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ABSTRACT. Background: The concept of integrating the theory of constiatools in reorganizing management system
in a mechanical engineering company was presenttids article.

The main aim of the concept is to enable the entgrgo satisfy the customers' expectations atoresse costs, which
allows for making a profit and creating an agiléeeprise in the long run.

Methods: Due to the individual character of the productmocess and service process in analyzed compaayescribed
concept using theory of constraints project managenm{(CCPM) and manufacturing (DBR) tools. The authose u
performance levels conception to build an integratiool focused on the interaction and collaborati@tween different
departments. The integration tool has been develapd verified in Polish manufacturing company.

Results In described model a tool compatible with CCPMrages on the level of the customer service proc&issp floor

is controlled based on the DBR method. The authold that the integration of between TOC tools is ey kmportance.
The integration of TOC tools dedicated to managingt@mer service and shop floor scheduling and obinty requires
developing a mechanism for repeated transmittiegriformation between them. This mechanism has Heeeloped.
Conclusions The conducted research showed that the develmoéihtegrating CCPM and DBR had a positive impact on
the enterprise performance. It enables improvimgctmpany performance in meeting target group reménts by focusing
on enhancing the efficiency of processes runninghan company and tasks processed at particular wm@tions. The
described model has been successfully implementede of the Polish mechanical engineering compganie

Key words: Critical Chain Project Management, Drum-Buffer-Rogm®cess integration, company effectiveness.

INTRODUCTION

Globalization processes and increased market cdtiopeforce organizations to reorganize
production processes to reduce lead time and metowiidag costs. These objectives are in logical
conflict. How to conduct manufacturing operationgeted on unit orders and remain competitive
with standard solutions produced with the applaratf the scale effect?

The authors of this paper conducted research avelafament works at a mechanical engineering
enterprise, which used the theory of constraintdstto streamline the current management of basic
operations (customer service and manufacturinggsses). It was observed that deployment of the
Critical Chain Project Management and Drum-BuffepR did not yield the expected results. The
problems encountered prior to the implementationewanly partly solved. The authors hold that it
was because the tools had a local impact. The @ibinformation between them was inadequate,
which obliterated any positive effect in the entitcanpany. The aim of this paper is to presentabé t
designed by the authors for the purpose of integydhe theory of constraints tools.
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THEORETICAL BACKGROUND

Theory of Constraintstools

Theory of Constraints (TOC) has been proposed lyahill Goldratt. TOC has been developed as
a theory of continuous improvement of the enteepbigsiness operations. Five steps for enhancing an
organization performance, developed by the authtiveotheory [Goldratt 2004]:

1. Identify the constraint.

Decide how to exploit the constraint.

Subordinate and synchronize everything else t@ltoe decisions.
Elevate the performance of the constraint.

AR I A

If, in any of the above steps the constraint h#sesh go back to Step 1.

To proceed with the subject, continuous improvenamtsistent with TOC may occur on three
planes. The highest level involves processes takilage across the entire organization and the
interrelations between them [Gupta, Boyd 2008]e&tlining the system at the highest level is
possible thanks to continuous improvement describédsteps. At the operational (2nd level), TOC
suggests applying the Logical Product StructureS)Lmethod and V-A-T analysis. LPS method
results in the information on the flow of materialsd components of the product analysed by the
enterprise, including all the operations, startiram raw materials up to a finished product [Gupta,
Boyd 2008]. V-A-T analysis allows for determinirtgetlocation of buffers in a manufacturing system
[Hadas, Cyplik, Fertsch 2009]. At the detail-ormuhi(3rd level), TOC proposes applying the concept
of Drum - Buffer - Rope (DBR) manufacturing systenanagement. Streamlining the production
system according to TOC is connected with [Wu, 2606]:

1. increasing the system throughput (amount or valyearucts per time unit);
2. reducing work in process;
3. shortening production cycles and improving on-toneéer delivery.

All the advantages listed above are geared towgrdater customer satisfaction and lower
operational costs.

