Acta logistica - International Scientific Journal about Logistics
Volume: 8 2021 Issue: 2 Pages: 141-151 [ISSN 1339-5629

MODELLING OF FINANCIAL RESOURCE ALLOCATION FOR INCREASING THE SUPPLY CHAIN
RESILIENCE USING MARKOV CHAINS
Martin Cech; Radim Lenort

doi:10.22306/al.v8i2.213 Received: 11 Jan. 20Revised: 04 Feb. 2021; Accepted: 17 Apr. 2021

MODELLING OF FINANCIAL RESOURCE ALLOCATION FOR
INCREASING THE SUPPLY CHAIN RESILIENCE USING MARKOV
CHAINS

Martin Cech
VSB - Technical University of Ostrava, 17. Listopail72/15, 708 00 Ostrava, Czech Republic, EU,
martin.cech@vsb.cz (corresponding author)
Radim Lenort
VSB - Technical University of Ostrava, 17. Listopa2il72/15, 708 00 Ostrava, Czech Republic, EU,
radim.lenort@vsb.cz

Keywords. supply chain resilience, resource allocation, iodg Markov chains

Abstract: The concept of supply chain resilience has ariseresponse to changing conditions in the globalketar
environment. Although supply chain resilience biaiddis gaining increasing interest among the pfeml public and
business practice, supporting decision-making ppbkuchain resilience building is still in its infay. This article aims
to present a mathematical model of the supply chaged on Markov chains to assess the impact difaliocated to
strengthening the supply chain’s resilience tooierall performance and thus support decision-ntakinthe field.
Mathematical model assumptions are presented,ahmaathematical model of a linear supply chain igetigped and
generalized, tested and methodological recommendatire presented. To support the use of the madeét of
managerial implications is presented, benefitslanitations are discussed, and further researdcton is defined.

1 Introduction financial resources onto increasing the resilierufe

The current market environment, which its everindividual parts of the supply chain.
increasing complexity and globalization can chanaze,
is invariably subject to heightened instability aswtiden 2  Supply chain resilience and disruptions
changes. The environment thus becomes turbulent and The notion of resilience focuses on the requirertiett
leads to gradually increasing demands on managemsnopply chains should be able to withstand changes i
processes. This leads to an increased emphagigistidal  turbulent, unstable environment and building ufliegse
management and optimization in the broadest passibts based on a perception of changes in a business
interpretation of these notions across the wholeplsu environment and disruption risks. These risks may b
chain. It is no longer possible to only optimizegasses divided into several basic categories, notably udilg
inside a managed company, but it is also impottaldok internal risks and external risks for the compamg a
beyond the boundaries of the company, towards iexternal risks for the supply chain [2]. The celnpranciple
suppliers and customers, and assess company magrigerfor the building up of resilience is the reductamremoval
from the viewpoint of its incorporation into a colmp of the vulnerability of supply chains towards pofsi
system of interconnected entities. One of the tatedisruptions; this is naturally based on a concrete
concepts reacting to these needs is the notionhef tunderstanding of such risks. Resilience is thererstdod
resilience of supply chains. The contemporary irfggare  as the ability of a supply chain to return to itigimal
of supply chain resilience is also confirmed by B@l condition after an unexpected disruption [3].
Supply Chain Resilience Report 2018 [1] of the Bess Disruption of a supply chain is defined as a reiduact
Continuity Institute. The motivation for the subted of its output, or a complete breakdown of its eletaeor
research work is to help answer questions ariginthé the supply chain as a whole, as a consequenceirtanal
area of the strategic management of supply chaind, or external event. Based on the World Economic fRoru
specifically related to building up their resilien¢Which  [4], we may define five primary sources of disrops:
parts of an industrial supply chain should recéimancial natural disasters, extreme weather, political écisfland
resources in order to increase resilience and hawym problems, terrorism, and sudden radical changes in
financial resources should be allocated for thigpse in  demand.
order to maximize the resulting economic impactPeT Building up resilience is a strategic goal thatuiess
aim is to lay the foundations for a mathematicaldeio active collaboration between all involved partstaf chain
based on Markov chains which will facilitate theand the exertion of substantial financial resources
comparison of the impacts of different allocatioos Resilience is built up by improving the capabibtief the
supply chain, which notably include the flexibilityf
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obtaining resources or handling of orders, capacithasic steps that need to be taken in order toeffly use
efficiency, visibility, adaptability, predictiongestoration, simulation software for identifying key elements af
dispersion, collaboration, organization, markeerggth, supply chain and comparing various schemes focaiiiog
security and financial strength [5]. Currently, thdinancial resources in order to increase the msik of a
capabilities required for building up the resilienof supply chain. The work follows up on preceding agsk
supply chains have been studied by a number obesjth that attempted to simulate the behaviour of suppbins,
often presenting significant differences in theisituated primarily in the area of risk managememt f
interpretation of how these capabilities can berowed [6- supply chains.
11]. Another simulation study has been authored by Ealas
et al. [9], who define three basic factors that actpthe

