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OPTIMISATION OF PURCHASING STRATEGY OF TOOLS
AND COMPONENTS BASED ON EXCHANGE CURVE THEORY

Abstract. The optimal inventory control of tools and components in manufacturing systems plays an
important role in the success of sustainable operation from financial and ecologic point of view. This
study discusses an inventory control method, which is based on the transformation of investment of
inventory into annual order cost or vice versa. The study presents the mathematical model of the
exchange curve model for tools and components in the case of economic order quantity inventory
strategy. The described methodology makes it possible to optimise available purchasing strategies for
tools and components. The approach was tested with a scenario analysis, where different parameters of
the purchasing process including inventory related constraints were taken into consideration. The
computational results validated the exchange curve based inventory control methodology and showed
that the inventory strategy can be improved with cost transformation Practical implications of the
proposed model and method regard the possibility of finding optimal inventory policies that can affect
the operation costs of manufacturing systems.
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1. INTRODUCTION

Today, in order to increase the efficiency of production systems and meet the
dynamically changing demands of customers, manufacturing companies are doing
their utmost to optimise not only their production systems, but also the related
service processes, especially focusing on logistics. This means that the
optimisation of procurement, distribution and recycling logistics activities is
becoming increasingly important for sustainable production systems. In the field of
production logistics, strategic issues can be defined in two cases: design of a new
production logistics systems or improve an existing production logistics systems.
Logistics strategies should support the following production logistics objectives:
increasing capacity utilisation of production and logistics resources, reducing lead
times, reducing production process inventories (work in process) without
increasing supply risk, reducing the operation costs of the technological and
logistical process, increasing flexibility a reliability, increasing the transparency of
the technological process, reducing the environmental impact and integration of the
production logistics process into the overall company logistics system [1].

This paper studies the optimisation potentials of purchasing policies of tools
and components in a manufacturing system, while the economic order quantity is
taken into consideration. As the literature review section will show, modern
optimisation algorithms play an important role in the design and operation of
logistics systems [2] and the majority of the articles in the field of purchasing
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policy optimisation are focusing on conventional manufacturing environment and
only a few of them describes the purchasing policy optimization in a cyber-
physical system, where available real time status information based on digital twin
technology makes it possible to define a dynamic purchasing strategy optimisation
of tools and components. The article is organized as follows. Section 2 presents a
systematic literature review, which summarizes the research background of
purchasing policy optimization based on exchange curve. Section 3 describes the
mathematical model of exchange curve-based purchasing policy optimisation
including three different scenarios depending on the constraints. Section 4
demonstrates the scenario analysis, which validates the model. Conclusions, future
research directions and managerial impacts are discussed in Section 5.

2. LITERATURE REVIEW

As previous studies show, the optimisation of the inventory level and the
costs of inventory management has a great impact on the competitiveness of
manufacturing processes. A wide range of objective functions and constraints can
be taken into consideration regarding purchasing policy optimisation: purchasing
and stock holding costs; financial, technological and logistics consequence of
shortages; uncertainties of the manufacturing and service environment [3-5] or the
warehousing system [6]. The technologies of the fourth industrial revolution and
the transformation of conventional manufacturing and service systems into cyber-
physical systems lead to a more complex supply chain structure, where the four
supply chain levers have to be taken into consideration as an integrated,
interconnected or hyperconnected system, where the key performance indicators of
the supply chain subsystems (procurement, warehousing, fulfilment and
transportation) have a great impact on each other [7]. Statistical survey shows, that
the application of Industry 4.0 technologies leads to a cost savings of about 10%
regarding administrative costs for each purchasing [8]. Industry 4.0 technologies are
changing the role of purchasers, because the co-creation of specifications, automatized
prequalification and negotiations lead to the improvement of procurement processes
[9,10], especially from reduced uncertainties resulted by the application of digital twin
technologies point of view. The big data oriented smart tool condition monitoring
makes it possible to evaluate the present status of the tools and make prediction
including lifetime expectancies, which can support the optimisation of tool
procurement processes [11].