There are 3 components in the DBR concept, whildwalor increasing a manufacturing system
throughput. The first component is Drum - the systnstraint that sets the production pace. An
overriding importance of the constraint followsrfrd OC assumptions, in particular from the 2nd step
in the system improving - 'exploiting’ the bottlekeBuffer - a kind of protection (time or matespl
from disruptions occurring at the preceding procgsstep. Rope - a mechanism ensuring that all the
system components work at a pace set by the bettterwhich will reduce work in progress level
[Koh, Bulfin 2004].

An ever-growing importance of projects in the compananagement has been noticed by the
authors writing on TOC. It gave rise to a new mdtbbproject management evolved, based on the so
called Critical Chain - Critical Chain Project Mgmement (CCPM). Critical Chain is a set of
interrelated tasks with the longest completion tini@king into account the system resource
constraints. The constraints are, among othersatiadability of funds, time, multitasking etc. In
scheduling the use of resources, individual taskthe critical chain have no time buffers and are
scheduled backward (postponing until the last mdjmgtobinson, Richards, 2009]. Introducing the
latest start times possible and shortening theaiatéhn by removing time reserve requires estimating
and scheduling measures compensating for any hateksations and the events of multitasking
[Rahman, 2004]. There are two basic time buffers:

1. Project buffer - inserted at the end of the prgjeasures its timely completion. Buffer size is
often described as half the size of the criticaiehStratton, Knight 2010].

2. Feeding buffer - inserted at the end of tasks noluded in the critical chain, protecting the
critical chain [Herroele, Leus, Demeulemeester2200
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Improving performance

Gaining competitive advantage can be gained incthmlitions described in the introduction can
take place through continuous performance improvenfeerformance is defined as: 'the degree to
which an employee or a group applies skill andréetim an operation or task as measured against an
established standard' [Blackstone, Jonah]. Impopp@rformance ought to take place at three levels:
organization, process and work stations. Managélisgvto improve performance at the organization
level should focus on setting goals that reflect thrganization's values and the customers'
requirements. At the next level the key are effitibasic processes in business operations. It
combines the last two levels, thus opening up grep¢rformance improvement opportunities. The
last but not least level of enterprise performaiscéhe performer level, referred to every singlekvo
station. Performance management at the lowest leagl only produce a result that is marginal in
terms of what could be achieved [Rummler, BracH#0]19

TOC highlights the need for surrendering local mptns in favour of global optimums. Decisions
made based on local performance measures couldsativaffect the entire system [Mabin 2003].
Benefits from seeking global optimums can be ergogreanks to an internal integration defined as
"the quality of the state of collaboration thatstgiamong departments that are required to achieve
unity of effort by the demands of the environm@gwrence, Lorsch 1967]. Nowadays, in the era of
SCM, internal inter-functional integration is foeason the interaction and collaboration between
different departments [Ellinger, Daugherty Kell®0B] and it will be understood as such in the caurs
of this paper.

CURRENT STATE ANALYSIS

The enterprise described in this paper specializ@sanufacture of equipment for pumping water
and wastewater. The nature of customer needs godements calls for providing highly customized
solutions. In the enterprise under analysis cust@®erice is unit in nature, which makes the preces
akin to project implementation.

The Production System Virus Analysis (PSVA) [Cypliadas 2011] was applied to identify the
problems responsible for the company's failurestmete unit orders at an acceptable cost.

Lorng lead times

Inadequate documents formaat
Frequent cormectons of plans
High laval of wark in progriss ..