3 Supp|y chain resilience modelli ng resilience of a supply chain — its structure, caxity and
Ribeiro and Barbosa-Povoa [12] summarizede criticality of individual elements — and propoa

contemporary quantitative approaches used to mibeel methodolqu for creating simulation models an_d ates
resilience of supply chains in their study from 20in of simulation experiments. Carvalho et al. [15facluce a

which they analyzed nearly 40 recent scientifi¢imulation model for a supply chain that evaluates

publications and presented a survey of this ar¢ge TSUPPIY time ar&d overall cr?sts f'Ii_S the fbasm F’h“tp“t
authors emphasized the importance of finding ap@rameters used to assess the resilience of aysthmg

unambiguous definition of resilience and focusingufe N the automotive area. Nunes et al. [16] exparl th
research on the development of quantitative mettiods previous model with an app||cat|on of_fuzzy_sem}eand
evaluating and building up resilience from a globa"lmalyze the impact of supply chain dlsrgptlons ahthe
perspective rather than assessing the individul]easures adopted to reduce the impacts of such

components of supply chains. Isruptions.

There is a range of specialized studies that fagus . e
modelling supply chain disruptions, especially frone 4 Research gap identification
area of operations research and management. Hezarwe ~ Our current understanding of the area of supplyrcha
mention, for instance, the exhaustive study of 8ngdal. resilience clearly indicates that up to now, resear
[13], which surveys the state of the area. Basedhen Primarily focused on fl_ndlng a definition of reahge and
analyzed articles, the authors list several funduate @ subsequent evaluation of the amount of resilierice
findings and recommendations for future researcthi;m SUPPly chain. As far as building up resiliencedaeerned,
area: the studies carried out to date consider mosthegérand

«  Rejection of risk — most models primarily focus orflualitative recommendations for resilience builf-while
disruptions that occur infrequently, and decisionthe acFuaI measurement of resilience is stillsnrifancy —
making is expected to be carried out from a neutrfff€re is no unified methodology for such measurdspen
position. In practice, this may lead to the rejmetof and in general, the topic has not attracted muiemtadn
risks and a focus on optimizing non-key parameter@mong scientists in the field. This means that the

- Estimation of input parameters — historical data offfanagement of industrial supply chains can receive
disruptions of supply chains are very rare, and fpalified recommendatlons about, e.g., which keNssif
estimation of the input parameters is hence veRi€ SUPPly chain they should focus on and whatrtofar

complex. Most models, however, use the assumptidf'€n trying to improve these. However, the possia

that parameters can be determined or estimated wiffif SUPPOrting decision-making processes in tha are
high confidence. One of the main directions foufat &l0cating funding for resilience build-up have rizgen
research should thus be the development vered by research to date; this fact has alsp bewd

techniques for the reliable estimation of th&Y Rice [17]. _ _ »

parameters of disruptions or models which work well Oneé of the prominent advances in the area of degisi

without such data. making support for resilience build-up in view dfet

«  Proactive and reactive strategies — a large portfon efficient utilization of financial resources is rdttited to
prakova [18], whose PhD thesis focused on the fise o

the introduced models focus on finding an optimat’ ; . P
strategy for dealing with disruptions. Most model$imulations. A prerequisite for her approach isifigent
derstanding of the selected simulation tool. Aaot

consider either proactive measures or a reacti d f the simulati his theivel
strategy that can be used once a disruption §isadvantage of the simulation approach is theively

identified. Euture research should also focus opidh time requirement: in order to evaluate theiedrout

models that can simultaneously support both ofthe§XPErments, it Is necessary to carry out a sizaily
responses. sufficient pqmber of _mdependent experiments, and
The approaches for modelling resilience argoreover, it is not possible to simulate too mactesnes

prominently shaped by the simulation introduced b r financial resource allocation. In.view of thQMts,
Grakova [14] in her PhD thesis. There, she defthes Crakova proposed the use of experiments designeetiba
on DOE (Design of Experiments) principles. On ttteeo

