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Abstract


In real life situations, the material handling strategy of on-site storage systems is usually determined during the design of the storage system, which is no longer reviewed later. The strategy is typically determined by the person(s) designing the storage system, without the use of scientific methods, based on previous experience. Without a thorough periodic review of operational strategy, most companies’ warehousing systems have significant logistical losses (e.g., unnecessary material handling, waiting, operations), which also negatively affects the sustainability of the logistics operations. Therefore, eliminating these losses can increase both the competitiveness and the sustainability of companies. For this reason, the aim of this publication is to introduce a gap-filling test method that allows the selection of an optimal material handling strategy covering the total value stream in a demand-driven storage environment, using the opportunities offered by the Industry 4.0 concept, in particular in the field of big data analysis. This integrated approach has so far not emerged in the study of warehouse material handling strategies. Beyond the obvious economic benefits, the application of this method can clearly help companies to achieve a higher level of sustainability in their logistics operations, as it allows storage systems to operate more efficiently while minimizing material handling losses, ultimately resulting in a lesser demand for energy and raw materials. Moreover, this can also result in a reduction in the human and machine resources required to perform the tasks.
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1. Introduction


The definition of demand control for a multinational company engaged in production and warehousing activities is not clear, and it is therefore appropriate to assume that the primary ‘demand’ for the sustainability of the company is to achieve continuous positive EBIT (earnings before interest and taxes) and, to this end, to achieve a lasting and drastic reduction in costs [1,2,3,4]. On the other hand, especially in recent years, the environmental sustainability of companies has also become at least as important, especially given the fact that for many investors, the latter became one of the primary aspects affecting their investment strategy.



In practice, one form of cost and waste reduction is to identify and eliminate losses [5,6,7,8,9]. This ambition is mostly limited to production areas, taking into account to a limited extent the functioning and synergistic interconnectedness of the related storage systems with the flow of production material. The problems in the field of warehousing are basically due to the fact that in the case of raw material and finished product storage, input and output streams fluctuate significantly, in many cases stochastically, so that stocking mechanisms can only be determined with significant inaccuracy. Inaccurate inventory management caused by constantly changing customer demands has a significant impact on the preparation of the raw materials of the products to be manufactured, on the production lead time and predictability of the product, and through this, on the timely service of customer needs. The storage and integration into existing stocks of incoming materials generated by hectically fluctuating customer demand forecasts, optimization of location, re-storage of materials flowing back after production, and removal of quantity-based prioritized preparation time-reducing material to be manufactured in the factory’s product portfolio cannot be traced by simple algorithms taking into account all variables [10,11]. A combination of these processes has an increased inventory-enhancing effect on inventory at a time. On the other hand, the methods and procedures to be used for the optimized definition and operation of the capacity of human and mechanical resources belonging to different storage intensities are not sufficiently detailed [12]. In addition to the problems described above, a significant shortcoming is that the operation of storage systems is not reviewed or only carried out over a longer period, which in many cases does not result in changes being made due to seasonal effects [13].



Under the daily operational management of production companies, planning a medium- and long-term strategy for the future is a vital process. The strategy should be based on an environment with framework conditions that can produce comparable proposals for the same base and dimensions, depending on the variable parameters. These data are used to ensure the recoverable, timely planning of any investments required by the medium- and long-term strategy. For the producing companies, raw material management and stockpiling are an integral part of strategy creation, for the establishment of which it is necessary to determine the optimal material handling strategy. Based on the literature review described in Section 2 and our practical experience, it was found that only the processes of subsystems (raw material warehouse, production, finished product warehouse) are examined when defining material handling strategies, which usually do not take into account seasonal changes. It can be said that no test method has been developed so far which could determine the chain of optimal material handling strategies by integrating the material handling processes of several areas, namely the raw material warehouse, production, and the finished product warehouse. By performing these tests regularly, the material handling work of the tested system can be reduced, as well as the number of resources used. This increases the competitiveness of the company as well as the sustainability of the processes [14,15] or circular economy [16,17]. Perhaps even more importantly, it can also increase the environmental sustainability of the related processes at the company, which has become a central question for many businesses in recent years.