About 60% of the articles were published in the last five years. This result
indicates the scientific potential of the research of purchasing policy optimisation
in Industry 4.0 era. The articles that addressed the development of purchasing
policy optimisation are focusing on different fields of procurement and buying
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aspects of supply chain solutions in the field of manufacturing, but only a few of
them focuses on the potentials of Industry 4.0 technologies. As a consequence, the
main contribution of this article is the exchange curve-based mathematical model
of purchasing policy optimisation and the description of computational results
validating the described model.

3. TOOL AND COMPONENT MANAGEMENT IN CYBER-
PHYSICAL MANUFACTURING

However, there are different ways to optimise conventional manufacturing
systems, but Industry 4.0 technologies offer new opportunities and potentials to
improve the optimisation, especially focusing on the real time data-based design
and operation based on smart sensors and digital twin solutions. In cyber-physical
manufacturing systems, it is possible to use the real time status information to
optimize the manufacturing related operations including purchasing, distribution
and in-process recycling and reuse. Figure 1 shows a possible solution of the
optimisation of purchasing strategies of tools and components of a cyber-physical
manufacturing system. The proposed model includes the following main phases:

1. Smart micro sensors can be mounted into intelligent tools, and these
sensors can collect real time status information of the tool (temperature,
deformation, tension, etc.).

2. The collected information can be uploaded indirectly to a database, or
directly to a digital twin solution.

3. The digital twin solution can build real time models of the analysed tool,
or tool-machine, or tool-machine-product system. This real time model can be
uploaded into a discrete event simulation software, where the model represents the
present status of the system.

4. Using discrete event simulation, it is possible to analyse the modelled
system and make predictions.

5. The tool inventory is a basic information for the prediction, especially if
this information focuses on both quality and quantity of available tools.

6. The enterprise resource planning includes a wide range of modules, from
these the production planning and scheduling module is responsible for the design,
operation, supervision and controlling of the manufacturing system.

7. The production planning and scheduling module determines the master
production schedule, which is the most important input parameter for the
purchasing policy.

8. Using the master production schedule, it is possible to define resource
demands (machine tools, tools, components, human resources, logistics resources,
packaging).
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9. Based on the status information of inventory of tools and components and
the prediction information, the future potential status of the system can be
predicted, which is the basic information for the optimisation of the purchasing
policy.

10. Based on the prediction regarding tools, it is possible to make predictions
according the whole analysed systems including tools and components.

11. The master production schedule is an important input parameter of the
purchasing policy optimisation.

12.The optimised purchasing policy has a great impact on the component
inventory, because the resulted changes in annual order cost and annual investment
in inventories of components lead to new parameters of the purchasing process,
which influences in this way the component inventory.

13. The optimised purchasing policy has a great impact on the tool inventory,
because the resulted changes in annual order cost and annual investment in
inventories of tools lead to new parameters of the purchasing process, which
influences in this way the tool inventory.

14. Predictions and lifetime expectancies of tool and products is an important
input parameter for the exchange curve-based purchasing policy optimisation.
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Figure 1 — Digital twin-based optimization of purchasing policy
of tools and components

4. MATHEMATICAL MODEL

To optimise the operation of production systems, it is essential to design
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related logistics processes in a cost-effective way. Since one of the key elements of
efficiency in production systems is the availability of tools and parts, it is of great
importance to define an optimal inventory strategy. Inventory management
processes have great importance in company's logistics system and have a major
impact on its economic operation. The aim of inventory management is to smooth
out the fluctuations in quantity resulting from imbalances between input and output
flows in the material system or from external environmental disturbances.

The purchasing policy of tools and components of manufacturing systems can
be optimised in many ways, depending on the characteristics of goods. If the
purchasing policy is based on economic order quantity methodology, then in the
mathematical model of the exchange curve based inventory control the average
inventory investment can be defined depending on the specific purchasing cost of
tools and components:

ct= 11? . 1

where a; is the specific purchasing cost of tools and components and q; is the
economic order quantity, which can be calculated using the following equation:
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where AD, is the annual demand of tools and components, «; is the specific order

cost of tools and components, g, specific purchasing cost of tools and components,

y is the specific warehousing cost of tools and components.
Using the economic order quantity for all tools and components, the average
inventory investment can be calculated:

fz.cm w1 e
Ct=3 Tk B J Z.F'Ele VAD o By @)

