cases, the performance of hybrid
policies (CONWIP-Kanban, GKCS, EKCS, ECKCS)
are better than the basic logic to reach a higklle¥
service at the lowest levels of stocks.

Similar results are also obtained by Xu and Miao
(2009), when the demand and processing times ehang
In particular, the pull policy is compared with BRP
system: once again the ECKCS policy gives us tls¢ be
results in terms of WIP, while inventory levels are
obviously higher for the MRP system. The purpose of
this study is to compare the different pull produmct
systems through a simulation approach. Thus we ca
help companies choose the best policy accordirtheo
characteristics and priorities, which the company
decides to pursue.

4. PRODUCTION
HYPOTHESIS
We have considered sequential multistage systdmas: t
first stage is fed from the raw materials bufferileh
each subsequent station is fed from the outpuebuff
its upstream stage.
The assumptions underlying the construction of our
models can be summarized as follows:

* the system has five stages, each modeled as & sing|
station;
¢ a single type of finished product is considered
(there are not set-up times);
¢ the net system demand is deterministic and it
occurs every eight hours;
¢ the unmet demand in a certain day is postponed to
the following days;

¢ the system is operated for 240 days a year with an
8-hour shift per day (= 1920 hours/year);

¢ the machine failures are not considered;

¢ the transfer time is negligible;

¢ the kanban size is set at one

¢ there is infinite availability of raw material.

To highlight the differences between the different
production control systems, we have defined some
performance indicators. In particular, the modedseh
been compared using four benchmarks:

MODEL  AND BASE



o the service level: the degree at which customer _Arae -
requirements are met; . : 1
—

D -
« the average WIP (the average number of parts in i’j—. E *rif S

the system); _ El—
» the average delay of orders (hours); =l fe B Ea 0 -
. Lhoeldsi%/stem total cost considering backlog costs and =2 = ﬂf—«"l -
g costs. B =
The above described systems have been modeled 1= - '_1
using ARENA software, which supports the modeling = e
of different scenarios using a discrete event shtiuh 'ﬁllz. e rlﬁ

approach. The ARENA models of the seven systems are
showed in the figures 8, 9, 10 11, 12,13 and 14.
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Figure 10: The ARENA model of BSCS Figure 14: The ARENA model of ECKCS
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- J* %_ 5. MODELS PARAMETERS DEFINITION AND
E——{E [ = = VERIFICATION
— For a proper comparison between the different cbntr
3 it A— ‘
= policies, it has been necessary to identify the tmos
= =] =] Pekbraiva dentify th
= E‘ﬁ = appropriate range of values for their control pastars.
T We decided to use for each model those control

parameters values that guarantee a fairly highicerv
level. Identifying these ranges has showed to Iséeea
for systems characterized by a single paramdiasiq
systems) rather than for those characterized by multiple,
E} (j and in some cases interlinked, parametdngbr{d
systems).
ﬁﬁ Iﬁ_\——l? In the basic systems, the range of each parameter
= e e

has been chosen considering the values most frdguen
Figure 11: The ARENA model of CKCS used in literature. In the hybrid system, whereahie
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no link between the control parameters, namely
CONWIP-Kanban and Generalized Kanban, we have
considered the same range of values used for basic
systems, and considering all the possible comlminati
of parameters' values. In the Extended-Kanban Byste
and Extended-CONWIP-Kanban Systems, instead, the
constraints between the various parameters have to
taken into account. In the EKCS model we have dgtid
to vary the basic stock level in the range considen
the BSCS model and, for each of these values, we ha
varied the number of kanban always in the same
interval and respecting the relationship betweea th
parameters’ values. In the Extended-CONWIP-Kanban
model the number of kanban and the base stock, level
among which there is no relationship, have beeregar
in the same intervals considered for the basicrobnt
policies, while for the variation range of the CONW
level the relationship between C and s must bentake
into account: as the base stock level varies, #n@tion
ranges for C have been chosen of the same width and
respecting the aforesaid constraint. We have aedlyz
the simulation results constructing some experiaient
curves, for each model, reporting the trend of the
benchmark parameter to the change of the various
control parameters. For systems depending on more
than one control parameter, we decided to evaluate,
initially, the trend of benchmarks as each control
parameter varies individually, and then considetimg
joint variation by constructing a family of curves.