Lack of task scheduling
Hagh production-cost

Dalarys in celivers i Lack of mesassary
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Detays in realization Lang production cycle
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Livck of rislisibla |:|.|I.|. High overheads

Misuse of potential “Freguent complaints
Low level of customes Inadequiate information flow

Lack of coordination Purchasing policy

Lack of standards on position

Fig. 1. Production System Virus in analyzed congpan
Rys. 1. Wirus systemu produkcyjnego analizowarmgedsgbiorstwa

Fig. 1 presents root problem occurring in the camypd@ OC tools have been deployed to solve
them. The CCPM tool was selected to streamlineooust service management. By implementing the
methodology and support IT tools the managers oéthihe information on the progress of each
project and the level of time buffer exploitatidrhe DBR tool was applied to improve the shop floor
operations. It was supposed to reduce work in goteentories and the manufacturing process time.
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THE INTEGRATION OF TOC TOOLS

The implementation of TOC tools in the analysed gany resulted in sorting out the activities
performed as part of customer services. The messilltsstrating individual processes showed
improvement, yet the overall effectiveness acrbescompany failed to achieve the assumed level. In
reference to the diagnosed problem, the authordasiged the need for perceiving the company as
a total of work stations and processes performecetiVhile striving to improve the performance of
conducted business it is necessary to seek pdtesdierves at each work station. An enhancement of
the effectiveness of operations at work statiorisliswed by an improvement in the processes.ria li
with the process approach, an organization consisthie processes it performs. Hence a simple
conclusion that if process efficiency is improvte entire enterprise benefits.

Assuming the above, the authors attempted to swsizarnthe levels of efficiency in the analyzed
company. From the organization point of view, costo service is of prime importance. It is directly
related to new order winning, their completion ainaely delivery of products to the customer. From
the customer service point of view it is manufactgirthat is crucial. This is due to not only to the
processing of raw materials, materials and compsnieio the finished product, but also owing to
high cost-consumption and numerous difficultieslieg to late deliveries to customers.

The decision to implement the project managemeuit was inspired by the nature of customer
service processes, making it akin to project imgetation, the possibility to implement the tool in
the existing ERP system and the benefits in thenfof enhanced process efficiency and reduced
completion time. It had been assumed that thiswdbkenable the improvement of performance at the
process level.

At the level of work stations it was decided to lerpent the DBR tool, because it allowed for easy
shop floor control. Shortening production cyclesd ameducing work in process inventories was
supposed to enhance shop floor performance.

Research conducted following the implementationth&f solutions suggested by TOC did not
support the assumptions. According to the authties,reason behind it was a lack of coordination
between individual components of the customer serprocess, with considerable emphasis on the
production process. Streamlining activities werealoin nature and their impact on the entire
organization was negligible. Based on these obtengthe authors observed the need for integrating
the existing TOC tools. The integration schemeaésented in Fig. 2.

Fig. 2 illustrates the application of TOC tools time context of building up the organization
efficiency. A tool compatible with CCPM operatestbe level of the customer service process. Shop
floor is controlled based on the DBR method. Thathars hold that the integration of between TOC
tools is of key importance. Input information om tlequested production process due dates, thetexten
of buffer exploitation, the order of devices togreduced are critical for proper shop floor contrs
the shop floor organization is consistent with B&R principle, this information is used as inputada
to queue work at the bottleneck, which controlspghecess of pulling materials according to thel"pul
logic. The materials pulled in the manufacturingteyn are pushed between individual work stations
in line with the 'push’ logic. On the assumptioatthll work stations on the shop floor are more
efficient than the bottleneck, such measure is e®geto minimize work in process. The production
system pulls as many resources as the system amhstiows. Other work stations do not reach their
maximum throughput, because it would result in audating work in process and, on top of that,
would not shorten the duration of the shop floamgass. Therefore, by cutting the manufacturingscost
its effectiveness is raised, assuming throughptitassame. This assumption is valid on accourtief t
fact that bottleneck manufacturing capacity remainshanged. The information from the project
management tool to the shop floor management impsrtant as important as the information sent
the other way round. In the proposed model the $loop objective is to produce finished goods and
take care of the quality of the information senthe project management tool. If manufacturingis t
be treated as one of the stages of the customéceegarocess, it is necessary to report on the work
progress and expected completion dates. Any prablémly to affect the scheduled date of product
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delivery should be reported and such knowledge ldhbe used for making decisions in providing
service to a given customer.