To overcome the challenges described in the previous paragraphs, the article presents a test method that allows the selection of an optimal material handling strategy covering the entire value stream in relation to demand-driven warehousing systems. Several value stream methods have been used in the literature [18,19,20]. It is important to note that value creation processes are divided into three major parts:




	
Reception and storage of raw materials;



	
Production area raw material service and material management;



	
Storage and delivery of finished product.








Due to the high cost per square meter of production areas, the operation of production equipment is the primary objective in the production areas and while minimizing stocks of raw materials and semi-finished and finished products. In order to ensure the continuous supply of raw materials for production, the service needs of production equipment and processes should be taken into account. These needs have a significant influence on the processes of entry into storage, stocking of raw material, and stocking and removal of finished product.



The model outlined above can be divided into four main parts, which build on each other to form an entire system, ensuring the most important input data and procedures for optimum search, as shown in Figure 1.



Determining the structure and parameters of the warehouse system and creating the necessary data structures provide the basis for the cost model, the backup data of which are evaluated during optimization. Therefore, the method relies, to a large extent, on the widespread application of the Industry 4.0 concept in a given company [21,22], as this is an almost indispensable condition for the development of data structures in sufficient detail and for the effective application of the cost model and optimization process based on it. In addition, the other pillar of the developed method is the comparability of well-known entry and removal strategies to meet the needs of production areas. In each of the material handling steps within the value stream, the cost impact of entry and removal strategies is evaluated. This makes it possible to examine a number of alternatives. The mathematical model proposes the selection of the optimal material handling strategy while minimizing the fixed and variable costs per material movement path.



By minimizing both the required amount of raw material stocks and the lengths of the material movement paths, a significant reduction can be achieved in terms of energy and raw material usage, which can effectively reduce the ecological footprint of a manufacturing company, thus achieving a higher level of environmental sustainability. While this also has the secondary benefit of reducing the associated costs related to the usage of these commodities, it is probably much more important that in recent years, both regulations and investors themselves have increasingly been demanding the realization of sustainable operation from corporations. This can directly impact the economic success of manufacturing companies, as the obtainable amount of investment plays a central role in the business strategy of any firm, and in recent years, a trend is clearly emerging where investors increasingly favor sustainable businesses while reducing their investment portfolio in less sustainable areas of the economy. Therefore, the main interest of manufacturing firms is ultimately to quickly transition to a fully sustainable mode of operation as soon as possible, and the above outlined method can serve as one of the tools to achieve this goal (of course, together with the use of completely carbon-neutral energy sources, the electrification of the entire supply chain, the implementation of recycling as widely as possible, etc.).



Based on the above, two main hypotheses can be identified, which are: (1) By selecting the operational strategy of demand-driven warehousing systems using an inspection system, a more efficient operation can be achieved with regard to internal warehousing processes; (2) in the selection of the warehouse material handling strategy, the integrated management of the processes can directly determine the operation requiring fewer human and mechanical resources, and indirectly the operation requiring less energy and raw material input. These hypotheses are verified through the development and application of a test system. The paper does not detail all the elements of the concept for easier understanding; rather, it contains mainly simplifications thereof.




2. Overview of the Area of Storage System Design


The role of logistics systems is key for all supply chains, as this ensures that materials are delivered from their place of production to consumers [23,24,25,26,27,28,29,30,31,32,33]. Several methods increase the efficiency of a logistic system, e.g., the Lean [34]. Logistics systems are also critical to their role within the production company, as they represent significant value for committed capital [35]. Data for the USA show that the capital and operating costs of warehouses account for about 22% of logistical costs [36], while data for Europe show a similar 25% [37].



