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Abstract 

The concept of resilience is well developed as it has been studied extensively in last decade. The effort has 

been made to find ways to increase the supply chain resilience and thus to reduce an impact on supply chain 

long term performance. Supply chains and its management is a subject to globalization, which causes that 

suppliers, together with manufacturers and other shareholders of supply chains are getting more aware of the 

need to cooperate and find solutions to improve properties of all links to ensure proper long term functioning 

of supply chain and thus the prosperity of all links involved. There are still issues comprising how to build the 

overall supply chain resilience and how to support decisions regarding investments in the supply chain links 

to improve its properties and thus to increase its resilience. This article presents an initial experimental 

modelling of the impacts of investment on time to recovery after disruptions. The modelling approach assume 

that a mean time to recovery of specific links of supply chain can be reduced using investments to improve 

links properties and skills and availability of the supply chain is used as an indicator of resilience improvement. 

Modified transfer system model was used to model a studied system and Python 2.7.1 software with modules 

NUMPY and SCIPY was used to optimize the model using the SLSQP algorithm. 
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1. INTRODUCTION 

The concept of resilience is considered a successive concept as the past leading concepts of leanness and 

others are fading with the volatile environment and various factors causing disruptions [1]. As many definitions 

of resilience occurred in past years the best fit for the presented article is the one considering resilience the 

ability of supply chain to return to its original state or to move to a new, more desirable state after being 

disturbed. According to the World Economic Forum (WEF) [2] the most important ones include: natural 

disasters, extreme weather changes, conflicts and political troubles, terrorism and sudden radical changes of 

demand. Extensive effort has been made so far in defining the whole resilience concept [3] as well as its 

measurement using various approaches such as [4] or [5] and [6]. As the supply chain exhibits similar 

characteristics as the transfer or production line with the difference of a scale considered, it is possible to 

approach to the modelling of supply chain the similar way as to of such lines. Modelling of manufacturing lines 

has been intensively studied since early 1950’s. As the nature of the problem, analytical models has been 

presented only for lines with two, and later with three machines in the sequence. Significant effort has been 

made in the field and large number of publications describing various approaches is available. For further 

reading and references we recommend historical reviews on the topic, including Buzacott [7], Schick and 

Gershwin [8], Liu [9] or very valuable review by Dallery [10] providing comprehensive explanation of the models 

characteristics, demands and properties. For the purposes of this article study by Tan [11] and his model was 

used to create the objective function subjected to optimization. 

2. PROBLEM FORMULATION 

As introduced above, global companies and supply chain managers’ faces disruptions to supply chains and 

its links respectively. With certain probability specific supply chain links will be hit by the force majeure with 

significant impact on functioning of the link and the whole supply chain. Such disruption and links’ temporary 
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decommissioning will stop all successive stages of supply chain and block precedent stages as it results in 

reducing the links capacity of production or transfer respectively. Such disruptions are exponential random 

variables occurring with certain probability which can be derived from historical statistical data on specific 

regions and various disruption causes. Disruptions are, unlike failures of manufacturing machines, time-

dependent which means they are independent of state of a links and of each other. After a disruption, the 

supply chain link can be and will be repaired and operational again after a certain period of time. Duration of 

this period of time is assumed to be a random variable and link specific, or region specific respectively. The 

main assumption made is that we can’t prevent occurrence of large scale disruptions but we can work on 

reducing its impacts on supply chain in the context of its ability to be operational again as soon as possible 

after a disruption. That is the paraphrase of the definition of supply chain resilience. We assume that the period 

of non-operational state of a supply chain link, and thus the whole supply chain, can be reduced under certain 

conditions and improvement of supply chain link resilience respectively. That will require an investment which 

will be used to finance and support the improvement of supply chain properties and thus resilience, which 

means, next time the disruption occur, supply chain link will recover faster. Then the question is how to decide 

where the investment should be allocated, which supply chain link is the bottle neck in the context of resilience 

improvement and what is the relationship between the money invested and supply chain resilience 

improvement. To answer these questions is the aim of this article.  

3. MODELLING APPROACH 

Four stages supply chain is considered in the study, see Figure 1 below. Subsequent stages of the modeled 

systems represent supplier, manufacturer, servis centre and distributor. Supply chain links are considered to 

be located in regions independent of each other in the context of disruptions occurring in specific regions. As 

links of the modeled supply chain are subjects to failures due to random disruptions, we assume, with respect 

to the context of resilience concept, that disruptions and thus failures caused are relatively long compared to 

processing rate of supply chain and so is the time of recovery. Mean time to disruption and failure and mean 

time to recovery are considered to be exponential, processing times are considered to be deterministic. For 

each supply chain link following parameters has been used in the model. Let mean time to failure of the link I 

(MTTFi), or failure rate respectively be represented by λ�and let μ
�
 be the repair rate, defined by mean time to 

recovery after failure due to a disruption (MTTRi) and its functional relationship with the investment allocated 

Ii , which is discussed below. Let t stand for the period of time at which we assess the availability of supply 

chain and Imax the maximal sum of resources allocated in the improvement of supply chain resilience.   