Organization level Analysed company

Process level I::l Service process (CCPM tool)
Terms A
Inputs: Outputs:
materials and \J Final
information Sales Production Realization goods
process process process -

5

Flow level Terms,
Buffer penetration

Lpull”

Production process (DBR tool)

v

Row
materials

.push”

Final
goods

,Bottleneck”

Fig. 2. TOC tools integration
Rys. 2. Integracja nagdzi teorii ograniczé

In the course of optimization, many a time the swing one of subprocesses does not reduce the
time of the entire process. It is caused by lossestained while waiting for the execution of the
subsequent subprocess resulting from multitaskirtgen all the effort taken for the purpose of
achieving local optimization is frustrated. In nefiece to the situation under analysis, even thaolgh
enterprise implemented TOC tools, generating tf@rimation on the progress of each process, such
information was not put to any use at subsequahs.liThe persons in charge of scheduling and
controlling shop floor did not know the actual pities of pending production tasks. The only shop
control information provided was the scheduled aditshipment to the customer. Task queuing with
a view to the presented criterion led to numeraoeblpms in executing tasks with a lower prioritys A
part of tool integration it was necessary to depebo tool determining the actual priorities in
implementing production tasks. The solution to fmieblem is presented in subsequent chapters of
this paper.

PARAMETERIZATION OF THE INTEGRATION TOOL

The integration of TOC tools dedicated to managingtomer service and shop floor scheduling
and controlling requires developing a mechanismrépeated transmitting the information between
them. Its basic objective is the prioritizationtasks in terms of the assumed criterion. The gbtie
enterprise is to maximize shareholder value [Pit2@®3, Sundaram, Inkpen, 2004]. For this purpose
profitable activity must be conducted. Hence, i@ tlontext of system constraints, the need for tpkin
measures aimed at yielding the greatest profits fthe point of view of the maximum bottleneck
exploitation.

Starting deliberations from the customer servieelleone should focus on the profitability of each
project, either in process or potential. An indicaeflecting the real profitability of a projed profit
per man hour generated by the system constraint.

5
h

_ P

b
POx T

pby - profitability of bottleneck in project x
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pry - project x profitability [$]

T - use of bottleneck [h]

If we know the bottleneck profitability values oaah project, they can be sorted in descending
order of the indicator value. Thus the company banconfident that with certain resources at its
disposal, it will select the most profitable prdageout of a set of projects. This can be appliethen
sales department responsible for seeking new orédeepting new orders would depend on the
profitability index compared with other potentiaders. Orders accepted via the project management
support tool are divided into tasks and assignethdividual departments. The project manager is
obliged to set deadlines for completing each ptogtage by the departments in terms of available
resources and the scheduled product delivery date.

The integration of project management and shop ftoatrol tools requires determining priorities
for filling manufacturing orders in the context thie information obtained from customer service. To
avoid decisions that could be chaotic or not urgairiven, the authors developed a two-stage
prioritization scheme. A priority index matrix wased for this purpose. The first stage of creating
a matrix is calculating the priority index for egmtoduction order in the work queue. Productioreord
contains a tool constituting a component of thgegmtadeveloped for the customer.

, Cy

plx:" =

€.y

Pix, - priority index of the X device towards the Y d=y
C« - importance of the customer ordering the X mbje
e, - bottleneck changeover time - from processingthievice to the X device

The customer importance parameter must be knovealtulate the priority index. It is important
for making decisions on the order in which produttdrders will be filled. If on-time delivery of
orders is jeopardized, the orders placed by ptaétand prospective clients take priority. The next
parameter used for determining priority index iameover time at the production system bottleneck.
It should be minimised to be exploited to the fidence, orders with shorter changeover time are
given higher priority. As it is required to displajangeover times must be presented in a matrix
system (changeovers between particular deviceg)itgrindex also creates a matrix. The priority
index matrix system is presented in Table 1.