A study carried out in the United Kingdom showed that the number of large new warehouses increased steadily between 1995 and 2018 [38,39]. The number of warehousing businesses across Europe shows a similar growth trend in the period 2000–2018 [29]. These warehouses represent significant investments for companies. Expenditure on warehouse automation has been steadily increasing in Europe [40], and this trend is reflected globally by figures showing that sales increased by an average of 5% in the period 2003–2005 [35].



For business success, it is essential that warehouses be designed to operate cost-effectively. This is particularly important as storage costs should be largely determined at the planning stage [41].



Consequently, it is no coincidence that the design of warehouse systems as a comprehensive area has scientific literature dating back several decades. Some of these are mentioned chronologically [35,42]. Heskett (1973) divided the determination of requirements, the design of the material handling system, and the design of the arrangement into three parts [43]. Apple (1977) found that when designing buildings, the designer faces a complex task due to the interactions and relationships between individual design activities. The author defined a 12-step model [44]. According to Ashayeri and Gelders (1985), the most practical basis for warehouse design optimization is the combination of analytical models and simulation. The authors concluded that few articles deal with the topic of warehouse planning [45]. Muther (1987) defined a multi-step systematic layout design method [46,47,48]. Firth, Apple, Denham, Hall, Inglis, and Saipe (1988) defined a four-step model [49,50]. Hatton (1990) also employs a multi-step procedure for the problem of warehouse design [51]. According to Gray et al. (1992), in order to solve the design problem, iteration between the three levels of decision must be carried out in order to obtain a solution that minimizes the total cost [52]. Mulcahy (1994) published a manual on the operation of warehouses, including the main aspects of planning [53]. Oxley (1994) combined the most important steps of previous authors to create a comprehensive list. It begins with the definition of general system requirements for the supply chain, including factors such as service levels and implementation time limits, data collection, and analysis. It also introduces a new step to determine the unit loads to be used. The following steps concern the development of alternative operating methods, equipment, and layouts. It highlights that warehouse design should focus on storage and management requirements and that the building should be designed on this basis [54]. Duve and Mantel (1996) developed a step-by-step decision support method for LogiTRACE [35]. Govindaraj, Blanco, Bodner, Goetschalckx, McGinnis, and Sharp (2000) focused on processes used by designers and experts in the field. They tried to understand the decisions they make and the processes they follow when developing a project. They claimed that the designer should take into account some very complex compromises. The need for and importance of five steps and its repeating were underlined [55]. Rouwenhorst (2000) argued that the design process usually goes through several consecutive stages. They then continued to analyze tasks within these steps, grouping them into a hierarchical framework based on a top-down approach, identifying through them strategic, tactical, and operational decisions. It was proposed that these three sets of decisions be examined one after the other [41]. Goetschalckx (2001) provided a framework system for systematic warehouse planning and the development of a mathematical model [56]. Hassan (2002) and Waters (2003) once again provided a series of steps that are in many ways similar to those of previous authors, although the former deals primarily with one aspect of the design problem, namely layout [57,58]. Bodner (2002) divided the design process into three main phases. In the first stage, designers carry out preparatory work. The result of this section can be a proposal or a project decision document that the client can accept after possible changes. The second stage involves the design work itself. The result of this phase consists of a design specification. The third stage is the implementation of the design [59]. Rushton, Croucher, and Baker (2006) recognized the importance of flexibility in warehouse design. The step of business needs includes the concept of scenario planning, and this leads to a later, concrete step in evaluating design flexibility. An example of the iterative characteristics of the design process is the calculations of equipment and personnel, which are presented after the layout [60]. Kostrzewski (2012) defined a 22-step model by summarizing and developing previous models [49]. Thomas and Meller’s (2015) guidelines can provide warehouse construction close to the optimal solution. They created a framework and delimited decision variables, determining them to be the size and layout of the transport area, the configuration of the dock door, the shape of the pallet, and the height of the pallet warehouse. A statistical methodology was used to develop their planning guidelines [61].