~ 142 ~

Copyright © Acta Logistica, www.actalogistica.eu



Acta logistica - International Scientific Journal about Logistics

Volume: 8 2021 Issue: 2 Pages: 141-151 ISSN 1339-5629

MODELLING OF FINANCIAL RESOURCE ALLOCATION FOR INCREASING THE SUPPLY CHAIN
RESILIENCE USING MARKOV CHAINS
Martin Cech; Radim Lenort

hand, the use of DOE significantly restricts thenber of
parts that can be included in the simulated sugipam.
The aim of this article is to build on state ofiarthe area
of supply chain resilience build-up and introduce
mathematical model that allows us to answer thestopre
of which part of a supply chain should receive ficial
resources in order to increase the chain’s restieso that
the economic impact of such an investment is maeédhi events. The considered supply chains are capagityra,
to ensure the efficient use of the financial resesr The and a part in a chain that follows a preceding part
introduction of the mathematical model opens up neprocess precisely the number of inputs that thequoliag
possibilities for building up the resilience of plypchains part produces. The maximum capacity of individuaite
precisely in this area. is reduced due to the occurrence of significamugisons,
leading to the possible loss of parts or a redoatibthe
5 Modéling of stochastic systemsusing capacity of individual parts until the consequenctthe
disruption are removed. No part of the supply chain

Markov chains o ;
A Markov Chain typically describes a discreteStockpile its output, and hence the reduced capaiiitbe

stochastic process with the core feature that thiegility felt |mmed|ately once .d|srupt|on occurs. Next, thsntal

of transitioning to another state depends onlyherctirent Map s transformed into a set of requirements fer t

state and not on previous states. This propertyhef mathematical model.

investigated system is called the Markov propermy a . .

aIIows%he beh)gviour of the studied system tF()) k;?)cmteg 6.2 Requirements for the mathematical model

as a state graph. The abstract notion of a stachmastess The following s_ubsectlons summarize the requiresient

[19] can be used to describe random phenomena ahich for the mathematical model with respect to thecstne

a function of ime. Examples of stochastic processe be and operation of the investigated supply chain #sd

found across many scientific disciplines and algo iindividual parts, the properties of the considered

numerous real-life situations. The mathematicalotpe diSruptions, their impacts and possible ways oticety

behind Markov chains used to create the mathenhati&®id Impacts. The set of requirements for the nmatieal

model is based on literature dedicated to thictfgg-21]. model is based on an abstraction of a supply ciadrthe:
For the purposes of this article, we hereinaftely on requirements form the foundation for the mathenahtic

consider real random variables, even though therghef  Model.

stochastic processes also analogously defines eampl _ i

random processes. The modelled system is chazsdens ©6-21  Logistical requirements _ _

a stochastic process with a discrete notion of tand * A supply chain is a system of interconnected links

discrete states, where random variables are osigrae linked with supplier-customer relations.

discrete values and where the stochastic proceasge * A part of a supply chain represents a set of sepli

over independent values. For the purposes of thidea or customers operating in a single region.

we hereinafter consider only homogeneous Markoineha ¢  The supply chain is series-connected (linear).

* The supply chain is capacity-neutral. There is no
stockpiling.

geographically separated regions, but also, folants,
regions that are separate from an economic, pallitc
cultural standpoint. Individual regions can be gpredl in
terms of their entrepreneurial environment, ang ttan
serve as a basis for an estimation of the natuppssible
disruptions, the probabilities of their occurrenc¢he time
required to remove the consequences of such unexpec

6 A Mode supporting decison-making
when building up supply chain resilience
based on Markov chains

The following paragraphs introduce a mental map of
the studied problem, specify the prerequisites defthe

are awaiting processing during a disruption.
Disruptions occur randomly and affect individual
links operating in distinct regions, whereas thame

» The supply chain cannot be blocked by-products that

the input parameters of the mathematical model. The
theory of Markov chains is then used to create a
mathematical model for supply chains consistingvad
chains in a supplier-consumer relationship, whickhen
generalized to support an arbitrary number of lilyea
interconnected chains.

6.1 Mental map

A supply chain is viewed as a system of series:
connected entities (parts) of the chain, which mesthe  °
roles of suppliers and customers. The idea is o kat
chains from a global context, where individual part
operate in distinct regions — meaning not necdgsari

time between disruptions and the mean duration is
random variables characterized by an exponential
distribution.

All parts of a supply chain may be affected by a
disruption, even simultaneously.

It is possible to identify the Mean Time Between
Failure (MTBF) and Mean Time to Recovery
(MTTR) for each part of the supply chain.

The MTBF is greater than the MTTR.

The resilience of the supply chain, and specifjcitsi
individual parts, can be increased by allocating
financial resources.
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6.2.2

6.2.3

The increased resilience of the supply chair, and
specifically its individual parts, leads to a reddc
MTTR, but does not affect the MTBF (in line witleth
adopted definition of resilience).

It is possible to determine, for each part of tinepy
chain, the functional dependence of the MTTR on the
number of financial resources allocated to the mgive
part with the aim of increasing its resilience.