The second part of the cost function is based on the annual order cost of tools
and components, which can be calculated in the following way:
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Using the economic order quantity for all tools and components, the annual
order cost can be calculated in the following way:

C2=Y AD,-a,- | _E - f Tr,JAD; a - By ®)

Depending on the value of the average inventory investment and the annual
order cost, it is possible to draw a curve between these costs. This ¢* — ¢* curve
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makes it possible to analyse and optimise the present inventory policy of tools and
components depending on the position of the present inventory policy related to the
¢! — ¢? curve (see Figure 2).
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Figure 2 — Potential optimization directions of the purchasing policy depending
on the position of the present situation related to the exchange curve

Depending on the constraints defined by the purchasing policy based on
economic order quantity, we can define three different types of optimisation of
purchasing policy:

o In the first case, the purchasing policy defines the number of annual orders
regarding tools and components as a constant value (annual order constraint).
Depending on the parameters of the purchasing policy, we can minimize the
inventory costs, while it is not allowed to change the number of annual orders
which lead to a constant annual order cost. In this case, the optimization of the
purchasing policy means the transformation of investments in inventories of tools
and components to annual order costs.

e In the second case, the purchasing policy defines the investment in
inventories of tools and components as a constant value (investment in inventory
constraint). Depending on the parameters of purchasing policy, we can minimize
the annual order costs, while it is not allowed to change the investments in
inventory of tools and components. In this case, the optimization of the purchasing
policy means the transformation of annual order costs to investments in inventories
of tools and components.

e In the third case, neither the annual orders nor the investment in
inventories of tools and components are constrained by the purchasing policy
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based on economic order quantity model. In this case, we are talking about a mixed
transformation, where we have to find the nearest point on the C* — €2 curve,
which means, the it is possible that both parts of the purchasing cost will be
changed. In the case of this purchasing optimisation we can minimize the change in
the parameters related to the present purchasing strategy.

This ¢* — ¢? plot is a rectangular hyperbola, which is named as an exchange

curve:
1 2
Cl'cz=;'[Zf=1f5£'\f‘45'1'“£'ﬁ!} (6)

Within the frame of the next chapter some scenarios and numerical exampled
demonstrate the usability and efficiency of the exchange curve-based purchasing
policy optimisation in the case of tools and components in a manufacturing system.

5. NUMERICAL EXAMPLES

In the case of conventional manufacturing systems, where no real time status
information is available it is almost impossible to perform a real time optimization
a smoothing of purchasing policy. In cyber-physical systems, where the digital
twin of the manufacturing system collects status information from the resources
and processes of the manufacturing system through smart sensors, it is possible to
make real time decisions and optimize the purchasing strategy regarding tools and
components. In the case of intelligent tools, the inbuilt micro sensors can collect
status information, and based on this information it is possible to predict the future
status and life expectancy and the purchasing policy can be permanently changed.

In this scenario, the purchasing policy of tools and components in a cyber-
physical manufacturing system is analysed. The input parameters of the purchasing
optimization problem are given in Table 1, including the annual demand of tools
and components depending on the master production plan based on ERP, the
specific order cost and purchasing cost of tools and components (see Table 1). The
company orders the required tools and components monthly (12 times yearly) and
the annual order cost of this solution is 3036 USD, while the average inventory
investment is 11012 USD.

Table 1 — Input parameters of the purchasing policy optimisation problem

ID X1201 | X1202 | X1203 | X1204 | X1205 | X1206 | X1207
a; [USD] | 320 200 80 90 50 90 120
AD, [pcs] | 450 260 320 215 35 120 90
B, [USD] 10 30 50 40 22 34 67

Depending on the specific warehousing cost of tools and components (y), it is
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possible to compute both parts of the cost function regarding purchasing of tools
and components. As Figure 3 demonstrates, regarding to the methodology of the
economic order quantity, the specific warehousing cost has the opposite impact on
the annual order cost and on the annual investment in inventory. The increased
specific warehousing cost lead to increased annual order cost, while the increased
specific warehousing cost lead to decreased annual investment in inventory of tools
and components.
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Figure 3 — Annual order cost and annual investment of inventory of tools
and components depending on the specific warehousing cost