Despite decades-long literature and the importance of warehouse planning, several literature reviews have concluded that few scientific journals have addressed the applicable systematic approach [35,62,63]. In fact, the systematic analysis of warehouse design subprocesses themselves is addressed in several studies [63,64], in subprocesses, for example, examining the issue of flight planning or the layout of storage systems [64,65]. In contrast, there is no overlapping study between subprocesses to find a possible optimum. Of course, it should be added that by exploiting the possibilities of the Industry 4.0 concept, which has become decisive in recent years, a level of full-scale optimization has become available, which would probably not have been realistically feasible before.




3. Description of the Test Options


As already defined in the introduction, the objective of the research was to develop a method for the selection and operation of the storage material handling strategy and to establish a process through which it is possible to choose the optimum strategy, taking into account the material handling steps within the value stream, where one of the main parameters of optimization is cost. The objectives of the research are based on the:




	
Development of the concept of a test system to support the optimal selection and operation of the demand-driven storage system;



	
Development and calculation of the cost model to support the selection and operation of the demand-driven storage system;



	
Definition of the data model, conditions, and purpose function of the test system supporting the selection and operation of the demand-driven storage system.








In order to achieve the former objectives in the sense of the entire warehousing system, a large number of possibilities had to be considered for both the design variants and the operation of the processes. The size of the task is illustrated by the fact that if all variable parameters from the receipt of the raw material through the production processes to the delivery are taken into account, a total of 640,000 test alternatives can be determined using the established approach. Figure 2 illustrates possible system variants in relation to the relationship between entry and removal processes and entry and removal strategies (in the diagram, FIFO means first in, first out; LIFO means last in, first out; FEFO means first expire, first out; LOFO means lowest in, first out; and HIFO means highest in, first out). The loading and unloading strategies and process designation possibilities were elaborated on the basis of the review of the literature [10,11,23,66] as well as our practical experience.




4. Comprehensive Description of the Method Developed


4.1. Presentation of the Concept of Operation of the Test Method


In this section, the structure of the established method is succinctly presented. The high-level operational concept of the test method is described first. The arrayed shape of the system model implementing the method is shown in Figure 3. At the heart of the model is the module for the optimal choice of material handling strategy. The optimization module examines the cost of the entry and removal strategy for each handling step. As mentioned above, 640,000 options are examined during optimization.



The main elements of the model are:




	
Information database: It provides input data from the optimization module. These databases contain static background tables of manufactured products and customers that vary with low frequency;



	
Picking strategy input data: They provide data for picking processes. On the basis of these data, the claim is determined. The demand generates a to-do list to be executed for the picking operation;



	
Entry strategy input data: They provide data for storage processes;



	
On the basis of these data, the claim is determined. The demand generates a to-do list to be performed for the picking operation;



	
Warehouse database: The database contains static background tables of handling machines, human resources, storage systems, and products that vary with elementary low frequency;



	
Business plan database: It is a database of incoming revenues and outcoming expenses or charges required to make a profit, containing information about inventory value and investments.



	
Material handling process steps: They are the handling steps during the reception, storage, and removal of the raw material;



	
Evaluation database: It contains the results of material handling steps based on entry and removal strategies.








The selection of the optimal warehouse material handling strategy variant is implemented using a simulation test method, which ‘simulates’ the operation of the material flow system according to the different strategy variants using data from a designated past period and a pre-planned period, and then a variant with the most favorable target function value is selected based on the values of the logistic indicators obtained per strategy variant. The steps of the process are illustrated in Figure 4.



The steps in this process can be summarized as follows:



1. Record test data:



The databases required for the study and their contents are outlined below.



To record the elements of the information database:




	
Part number and production schedule database data;



	
Customer database data;



	
Production database;



	
Delivery database data.








Data of the elements of the warehouse database:




	
Storage system database data;



	
Material handling system database data;



	
Product database data;



	
Human resources database.