The MTTR has an indirect linear dependence on the
amount of allocated financial resources.

For each part of the supply chain, it is possible t
determine the minimum amount of financial °
resources that are required to start increasing its
resilience.

The attributes (and hence the values of input

after their resilience has been increased via the
allocation of financial resources.

The increased output of a supply chain after its
resilience has been increased is defined as tipaitout
of the supply chain with increased resilience minus
the original output of the supply chain and
additionally minus the total financial resources
allocated to increasing the chain’s resilience.
Allocated financial resources represent any and all
costs exerted into increasing the resilience of the
supply chain.

Disruptions lead to a relative reduction of thepoitit

of the affected part of the supply chain (e.g20d%

of the full output of the given part).

parameters) of individual parts of the supply clai 6.3  Creation of the Mathematical Model

obtainable (e.g., via an expert report or from an Below, we define the input parameters of the

analysis of the business environments and internailathematical model and derive a mathematical mindel

potentials of individual articles). linearly structured supply chains with two parts an
supplier-customer relationship, which is then galiezd

M ethodological requirements for linear supply chains consisting of parts (=

The supply chain can be viewed as a Markov proce$s?, ..., n).

with discrete time steps.

The output of the supply chain can be estimateddasb.3.1
Based on the above-mentioned mental map following

on stationary probability distributions specifieor f

Input parameter s of the mathematical model

the system at its individual designated stated)put parameters of the mathematical model araneefi

calculated based on the theory of Markov processes
Due to the use of Markov processes with discrate ti
steps, the MTTR cannot be reduced beyond the value
of 1 step.

It is possible to find a solution for the task of
allocating financial resources for increasing the.
resilience of individual parts of the supply ch#iat

will ensure the maximum possible increase of the
overall output of the supply chain after deductimg
total allocated financial resources in the modelled
period.

The time dimension is implicitly included in the
model as a parameter of the maximum output of the
supply chain. This output is specified as an input
parameter of the model and is represented via the
economic performance of the supply chain over the
modelled period.

The model should be used to support strategi¢
decision-making, whereas the modelled period refers
to a time period that the given supply chain cogrsid  *
being of strategic importance for its operations.

Economic requirements
The output of a supply chain whose resilience laas n
been increased (the original output) is represeloyed °
the cumulative economic output of all parts over th
modelled period.
The output of a supply chain after its resilienes h
been increased is represented by the cumulative
economic output of all parts over the modeled pkrio

MTBF; — Mean Time between Failuresieth link of

the supply chain (days),

MTTR,, — initial Mean Time to Recovery éfth link

of the supply chain with no funds allocated to
improve the links' resilience (days),

I; min — the minimum amount of financial allocation,
which will lead to an increase in the resilience of
the i-th link in the supply chain (EUR),

I; max — the number of funds needed to fully eliminate
the effects of disruption of-th link in the supply
chain (EUR),

I; — allocation of funds to increase the resilience of
thei-th link in the supply chain (EUR),

Vinok — relative performance of thieth link in the
supply chain at the time of operation under
disturbance (%),

Vmax — Maximal performance of the supply chain in a
modelled period without any disturbance (EUR),
I,2x — the maximum amount of the sum of all funds
allocated in individual supply chain links (EUR)
i=1,2,..,n — the designation of thieth supply
chain link, wheren is the number of links of the
supply chain,

Supply chain structure defined by the directed bxyc
graph.
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6.3.2 A Mathematical model for a supply chain its original output without any allocated financial

with two parts resources, the behaviour of the considered sup@inds
Let a “scheme” be a specific allocation of the fficial modelled as a Markov chain.

resources to individual parts of the supply chaimen, by Below, we derive the mathematical model for a syppl

determining how the output increased after thdieese chain consisting of two links (see Figure 1, whH&€L”
was increased via various schemes, it will be ptsdd refers to individual links). This is then generatizton
compare these schemes and choose the best onethderdinks in Subsection 6.3.3.

best scheme is one that, based on the problem, setup Given the requirements specified above, the behavio
provides the supply chain as a whole with the besf the supply chain can be viewed as a Markov m®ce
economic effect, i.e., a scheme which maximizes the., a sequence of random intedgfs t € N} in a defined
difference between the supply chain’s output afpglying  probability spacé€Q, 4, P). LetS be a finite set of states of
the scheme and the supply chain’s output withowt anhe random procedst,_,, = € N} and let its elements be
scheme minus the sum of allocated financial regsuithe the states of this process. For each part of thglgehain
function we want to optimize is thus defined by thend at each time point, there are two states tieatid lie

following formula (1): in:
n » thei-th link is fully operational,
2o = V=V, — Z I, 1) «  thei-th link is disrupted.
i=1
where: Vinax
V; is supply chain performance after increasing th Vi
resilience via a specific scheme of allocation \diable 4 . L

funds between individual supply chain links (EUR),
V, is original performance of the supply chain in g

modelled period (EUR), MEBR: s

n is the total number of links in the supply chain, M B MTT B2
IisI=(,I,..,1,) specific distribution of financial I min l2min

resources between individual links in the supplgichthe Iymax Iy max

so-called “scheme” (EUR), X "