In KCS model as the number of kanban cards for

each stage increases, the WIP in each stage and,

consequently, the WIP of the system increases too
(figure 15.a). As the number of parts circulatingthe
system grows, of course, the probability and theedp

of the system to meet the demand, which transiates
an increased service level (figure 15.b) and iacuced
average delay of orders (figure 15.c). The risiolt
cost is due to the increasing holding cost (figled).

50 9.9%

a) b)

Number of kanban Number of kanban

Number of kanban Number of kanban

Figure 15: Performance parameters variation with
respect to the kanban number in the KCS model
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Also in the CONWIP system, the average WIP
increases with the number of kanban available & th
system (figure 16.a), but the service level incesas
rapidly only at the beginning: for high values of i@
fact, increases only the number of parts into tiput
buffers of the system (figure 16.b). Consistentwitis
result, the average delay of orders has a very fast
downward trend first and then much slower (figure
16.c). The total cost is initially influenced by eth
backlog cost and then for higher values of C by the
holding cost (figure 16.d).
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Figure 16: Performance parameters variation with
respect to the kanban number in the Conwip model

In BSCS model the increase of s increases the
number of parts in each buffer and, consequently, t
average WIP of the system (figure 17.a). The
availability of a greater number of finished partshes
toward ever greater service level values, and alltav
meet customer demand more quickly (figure 17.be Th
total cost is more influenced by the holding cbstrt by
the backlog cost (figure 17.d).
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Figure 17: Performance parameters variation with
respect to the base stock level in the BSCS model

In the CONWIP-Kanban model as k increases the
average WIP is at first slightly increasing and nthe
remains constant, since it is possible to increthse
number of units at each stage only up to the limit
imposed by the CONWIP control (figure 18.a). By
increasing of C the service level increases vepydia
initially and then remain constant at higher valogthe
parameter C, at which we have only a greater nummber
parts in the input buffers (figure 18.b). By vanyik, the
service level initially grows slowly and then remai
constant, consistent with constrained changes iR.WI
Considering the joint variation of C and k, we adbta
curves that start from the same point, but delhgan
increasing service level: as C increases it isiplEs$o
use a larger number of kanban cards (figure 1Bdhe
same way, also delivery delays decrease (figurd)18.
As C increases, the total cost is at first moresisige to
the backlog cost, and then to the holding costu(ég
18.e). Considering also the variation of k, theveus at
first slightly decreasing due to the positive effet
reduced backlog, and then it remains stable. Towttr
of C moves the curve upward due to the increasing
holding cost (figure 18.1).
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Figure 18: Performance parameters variation with
respect to the kanban and Conwip kanban numbéein t
CKCS model

In the GKCS model the average WIP increases

both to the rise in k and s, a faster increasersdouthe
second case because of the greater amount of dthish
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parts in the various output buffers (figures 19mal a
19.b). The service level increases with s, butsit i
independent of the number of kanban (figure 1%uajl,
consequently, also the delay in deliveries is irahelent
of k (figure 19.d). The total cost is more influedcby
the holding cost considering both k and s: the ugwa
trend in both cases has different slopes, congistéh
different growth rates of WIP (figures 19.e andfj19.

a) b)

E

Numberof kanban Base stock bevel

§ =) 0
Z

0 H 4 6 8 0 it} ) 2 3 C ERNE R R ]

Numbereof kanban

Desoch el |

Figure 19: Performance parameters variation with
respect to the kanban number and the base stoekitev
the GCKS model

In the EKCS model, the trend of benchmarks
parameters is similar to previous model, with d#fe
values of the control parameters, consistent whi t
model’s logic that allows to release downstream the
parts more quickly decoupling completely the demand
and the kanban cycle. Moreover, the curves haviag
parameter move to the right with increasing s in
accordance with the relationship between the contro
parameters (figure 20).

a) & b)