As Figure 4 demonstrates, in the case of this scenario there are three different
ways to optimize the present purchasing strategy of tools and components (see
point A in Figure 4). In the case of monthly order of tools and components, the
annual order cost is 3036 USD and the annual investment in inventories is 11012
USD. The three potential optimisation directions are the followings:

e We can fix the annual order cost of tools and components and it is
possible to find a potential solution on the ¢* — ¢* curve with a reduced investment
in inventory of tools and components. This solution is represented by point B in
Figure 4, where the annual order cost is 3036 USD and the annual investment in
inventories is 6154 USD, which results a total annual purchasing cost reduction of
4858 USD.

e We can fix the investment in inventory of tools and components and it is
possible to find a potential solution on the ¢! — ¢® curve with a reduced annual
order cost of tools and components. This solution is represented by point C in
Figure 4, where the annual order cost is 1696 USD and the annual investment in
inventories is 11012 USD, which results a total annual purchasing cost reduction of
1340 USD.
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e In the case of the third potential way, there are no constraints defined for
the annual order and investment in inventory, therefore we can find a potential
solution on the ¢* — ¢* curve to minimize the distance between point representing
the present solution and point representing the new solution. A new procedure to
find the minimum distance from the operating point representing the present
purchasing strategy makes it possible to find this solution [12], which represents a
potential solution with minor changes in the purchasing strategy. Using the
suggested methodology, we can define this minimal distance point (see point D in
Figure 4), where the annual order cost is 2711 USD and the annual investment in
inventories is 6890 USD, which results a total annual purchasing cost reduction of
4447 USD.
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Figure 4 — Potential optimization directions of the purchasing policy

The above mentioned purchasing policy optimisation is a macro-level
optimisation, because this methodology supports the detection of bottlenecks in
purchasing strategy regarding annual order cost and annual investment in
inventories of tools and components. After finding the bottleneck and changing the
better strategy for the purchasing the next important task is to perform a micro-
level purchasing policy optimisation, which can be based in this case on the
economic order quality methodology, because after finding a better macro-level
strategy on the €* — €2 curve we can compute the new parameters for the new
policy and we can determine the new parameters for the purchasing of tools and
components while depending on the manufacturing and logistics environment
different other components of the whole manufacturing system must be taken into
consideration (triggers in Kanban systems, stock out management, age
management and safety stock planning).
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6. CONCLUSIONS

The efficiency of production systems is affected by the efficiency of both
technological and logistic subsystems. An important factor of the optimisation of
production systems is the optimisation of available resources, which is an
important task of purchasing logistics, especially for tools and components. Within
the frame of this article the author described an exchange curve-based purchasing
strategy optimisation approach, which makes it possible to optimise the present
purchasing policy depending on the value of annual order cost and annual
investment in inventory of tools and components. The proposed model focuses on
the potentials of Industry 4.0 technologies and describes a solution including
intelligent tools, smart micro sensors, digital twin technology and discrete event
simulation. Purchasing policies are extensively discussed in a wide range of
research works, but only a few of them focuses on the potentials of real time
optimisation using Industry 4.0 technologies. To try to fill this gap, this work has
introduced a purchasing policy optimization methodology based on exchange
curve theory to analyse the structure of purchasing cost of tools and components
and suggest more efficient policies for the analysed purchasing. The described
methodology shows that the optimization of purchasing policy in cyber-physical
systems has a great impact on the profit of the manufacturing system and digital
twin solutions can support the optimization of purchasing policy, because real-time
data collection can improve the efficiency of failure data forecast, prediction and
status information collection. The most important managerial impact of this
methodology is, that the application of the proposed model and method can support
managerial decisions regarding buying, purchasing, procurement and warehousing.
A further study of the proposed work would be the modelling and optimisation of
the fourth optimisation direction, which objective function is the maximisation of
the profit between the present purchasing policy and the new purchasing policy
regarding the €* — €? rectangular hyperbola.
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Arora banbsi, Minrkons1, Yropuriaa