I; is the number of funds allocated to increasedkiience

of thei-th link of the supply chain far= 1, ...,n (EUR). s s

Figure 1 Scheme of a supply chain of a linear stmec
Determining the value of the optimization function consisting of two supply chain links

requires the performance of certain calculatiore otal

financial resources allocated to increasing thiéiease of o ) »

the supply chain can be calculated as a simplecfumti ~ The states of the individual parts can be identity a

resources allocated to individual parts, &, I,. Based binary digit, where 1 means that ikth part is operational
on the specified requirements, the following caistr and O that it is disrupted. It is thus possibleléfine and

must be satisfied (2): label all possible states that the modelled sumplgin
n could reach over time, see Table 1. The code sthte
Z I €01 ) ) of the supply chain can be expressed via a binamberc

£ ¢ ;omax consisting ofr = 2 (wheren is the number of parts of the

. , supply chain) digits,,, as follows (3):
where I, iS the maximum sum over all allocated PPY ) digitsy 3

n—-1
financial resources.
c=ch+1-2"=c2-21+c1-2° (3)
In order to determine the output of the supply ehai k=0
after its resilience has been increased via tioeation of Where:
financial resources amountingftdor individual links and ¢y s Cn € {0,1}.
Table 1 Possible supply chain states
S(:L:];;;I?:]y Stateof | Stateof | Code of supply State descrition
due | SCLi | SCL, | chainstate(c) P
0 0 0 0C Both links disruptet
1 0 1 01 Link SCL1 disrupted, link SCofully operational
2 1 0 10 Link SCLfully operational, link SCkdisrupted.
3 1 1 11 Both links fully operationa
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The supply chain consists of 4 states. Hence§ tet theory states that it is possible to create a egguhtrixP
{0,1,2,3} be the set of all states of the supply chair(4) of transition probabilities between individsshtes. In
viewed as a Markov process. The Markov processir case, this will be & x 4 matrix:
describing the behaviour of this system can bealised
as a graph, where the nodes represent individai@ssand P=1{p.} (4)
edges represent the transitions between states thgth

appropriate transition probabilitigs,, see Figure 2. where:

¢ = 0,1, 2,3 isinitial supply chain state,
d =0,1,2,3 is following the supply chain state.

The following paragraphs explain the formulas for
computing the probabilities,; of transitions between an
initial state cand a following statel of the supply chain,
and how these are obtained. In order to deterntiee t
transition probabilitiep,.,, it is necessary to consider the
probabilities of state changes for individual paststhe
supply chain when their state changes.

As was described above, each part (in a speciiomg
of the considered and modelled supply chain exhiait
linear dependency of the MTTR (defined only withie
Figure 2 Graph of Markov chain of the modelled dymhain of — interval {/; min; I; max), Wherei = 1,2) on the number of

two links financial resources allocated to increase theieesi¢ of
the given part. This linear dependence is depict&igure

For the considered supply chain, viewed as a s$ticha 3.
process and/or a homogeneous Markov chain, Markov

MTTR, MTTR,

MTTR, [days]

//

<

E

MTTR, [days]
/

g

3

v Iy I1,max  11[EUR] Lo 1, Imax  12[EUR]

Figure 3 Linear dependency of the meantime toelevery of two supply chain links on the numbdinaicial resources allocated
to increase their resilience

Using the general equation for a line, M&TR; (i.e., resilience of that part, can be captured by an terub)
the meantime to repair for thigh part) when financial that uses previously defined input parametersefribdel:
resources in the amount Rfvere allocated to increase the

MTTR,:VO ) lfIL S (O’ Ii,min>'
MTTR;,-( I, —I;
MTTR,; = = (_ (= limas)  if1; € (Tminy Tymax), ®)
Ii,min Ii,max
0 ) lfIl. > Ii,maX'

Within the context of the studied problem and foe t For each part, it is now possible to determine a
modelled supply chain, the relation defined abareanly frequency for the repair of that part, denotedipy(6) this
be used if the following conditions are met: represents the probability of transitioning froratst‘0” to
state “1”™:
0< Ii,min < IL' < Ii,maX'
MTTR;, >0
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dy,..,d, €{0,1}.