We assume a real supply chain usually operates as a discrete items flow or batches flow respectively. Batches 

varies in the size as a specific links of the supply chain perform different operations. According to a literature, 

discrete flows can be approximated with continuous materials flow models especially if the processing rates 

are much smaller that the failure and repair rates. No intermediate storages are considered in the system as 

in the real world they are usually located within the region of specific link and thus are also subjects to occurring 

disruptions. We assume high dependence of subsequent links of the supply chain, which means once a 

specific link is not working due to a failure after a disruption, the whole supply chain is not working. Thus the 

performance and availability of the supply chain is a random variable dependent on the failure rates and 

recovery rates of specific links. We assume that it is not possible to influence the failure rates as the 

Figure 1 Structure of the modeled supply chain 
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disturbances are usually of the nature of natural disaster, political conflict or unpredictable decrease of 

demand. What can be influenced, and thus optimized, is the time to recovery, recovery rate respectively. As 

we assumed that investments allocated in efforts made to increase the supply chain links resilience will lead 

to decrease of time to recovery and thus the availability of supply chain will be increased so more items will be 

produced in the certain period of time.  

As we assume the decrease of mean time of recovery with an increase of investment allocated, the linear 

functional relationship is considered. In future research, linear dependency will be replaced with function more 

corresponding with the real world. Specific links of the supply chain are considered to be located in regions 

with different conditions and thus the meant time to recovery and its functional relationship with the 

improvement after certain investment is also region specific. Thus four different profiles were defined for the 

purposes of the study, which are presented on the Figure 2 below. 

For the purposes of this article as an initial study in the field of optimizing investments allocation in resilience 

improvements modified model of transfer system developed by Tan [1] was used and the availability of the 

supply chain was used as an indicator of supply chain resilience increase. The original model was design to 

calculate instantaneous availability (A(t)) of a production system in the certain moment in time which is the 

probability that the system will be operational at given moment in time. The instantaneous availability of 

systems is asymptotically normal, which was used to simplify the optimization procedure and t of 20 years was 

used in the calculation. Later it was subject of the control calculation experiment, which is discussed in results 

below. Modeled system is assumed to produce discrete items in the rate of one item per one minute, random 

disruptions may occur with mean time of 3 years and specific links can be operational again after a random 

period of time with mean time of 20 to 80 days. With respect to the assumption, modeled supply chain is 

considered to process, or transfer respectively, one item per one unit of time, which is one minute in this case 

and modeled system is synchronized. Failure rate and repair rates are then recalculated with regard to the 

assumed production rate.  

4. RESULTS AND DISCUSSION 

For the purposes of the experimental work the modified Tans’ model in the form of availability calculation 

expression (equation 1) was used as the objective function for the optimization algorithm, as stated below 

together with expressions describing the linear functional dependence of mean time to recovery, or repair rate 

respectively, on investment allocated in the specific link improvement (equations 2-5). Bounds and constrains 

were defined for the model, as well as maximal amount of allocated resources (6) which were to be allocated 

into specific supply chain links to maximize the overall availability of the supply chain, for the purposes of the 

experiment 10 M EUR. 
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Figure 2 Functional relationship of mean time to recovery and investment allocated 
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Above described mathematical model has been subjected to the Sequential Least Squares Programming 

(SLSQP) optimization algorithm in Python 2.7.1 using modules NUMPY and SCIPY. Progress and results of 

the optimization iterative process are depicted in the Figure 3 below. The algorithm terminated after 42 

iterations with resulting availability A(t)= 0.926506 which can be ensured by allocation of the whole amount of 

maximal budget of 10 M EUR in the proportion of 2500:4000:1715:1785 into a links of order from l1 to l4. On 

the Chyba! Nenalezen zdroj odkazů. below, the course of the algorithm and provided solutions of respective 

iterations can be observed. On the Figure 4 the propagation of the solutions’ improvement is visualized. 

 

Figure 3 SLSQP Algorithm optimization process results 

 

Figure 4 Propagation of optimization process 

To verify the usability of acquired results in the context of using the instantaneous availability as a simplified 

indicator of improvement of supply chain resilience we run an experimental control calculation. The model was 
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recalculated using the set-up with results of the last iteration while the t was changed with step of 60 minutes, 

running from t = 60 minutes to 41 years. Results of the control experiment (see the Figure 5) showed that the 

parameter t is negligible when enough long period of time is used to optimize the model, which is in line with 

literature and which corresponds with the reality as in the long term the availability and thus performance of 

systems tends to stabilize.  

As the modeled system of four supply chain links in linear configuration is quite simple and does not meet 

modeling demands of complex production systems, this study is considered to be an initial effort made to 

outline the possible approach when building the supply chain resilience. Simulation experiments answering 

the same questions on resources allocation has been made so far, so using analytical approach could be used 

as complementary or substitute method. In the follow up research we will develop the approach and present a 

methodology of calculating an expected availability and throughput of the supply chain of more complex 

structure, which will more precisely follow the real world structures.  

 

Figure 5 Instantaneous availability stabilization with prolonging the parameter t 

5. CONSLUSIONS 

An analytical model to optimize the future investments allocation in the supply chain to increase its overall 

resilience was presented and the SLSQP algorithm was used to optimize it. Instantaneous availability of supply 

chain was used as an indirect indicator of supply chain resilience. Presented approach is usable for linear 

supply chains no matter how many links involved. The main limitation of the approach is the need to define, 

and thus average a functional relationship of recovery rate and investment allocated.  Further research will be 

focused on developing the methodology which will allow to allocate investments destined to increase resilience 

of complex global supply chains which will provide us a tool for support the decision making process in the 

context of strategic management. 
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