Priority index is determined for each changeoveriavea between any two devices awaiting
completion in a production system. For reliableornation on the urgency of each order, shop floor
controller should take into account the extentiwfet buffer use for each project and, respectively,
devices.

Table 1. Priority index matrix
Tabela 1. Macierz wskaikow priorytetowdci

Devicey Devicey - Device,

Devicey

Devicey

Device,
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The next stage of developing the CCPM and DBR hatigmn tool would be to make it possible to
apply priority index colours on the presented mxatwhich would be reflective of the buffer use
status, provided for each project. According to tifadfic light analogy logic, low buffer penetratio
(buffer consumption of less than 1/3) is markedhwifreen; medium buffer penetration (buffer
consumption between 1/3 and 2/3) is yellow, whedssp buffer penetration (over 2/3) - red [4]. The
information on the buffer penetration status ist $8m a customer service management support tool.
The data on the actual buffer use is sent everg tine queue of devices awaiting processing is
refreshed. It can be either automatic upon mouegadrder to the processing stage, every given time
interval, or manual - at the request of shop floantroller. Thus the worker deciding on the order o
works on the shop floor can choose in the first@lthe devices with the highest (red) priority e th
most urgent ones, intended for the most importastaemer and with the lowest changeover time,
which allows for reducing waste at the bottleneck.

The major advantage of the described integratioh ifo providing the information on the actual
priority of each production task. Thus, the manageitl be confident that the most urgent tasks from
a given set are processed in the first placeldial for reducing their completion times and impngy
product delivery timeliness. The enterprise resesirand, first of all, the resources constituting th
bottleneck, are the tasks most profitable for trganization. This, in turn, translates into an ereal
performance of the enterprise.

CONCLUSION

The tool presented in this paper has been testpdrasf research and development works. It was
decided to apply 4 logistic measures. The reseaashconducted in two 6-month periods: prior to and
following the implementation. The analysed perigdslved estimated demand distribution and the
characteristics of placed orders. In the contexthef tool implementation the first measure under
analysis was Dock to Dock Time (DDT). Following timeplementation its average value fell by 12
per cent, which is reflective of an increase in th&terial flow across the enterprise and its greate
flexibility. Reducing lead times should go handhand with their timeliness. Order timeliness is
measured by the On Time In Full (OTIF) performaimaicator. The number of orders delivered on
time and in full rose by 4 per cent. Productionesttiing and shop floor control were analysed using
the production flow control efficiency indicatohy@ving the number of production orders processed
on schedule compared with the total number of ardds production scheduling did not function
properly before the implementation, the indicat@ntvup by as much as 56 per cent. What is vitally
important, the suggested solution reduced not tr@ytime of material flow, but also costs. The &toc
Coverage (SC) was examined in terms of value farall stock (raw materials, work in process,
finished goods). After the implementation the imdic went down by 17 per cent, resulting in cash
release and improved financial situation of theegrise.

The conducted research showed that the developkdhtegrating CCPM and DBR had a positive
impact on the enterprise performance. It enablgwaming the company performance in meeting
target group requirements by focusing on enhantivgg efficiency of processes running in the
company and tasks processed at particular woriosgat
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INTEGRACJA NARZ EDZI +A NCUCHA KRYTYCZNEGO ORAZ
WERBEL-BUFOR-LINA W BRAN ZY BUDOWY MASZYN - CASE
STUDY

STRESZCZENIE. Wstep: Artykut prezentuje koncepgj integracji nargdzi teorii ograniczé wykorzystam do
reorganizacji funkcjonowania przeelsiorstwa z brasy budowy maszyn.

Gléwnym celem prezentowanej koncepcji jest almoenie przedsibiorstwu zaspakajania potrzeb klientéw po racjoyetin
kosztach, co ma w konsekwencji doprowéddd zwkkszenia zyskow a w perspektywie dtugofalowej do ddwania
zwinnej organizaciji.