1
= (6)
MTTR; The probabilityp,; (11) for transitioning from state
e stated can then be determined as follows:

U

The input parameter capturing the mean time betwe
failures,MTBF;, (7) can be used to derive the frequency of

disruption for each pa#;, which represents the probability Pea =41 92 (11)
of transitioning from state “1” to state “0™;
/’li,ifck = 1, dk = O,
__ ! Lifc, = 0,dy = 1
= wTBF, ) whereq, =3 b e ” 2T

u,ifc, =d, =0,

Based on the behaviour of the modelled supply chain Apifey =dy =1,
and the states described above, which capturdatesof fork =1,2.
individual parts and hence also the supply chaanakole,
it is possible to derive a probability (8) for each partthat ~ The matrix P (12) with the transition probabilities
captures the likelihood that thieth part will remain created from the formulas derived above then has th
disrupted when transitioning from a state wherephaat is  following form:

disrupted to the next state: Poo ** DPos
) :( - ) (12)

pi=1l—p=1- MTTR, (8) P30 ** P33
Similarly, for each part, it is possible to detemmithe In order to construct the transition probabilitytrmaP,

probability 2; (9) that captures the likelihood that tiath Markqvchain theory then _shows that it suffices to sohee t
part will remain fully operational when transitiogi from ~ following system of equations (13), (14):
a state where that part was fully operational:

aP=a (13)
Ai:l_li:l_MTBFi 9) 3

Based on findings from the theory of bulk procegsin Z a, =1, (14)
and the reliability theory, a so-called system itizgtiion =

condition has been adopted, which statestthat ;. This  \yhere

condition fully complies with our understanding ofp js the matrix of transitions between individuadtss as
disruptions within the concept of resilience appli® yefined based on the aforementioned relations,
supply chains and their parts. In particular, gitians are  , _ (ay ay,a,,as); aeR™ is the stationary vector with the

understood to refer to events that are infrequeith an N L
o ; : . probabilities of the occurrence of individual statef the
MTBF ranging in years, while their duration (MTTR) supply chain, whereg are the stationary probabilities of

significantly lower — days or months. A .
Next, the aforementioned formulas capturing thénd'vIdual states of the supply chain for= 0, ... 3.

probabilities of state changes for individual pavten the For individual states of the suoplv chain. it issible
Markov chain modelling supply chain undergoes mStato use the probabilities, of occurrirr)1p )i/n individual Fsltates
transition are used to create formulas for calmgathe P &% 9

transition probabilitiep.,, which are needed to constructcomPUted in the previous calculation, along with ithput

the matrix containing the probabilities of trarmis parameters, yox andVZ""o’f specifying the relative output
between individual states of the Markov chain, esly of mdwlldual parts \_Nhen d|srupted and the paramigigr
defined asP. The formulas for calculating individual specifying the maximum possible output of_a S.“FH"?'”’
probabilites p.; are constructed via the binaryto comspute the outputs of the s_upply chain in irtiial
representationf the states of the supply chain as definegiated/’ (states of the whole chain — compared to thesstate

above. The binary numberepresents the original state of0! parts — where the state occurs as the uppexjintibis

: - ; V# is computed as a product of the probabilifythat the

the supply chain, while the binary numbg10) represents ! X | ; )
the follpo?/v)i/ng state of the supplyychain?d ) rep supply chain will occur in the given state, the émtv
relative output of a par¥; v, if at least one part is

n-1
disrupted within the given staseand the maximum output
— Lok — 4. .20 .21 I . :
d= deﬂ 2t=d,"2"+d,2 (10) of the supply chain in the modelled period without
k=0 disruptions/,, .., see Table 2.

where:
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Table 2 Supply chain performance in individual etat

Supply ; Supply
chain robsjatbaitlli?nacl)rfystate chain Supply chain performanceinindividual states
state | P (ay) state v
(s) s code
0 Qo 00 VP = a, {Eig Vinok * Vinax
1 a4 01 V' =a; - Vinok * Vinax
2 az 10 VP =a; - Vanok * Vinax
3 as 11 V3 =as - Vipax
For all formulas used for calculating the outputhad Vies
supply chain in individual staté%', it holds that the input Vi

parameter of the relative output of a part durirsguption o h
Vi nok IS defined as a percentage of the output thatakie p

achieves during a disruption. This means g, ranges

MTBF, MTBF, MTBF,
between 0 and 1, and in other words, the calculatiq
requires thav; yox € (0,1). AT TR Sl WL