Wumberal kanban

Base stock lavel




Numberof kanban

e)‘:] il

Basestock level

Numberof kanban

Figure 20: Performance parameters variation with
respect to the kanban number and the base stoekitev
the EKCS model

Considering the ECKCS model, the average WIP
as a function of C has a different trend with skor
raising. In the first case the curve moves upward,
because of the increase of finished parts in thpubu
buffers, and to the right in respect of the constra
between the parameters (figure 21.a). In the second
case, all curves start from the same point, buivgup
to higher values of WIP with k increasing (figuré.12).
Again the service level depends only on s: so if s
increases, the service level lines move upward,tand
the right in the case of C varying (figures 21.d an
21.d). The average delay, of course, has a behavior
opposite to that observed for the service leveufes
21.e and 21.f), while the total cost is mainly irciea
by the holding cost that produces a trend of theesu
similar to that of WIP (figures 21.g and 21.h).
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Figure 21: Performance parameters variation with
respect to the kanban number, the conwip kanban
number and the base stock level in the EKCS model

6. COMPARISON OF THE CONSIDERED PULL

CONTROL POLICIES
Identified the ranges of variability for the parasre of
each model, it is possible to compare their peréoroe
considering two specific scenarios. In the firgtrsario
we evaluate how the various model react to chamges
final demand, in the second one the systems’ respon
to sudden changes in production times. In boths;ase
we have considered a just in time procurement patic
meet the daily demand.

In the first case, demand has been increased up to
30 % from an initial rate of 20 parts per day . All
models manage well changes in demand up to 20%. The
models that deliver the highest service level dre t
Base Stock, the Extended kanban and the Extended-
CONWIP-Kanban. A slightly lower service level is
delivered by the Kanban systems, the Generalized
Kanban and the CONWIP-Kanban, while the lowest
service level is delivered by the CONWIP system.

It is necessary, however, to associate these sesult
in terms of service level to the corresponding
performance in terms of total cost. Among the tHies¢
models, at the same service level, the lowest tatsi is
reached by the ECKCS model. In the second set of
models, the CKCS one produces the lowest total cost
The basic CONWIP system, instead, while reachieg th
lowest total cost among all the considered poljcies
delivers, however, the lowest service level. So the
CONWIP-Kanban and the Extended CONWIP Kanban
models globally react better to the change in deman
(figure 22).
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Figure 22: Comparison of the performance parameters
for the various pull production models with the demd
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In the second scenario, the production time has
been increased up to 50% from an initial value @f 2
minutes. Again, all systems respond well to changes
production time for increments lower than 20%. Eiren
this scenario the systems ensuring the highesicgerv
level are the Base Stock, the Extended Kanban laand t
Extended-CONWIP-Kanban, the last one getting the
lowest total cost. A slightly lower service leved i
reached by the Kanban, the Generalized Kanbantend t
CONWIP-Kanban system: with the last one getting the
lowest total cost. Again, the CONWIP model gets the
lowest total cost but with the lowest service levéb
the Extended-CONWIP-Kanban and the CONWIP-
Kanban system respond better than the others also t
variations in production times (figure 23).
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Figure 23: Comparison of the performance parameters
for the various pull models with the productionéim
varying
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7. CONCLUSIONS

In general, all simulation runs have led to results
consistent with the logic of the control policiesll
models are more responsive to changes in production
time that a change in demand, but in both cases the
models that perform better are the CKCS and the
ECKCS system. This is also reflected in the results
proposed by various authors in literature, so the
simplifying assumptions underlying the models da no
undermine the validity of the models themselvesskEh
models can be considered a valid instrument to @upp
strategic business decisions to maximize efficierny
fact, reducing production wastes lowers the codtthn
environmental impact. However, the ECK policy,
despite its superiority, is rather difficult to ifement
being a combination of the three basic control
mechanisms. Therefore, the decision on the right
control policy to implement has to be guided by its
characteristics and by the priorities that the camyp
decides to pursue. Possible future developmentki®f
work could be to evaluate these policies in other
scenarios: modeling, for example, assembly and/or
multi-product systems with stochastic data, in oride
make these models more adaptable to various
production realites and ever more flexible in
responding to fluctuations that inevitably charaete

the production context.
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