Rating details:




	
Weight of objective function components;



	
Specific cost functions based on historical data;








2. Select interval data: Select the time horizon of the information and warehouse database. Business plan databases provide interval opportunities to select the strategy that meets your expectations. This means that the database data are not static, but their values can be changed within an interval in the amount of available investment, or a limitation is implemented affecting the inventory value, thereby changing the number of operations to be performed, thus affecting the strategy to be selected. Only 1–1 items with an interval value can be selected on both input sides at a time;



3. Initialize interval data: The interval is min. and max. record of the value and the number of step units;



4. Start a simulation program: After recording the data in the data tables, the simulation program is started, which allows you to evaluate the warehouse material handling strategy variant and select the best version for a total of 10 material handling steps based on the given historical and forecasted data. The basic requirement for the simulation program is the automatic creation of the examined system based on past and future data, the running and evaluation of all material handling strategy versions, and the selection of the appropriate version;



5. Create an automatic test model:



Based on the test data, the tested logistics system is created automatically (material handling system, storage system, start-up stocks);



6. Initialize the value of variables: In the simulation test model, two basic variables are initialized, namely v, which contains the material handling strategy variants under study, and Opt, which contains the identifier of the optimal variant. Of course, there are other technical variables used in programming that need to be initialized, but these are not covered now;



7. Define logistics indicators for version v: In this step, the logistics indicators on which the comparison is based are generated (e.g., warehousing costs);



8. Record the data of specific logistics indicators: The values of the logistics indicators defined for each material handling strategy variant are recorded in a predefined data table, on the basis of which the target function components can be normalized later (step 11) and the target function can be generated;



9. Examine whether all possible variations have been examined:



If yes, the process of selecting the optimal version follows; if not, the next version is examined;



10. Increment the material handling strategy variant ID;



11. Normalize objective function components:



The value of the objective function of strategy variant v is determined on the basis of the values of the logistics indicators determined by the simulation model. In order for indicators of different dimensions to be applicable as objective function components, they must be normalized. The optimal material handling strategy is then selected by determining the weighted sum of the normalized objective function components;



12. Record normalized data:



The normalized version of the values of the logistic indicators defined for each material handling strategy variant is recorded in a predefined data table;



13. Determine the optimal version ID: Determine the ID of the optimal version through the objective function.



In order for the presented concept to be truly functional, of course, it is also necessary to have a data structure that serves as the basis for the use of the presented system model. In some ways, this data model is one of the most important parts of the whole process, since without constantly updated dynamic data and extensive hysterical data, effective optimization cannot be imagined. It is also clear that the continuous updating of the data structure requires a wide-ranging implementation of the Industry 4.0 concept in the given company, as this is the only way to ensure that accurate data are used during optimization. The structure of the data model is shown in Figure 5 on the next page.



The starting point of the data structure is the business plan, which shows the general ledger result of the company, taking into account the projected sales value and expenses. Expenses include financing elements of warehouse databases. The plan shows the maximum investment, committed capital, and value-creating operations that achieve the highest operating profit [67,68,69].



The information database determines the needs for warehouse processes. The database is closely related to business planning and the planning of operational production management processes.



The forecast of customer orders determines the range of products to be manufactured and shows a distribution in the change of demand within the calendar year. The processing and scheduling of this forecast generates a ‘demand’ for the ordering of raw material and the receipt of raw material after feedback from suppliers. The receipt schedule provides information as input data about the material to be handled by logistical processes. Smoothing the confirmed arrival times provides an additional opportunity in the optimization process, but the later model does not cover this.



The use of stocked raw material for production is carried out by scheduling customer orders into production, which is based on the date of fulfillment of the order. The date of delivery of the product to the customer, the distance of the delivery address from the production site, the number of products already manufactured in stock, and the production lead time determine when the product enters production. The preparation of the production refinement can be further optimized through a ‘pull’ system and in combination with smooth production, which also has a positive effect on the schedule ability of logistics processes, but this optimization option is not covered by the model.



The manufactured products are packaged differently at the request of customers. The number of finished products that can be placed in customer packaging and the number of raw materials per unit of packaging differ in most cases; therefore, after the production of the finished product in the production plan, the remaining raw material is returned to the storage. The aim is to avoid overproducing and using raw materials from other finished products to be manufactured.