The outputV; (15) of the modelled supply chain with Iy min Lomin I min
two parts, when financial resources in the amodnt, o ho - -
have been allocated to part SGind in the amount df, ' ‘ ‘
have been allocated to SCiith the aim of increasing . . &
resilience, can be determined as the sum of outgutse Vinok Vanok Vsnok
fS(;err)T?Llj)Ila'Cham calculated in the previous steps Via t Figure 4 Scheme of a general model of linear suppgin

(15) core task is to construct the probability matriattbaptures
the probabilities of transitioning between indivédstates
of the supply chain, i.e., the matrix denotedPbylo do so,

In order to calculate the valug (16) of the original it is necessary first to define all the states imcl the

output of the supply chain, i.e., when no finanmaburces supply chain can lie.

have been allocated to increasing resilience, Hmaes The general number of elements of a set of stated u

procedure as above has been used/fobut instead of to derive the general mathematical model for aalitye

calculating theM TTR; the calculation follows the formula: structured supply chain i§| = 2", wheren € N is the

3 number of parts of the modelled supply chain aredstt

v, = Z Vs (16) of all states of 'ghe ;upply chain3_3= {0,1,2, e 2 = 1}.

pos Here, the matrix with the transition probabilitissmore

where MTTR; = MTTR,,. The formulas derived above difficult for the geometrically increasing numbérsates

: .~ due to the accompanying geometric growth of possibl
can now be used to determine the value of the Bigec .o -citions between these states.

function for the allocation of financial resourceés In order to construct the matriR containing the
individual parts (in the amount éf for part SCL andl, transition probabilitiep,, for transitioning from a state

fqr part SC[?)'. as the output after increasing resmenc?o the following statel, we shall express the original state
m'”us.the original outputincreased by the sunilotated asc and the state after the transitiondasvhere these are
financial resources (17): binary numbers consisting af(which is the number of
parts of the supply chain) digits based on the formulas
Zmax =Vi=Vo— (1 +13) (17)  (3) and (10) shown above. The transition probabiit,
(18) for moving from state to d can then be determined
6.3.3 A general mathematical model for alinear as follows:
supply chain _ _ . o
A general model for a supply chain where the parts Pea = qn" Gn-1" - "42" 11
supply-customer relations are connected serially loa Apifee =1,d, =0,
schematically depicted as in Figure 4. Lifc, =0,d, =1,
y dep g whereg, = { Hit kT %
u,ifc, =d;, =0,
/’lg,ifck = dk = 1,
fork=1,2,..,n.

3 In order to create a general model for this settihg
N
s=0

(18)
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The transition probability matrixP can then be 6.3.4 The mathematical model calculation
calculated by the parameters derived above (forsri#@). algorithm
Next, we can once again determine the long-term Based on the presented general mathematical model,
stationary probabilities for the supply chain beimg the algorithm for calculating the mathematical maode
individual states via formulas 13 and 14. described verbally below:

In general, the outpW® (19) of a supply chain with 1. Defining the supply chain structure (assigning $ypp
parts in individual states assuming linear connections is  chain links to individual layers).

governed by: 2. Enter input parameters for each link in the supply
chain.
VF =a, - min V& - V., (19) 3. Specifying the maximum possible performance of the
i=1,.n

supply chain and the maximum possible amount of
total funds to be allocated.

4. Specifying an allocation scheme.

5. Calculation of the transition probabilities betwdalh
operation and disturbance states for supply chain
links.

Generate all possible supply chain states.
Calculation of the supply chain transition probiapil

where
i=12,..,n
s=012,..,2"—1.

In order to compute the relative outpiit of individual
parts of the supply chain in a specific state,, ite.

determine ig}inn VS, it is possible to use a binary matrix.
representation of the state of the parts in thie staf the 8. Calculation of a stationary vector of supply chain
whole supply chain (20): probabilities of occurrence in individual states.
9. Calculation of supply chain performance in a
S= 585, 2" s, 2 i 45,0 20 particular tested scheme of allocation of funds and
n-1 (20) determination of the value of the objective funetio
= Z Sker 2"
p=r; 7 Resultsand discussion
where The aim of the presented research was to introduce
S1 rSn—1,5p € {0,1}. mathematical model that allows us to support oilitytn
) determine which part of a supply chain should rexei
Then applies (21): financial resources designated for increasingieesié so

v ifs. =0 as to maximize the economic effect, i.e., find thest
Ve = {1"N0K'. - 1 (21) efficient way of exerting available financial resces. The
if s = introduced mathematical model allows us to carry ou
In line with the logic underlying our calculatiofsr ~ €xperiments over serial-connected supply chains and
two parts, the outpuf, of the supply chain in the model compare various scenarios for the allocation cdrimial
period (after the allocation of financial resourcles resources and their impacts on the resilienceeobtipply

building up resilience) can be calculated as (22): chain expressed via an increase of the overalLbatithe
Mg supply chain in the modelled period.
V= Z Vs 22) Individual elements of the model do not represent
I I separate suppliers but rather a set of suppliecsoplrate