OIITUMIBAIIISA CTPATEITI 3AKYIIBEJIb IHCTPYMEHTIB I
KOMILJIEKTYIOUHUX HA OCHOBI TEOPIi OBMIHHUX KPUBUX

Awuotauis. Ha egpexmugnicmo 6upobHuMUX cucmem @nIU6AE eheKmMUHIiCmy K MEXHON02IUHOL, MAaK i
nocicmuyHoi niocucmem. Basciusum gakmopom onmumizayii 6UpOOHUUUX cucmem € ONmumisayis
HAABHUX PeCypCi6, W0 € BAICIUBUM 3A60AHHAM 3AKYNIGEIbHOI 102ICMUKU, 0COOUE0 IHCIMPYMEHmMIe ma
Komniekmyoyux. Y pamkax yiei cmammi agmop onucas nioxio 0o onmumisayii cmpamezii 3aKynigeib
Ha OCHOBI Kpugoi 0OMIHY, W0 0036015€ ONMUMIZYEAMU ICHYIOUY NOLIMUKY 3AKYNIBelb 3ANENHCHO 8i0
GeNUYUHU DIYHOI 6apMOCMI 3aMOGIEHHA MdA WOPIYHUX I[Heecmuyill y 3anacu IHCMpYMeHnmie ma
komnnekmytoyux. IIpononosana mooensb QoKyCyemvbcsa Ha MOHCIUBOCMAX mexHoNo2il Inoycmpii 4.0 ma
onucye piuieHHs, WO BKIOYAE IHMENeKMYAIbHI [THCMpPYMEeHmu, [HMeleKmyanoHi MIKpoOamuuxu,
MeXHOI02I10 YUPPosux OBIIHUKIG MA MOOeI08aNHI OUCKpemuux nooii. Ilonimuka 3aKynigens wupoxo
002060pI0EMbCA Y 8eNUKIll KibKOCMI 00CNiOdCcenb, ane nue 0esKi 3 HUX NPUCBAYEH] MONCIUBOCTHAM
onmumisayii 6 peanbHomy uaci 3 uxkopucmauHam mexuonoeit Inoycmpii 4.0. o6 cnpodysamu
3anoeHUmMuU Yo npozanuny, y yitl pobomi Oyna npeocmasiena memooonoia onmumizayii noaimuxu
3aKynieenb, wjo 6a3yemovcs Ha meopii Kpueoi 0OMiHy, OISl AHANIZY CIMPYKMYPU 3aKYNIGeNbHOI 8apmocmi
iHCmpymeHmie i KOMNOHeHmig ma npono3uyii Oinbus e@ekmusHux noaimuxk O aHANi308AHUX
3akynieenv. Onucana mMemooonoia NoKasye, wo ONMmuMizayis NOTMUKYU 3aKynigens y Kibepgizuunux
cucmemax oyixce BNIUBAE HA NPUOYMOK SUPOOHUYOI cucmemu, a pileHHs Yupposux OGIlHUKIE
MOXHCYMb CAPUSIMU ONIMUMI3AYTT NOTIMUKY 3AKYNiBelb, OCKIIbKU 30ip OAHUX 6 PeXCUMI PealbHO20 Yacy
Mooice NIOGUWUMU  eheKMUBHICb NPOSHO3YEAHHS OAHUX WOOO0 GIOMO8, NPOSHO3VEAHHS ma 300py
ingpopmayii npo peanvnuti cman. Haiibinow 6axiciusum ynpagiincoKum eexmom yiei Memooonozii €
me, wWo 3ACMOCY8AHHA 3ANPONOHO6AHOI MOOeni ma Memody Modce NIOMPUMY8AmU YNPAGIIHCHKI
piwenns wooo 3aKynieens, nocmavanis ma ckiadyeauus. Ilooanbuum 0ocrioxrcentam 3anponoHo8anol
pobomu Oyoe MOOeN08aHH Ma ONMUMI3AYis 4emeepmozo Hanpamy onmumisayii, Yitboow GYHKYIEw
AKO20 € Makcumizayis npubymxy Midxc ICHYIOHO0I0 NONIMUKOI 3aKYniéeib md HOB0K NONIMUKOK
3akynieenb wodo npamoxymmoi 2inepéonu C1-C2,

KurouoBi clioBa: 3akynigenvna nocicmuxa,; onmumizayis, KOHMpob 3anacie; Kpueda 0OMiny.
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