Metody: Ze wzgkdu na jednostkowy charakter proceséw produkcji alztugi klienta opisana koncepcja wykorzystuje
znane z teorii ogranicaenarzdzia: taicuch krytyczny oraz werbel-bufor-lina. Autorzy wykgstali rownie poziomy
efektywndci organizacji do zbudowania nadzia w celu integracji poszczegélnych dziatow psiggorstwa.
Zaprezentowany model zostat opracowany i z sukces@mzony w jednej z polskich firm z brap budowy maszyn.
Wyniki: W opracowanym modelu nadzie CCPM funkcjonuje w obszarze obstugi klienta maést narzdzie DBR
odpowiada za kontrelsterowania produkgj Integracja obu nagdzi wymagata rownie stworzenia mechanizmu przeptywu
informacji pomedzy nimi.

Whnioski: Przeprowadzone badania pokazatystworzone naerizie integrujce CCPM oraz DBR miato pozytywny wptyw
na efektywné¢ jednego z polskich przedbiorstw z bravy budowy maszyn. Pozwolito na poprawspetniania wymaga
klienta poprzez wzrost efektywfm procesow funkcjonagych w przedsbiorstwie oraz zada realizowanych na
pojedynczym stanowisku roboczym.
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Stowa kluczowe:tancuch krytyczny, werbel-bufor-lina, integracja preée, efektywnéé przedsbiorstwa.

PROJEKTMANAGEMENT DER KRITISCHEN LOGISTIKKETTE UND
DIE INTEGRATION DES WERKZEUGES AM BEISPIEL DES
TROMMEL-PUFFER-SEILES IM MASCHINENBAU - EINE CASE
STUDY

ZUSAMMENFASSUNG. Einleitung: Der Artikel prasentiert ein Konzept fir die Intation der Werkzeuge der Theorie
von Begrenzungen, die bei der Reorganisation der tFunslausiibung eines Unternehmens aus der Branche des
Maschinenbaus in Anspruch genommen werden. Dagliggetlargestellten Konzeptes ist es, dem UnternekieeErfiillung

von Bediirfnissen seiner Kunden zu rationellen Kogteermdoglichen. Das sichert auch die ErhéhungG#swinne und in

der Langzeit-Perspektive den Aufbau einer agilert&dhaftsorganisation.

Methoden: In Hinsicht auf den komplizierten Charakter vomdRrktionsprozessen und der Kundenorientierung nigamst
beschriebene Konzept die von der Theorie von Begragen her bekannten Werkzeuge: der kritischen Likgette und

des "Trommel-Puffer-Seiles" in Anspruch. Die Autorgaben zum Aufbau eines Instruments zum Zweckdndegration

der einzelnen Abteilungen eines Unternehmens aastiNtveau der Effektivitat der jeweiligen Organisateinbezogen. Das
prasentierte Modell ist in einer polnischen Firnes d1aschinenbaus ausgearbeitet und erfolgreiclefging worden.
Ergebnisse Das CCPM-Werkzeug funktioniert innerhalb des koiezipn Modell im Bereich der Kundenbedienung unsl da
DBR-Werkzeug ist fiir die Kontrolle der Produktioresstrung verantwortlich. Die Integration der beid@ovls bedurfte
auch des Aufbaus eines Algorithmus zur Integraties Informationsflusses zwischen ihnen.

Fazit: Die durchgefihrten Untersuchungen haben gezeigss das geschaffene Werkzeug, die CCPM und DBR
integrierende Werkzeugvariante die Effizienz eipegnischen Maschinenbau-Unternehmens positiv blesistf hat. Es
erlaubte eine verbesserte Erfilllung der Kundenbed$e und -anforderungen infolge der erreichtémbBung der Prozess-
Effektivitat im Unternehmen und auf dem einzelnebeltsplatz bei der Ausfiihrung von konkreten Prdiduisauftragen.

Codewdrter: kritische Kette, Trommel-Puffer-Seil, Prozess-gmtgion, Effizienz eines Unternehmens.
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