. . in a single region that may potentially be affechbgdthe
The calculation of the outpif, of the original supply same disruptions with a certain probability. Theptdd
chain, Le., with no _add|t|onally allocated finaaici approach, however, also allows the model to treat
resources, is then carried out analogously ag/ifobut jnqividual companies (or individual elements of supply
instead of computingdTTR;, the calculation uses the chain in greater detail) as elements. Choosingartee

formula (23): other approach is based on the user’s needs,éspétific
281 choice needs to be taken into account when intémgréhe

Vo = Z Vg (23) results of the modelling and optimization processes

5=0 order to determine the values of the input pararadtet

Where we seMTTR; = MTTR;,. characterize the occurrence of disruptions, hisabriata

that could be used to statistically determineithtgpically
The calculation of the objective functions fornOt available. In order to set these values, ins@aising
increasing resilience is once again carried outgushe Prediction methods based on an analysis of histodiata,
formula (1). one can recommend the use of forward-oriented sign
methods focusing, for example, on an analysis ef th
business environment, politcal and economic
development, etc. The setup of functional deperidsrior
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increasing resilience and the minimum as well as rmodel; however, that being said, the same limitatitso
maximum admissible allocation for individual paigsup applies in general for all current models in theaaof
to the user. supply chain resilience, and so tackling this latign

When interpreting the results of experiments cdrrieshould be a priority for future research. Even tiothe
out over the model, one needs to pay increasedsoare abstraction of resilience in the mean duration loé t
these will only be of a quality that correspondsthie disruption complies with the adopted definition of
quality of the input data. In order to obtain sact idea of resilience, this does in fact, represent a fairgnpnent
the possibility for increasing the resilience ofuapply limitation. Accepting this prerequisite means thhe
chain, the scheme for allocating financial resosiared the model cannot faithfully model, e.g., the relatiopsh
effort exerted in improving individual parts, it isbetween individual parts, flexibility, communicati@nd
recommended to perform a large number of experisnenbther capabilities of the supply chain. A descoptof the
This can be used to ascertain whether there exikiple  dependence of improvement/increase of the resdiaric
key parts where allocations have a similar effany this individual parts via a linear equation is a sigmfit
information could then be used in combination vather  simplification of the real world, and the same agpplies
findings about the supply chain, e.g. which pa#s the to the use of the cumulative economic output as an
management improve more easily or via additionahdicator of the supply chain’s output.

resources. Based on the presented results, it is possibleadige
a set of recommendations for future research iratba of
8 Conclusions building up the resilience of supply chains, suppgr

The introduced model pushes the frontiers of sifient decision-making in this field and for the further
knowledge in the area of support for decision-mgkihen development of the proposed model. Future research
building up the resilience of supply chains. Thedelo Should also focus on removing the limitations oé th
allows interested persons working in the area arfdpen ~ introduced model specified in the previous subseciind
business practice to perform experiments. The fuestsal ~ arising from the prerequisites for the validitytié model.
contribution of the introduced model is the abiliy In order to increase the expressive power of thelaho
answer the question defined in the introductiontta$ future extensions to the model should focus on suipygy
article, for which there was no comparable toolilabée @ better representation for the links between iddas
prior to the one introduced in this work. One cleaparts and/or on allowing for variable functional
advantage is that the created model can be ustowit dependencies of increasing resilience on the altota
any changes for an arbitrary number of parts and &%e. The model should also be expanded with the
arbitrary layout of the supply chain. The modebwat the ~POssibility of working with several types of distigms,
allocation scheme for individual parts to be seldcand Whereas for each disruption, it should be possibteve a
tested. The user can use this to determine howengi Separate set of input parameters. One of the diffutuze
allocation scheme will impact the overall outputthé research should also be to determine a good way of
supply chain in the modelled period and to potdgtia incorporating specific capabilities of a supply ichinto
Compute the ratio of time points in which the Smain the introduced mOdel; n parthUlar, it should mﬂble to
will be located in the individual states. set up metrics, functional dependencies for resibe

The proposed model has its limitations that anieef improvement and a subsequent summarized expression
the adopted requirements of the model. The intrmﬂucthe chain’s resilience via a unified index. Suchirsex
model cannot capture situations where, for exangpie,of Would represent a managerial and user-friendly adiepi
the supplier parts of the chain sends part ofiitput also  ©f the modelling results.
outside of the modelled system and can then radhe
production towards the customer in the chain ireafsa Acknowledgement S
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