In the foregoing, a comprehensive description of the data model was provided. The main data objects presented contain additional data elements separately, but they are not presented in detail within the framework of this publication, except for part of the information database.




4.2. Presentation of the Cost Model Supporting the Selection and Operation of the Storage System


One of the most important indicators for choosing the optimal warehouse handling strategy is cost, which is one of the most important indicators for comparing the alternative options outlined during the test. When selecting a warehousing strategy, the aim is to operate at the lowest possible cost, which means the expenditure in the entire warehousing process.



Warehouse-related costs can be divided into two parts:




	
Variable cost: Every cost element that changes in the event of a change in the warehouse charge in the number of products handled. The following costs can be classified in this category:




	o

	
Wage costs: The wages of persons performing the main operational logistical tasks of warehouses, which may vary depending on the warehouse load;




	o

	
A certain part of the cost of operation, since with non-continuous operation, overhead costs for example electricity can be reduced by switching off the out-of-service lighting;




	o

	
In the case of leasing contracts, the number of leased assets or storage facilities may also be changed. The cost implications and possible reaction time are displayed according to the terms of the contract;









	
Fixed costs: all cost elements that cannot be changed in the event of a change in the warehouse load in the number of products moved:




	o

	
Some of the operating costs, such as heating of buildings, supply of energy, and maintenance of security services, since a basic level of service must be maintained even if the warehouse is not in operation [70];




	o

	
Amortization cost of machinery, equipment, and warehouse building owned by the company.














The steps for determining the costs describing the storage activity are as follows [66]:




	Step 1.

	
Outline the layout model of the warehouse. It is necessary to specify the number of machines involved in the service; the type and capacity of equipment; the number of gates on the arrival and delivery side; and the size and location of the auxiliary areas, for instance, picking area, residual production area to be re-stored, finished production area to be put into storage. Assignments should be focused on the assignment of machines to activities, and delimitations should be made in the orientation of material handling;




	Step 2.

	
Assign item items specified in the first point to the outlined warehouse layout model, such as assigning the number of machines to the raw material receipt page. The cost of each item element and its specific value per day should be determined. These costs are included in the business plan and can therefore be easily specified after groups have been trained;




	Step 3.

	
Define load functions for warehouse processes. These load functions can be used to determine the value-added cost of the warehouse processes performed;




	Step 4.

	
Define inefficiency indicators based on historical data taking into account measures to improve the efficiency of future processes;




	Step 5.

	
Define specific cost functions using clustered unit cost, load functions, and inefficiency indicators. The clustered unit cost can be interpreted for three areas, namely raw material storage processes, production-related raw material handling, and finished product inventory processes. The clustered unit costs are determined using predefined data sets for these subprocesses;




	Step 6.

	
Define logistical indicators for performance measurement;




	Step 7.

	
Determine the inventory value of committed capital. The capital committed in the raw material is one of the largest sources of loss for the company, and therefore, its value should be minimized. The cost of handling materials changes in parallel with the minimization of inventory, as a smaller level of raw material stock requires more frequent and smaller amounts of supply; therefore, it has a significant impact on the selection of the ideal material handling strategy;




	Step 8.

	
Define economic indicators to measure financial performance.









4.2.1. Step 1—Warehouse Layout Model


The structure of a typical warehouse layout model is shown in Figure 6. The arrangement of the shelving systems and the auxiliary areas in the storage area have been determined. The orientation of the material flow is indicated by three blocks: (1) raw material arrival side and storage area, (2) finished product delivery side and storage area, and (3) production unit serving area. The production unit includes end-assembly lines, area of the intermediate set of pre-assembly lines, and pre-assembly production lines. Within the areas, the machine numbers are determined and assigned.




4.2.2. Step 2—Assigning of Items to the Outlined Warehouse Layout Model


The material handling costs are determined on an annual basis for the previous three groups and broken down into daily unit costs. The description of all cost elements would exceed the limits of this article, so as an example, only the cost elements of the raw material area are presented, which are the following (the other cost elements are formulated following a similar logic):


  A T k =   A E E k + A G G k + A R B k + R U k   365                                                       ( EUR / year )  



(1)




where:




	
  A T k  —raw material area cost;



	
  A E E k  —human resources annual cost—raw material area is relevant;



	
  A G G k  —cost of raw material handling machines;



	
  A R B k  —cost of warehouse equipment—raw material area is relevant;



	
  R U k  —warehouse operating cost—raw material area is relevant.








All cost elements and their relationships are comprehensively illustrated in Figure 7.




4.2.3. Step 3—Definition of Load Functions for Warehouse Processes


The load functions defined for warehouse processes are classified in clusters identical to the number and properties of the groups formed in the previous point. It should be noted that two types of raw material storage processes can be distinguished, namely the normal process (where items are stored directly upon receipt) and non-normal process (e.g., unidentified shipment, shipment awaiting quality control, blocked receipt).



The schematic structure of the load functions is illustrated in Figure 8. Again, it is simply not possible to describe every load function in the model in detail within a single paper, but as an example for the general structure of the functions, the raw material storage normal process time vector is formulated as follows:


  A  B  n o r m a l   =  [  A  B  n o r m a l  1  ; A  B  n o r m a l  2  ; … ; A  B  n o r m a l   365    ]                                                                                        ( Hour )  



(2)




where:




	
  A  B  n o r m a l  n  , n ∈  {  1 , 2 ⋅ ⋅ ⋅ 365  }   —the storage time requirement for normal raw material on the n-th day of calendar days. The number of calendar days can be set from 1 to 365 as desired.








The normal raw material storage time requirement for n-th calendar day is detailed in the following:


     A  B  n o r m a l  n  =       ∑   a k = 1   A K a     ∑   i = 1    r  a k , n      l  a k  z   v  × 2   A G  G  a k   × 3600   ,                                                            ( Hour )      z ∈  {  1 , 2 ⋅ ⋅ ⋅ s  }  , n ∈  {  1 , 2 ⋅ ⋅ ⋅ 365  }  , a k ∈  {  1 , 2 ⋅ ⋅ ⋅ A K  }       



(3)




where:




	
  A  B  n o r m a l  n   —normal raw material storage time requirement for n-th calendar day;



	
n—index of calendar days;



	
ak—index of raw material-side gates;



	
  A K a  —number of gates on the raw material side;



	
 z —index of container bin;



	
   r  a k , n    —ak. number of items to be stored from gate on the n-th day;



	
   l  a k  z   —the distance of the shortest path from ak. gate to z. bin;



	
V—speed of the material handling equipment for entry into storage (m/s);



	
  A A  G  a k    —ak. number of material handling machines assigned to the gate.








The related process definitions for the load functions in Figure 8 can be found in the middle column titled ‘Process designation’, in which each definition relates to the abbreviation in the same row of the left column.




4.2.4. Step 4—Definition of Inefficient Indicators Based on Historical Data


There are delays and changes in scheduled material handling for unforeseen reasons that affect loading and removal processes:




	
In case of receipt of raw materials, the reason for the change to the planned one may be the arrival of fewer raw materials than the order, delay in delivery due to the weather, technical problems on the supplier’s side, pre-delivery, and so on;



	
The causes on the production side may be manufacturing malfunctions, overproduction, batch jumping (batches are not produced according to the pattern specified in the production plan), production of fewer pieces;



	
Problems on the delivery side include JIT delivery (the manufactured finished product is loaded directly without entry), technical problems, and transport management problems.








In all three cases, the lack of human resources occurs due to vacation, illness, or fluctuation. To cover the lack of human resources, an additional number of people are included in the business plan, and the additional shortages are addressed by overtime. Therefore, the inefficiency caused by human deficiency in material treatment processes has not been studied by the authors. The derogations listed reduce efficiency, cause uncertainty, and increase costs, so the impact of this should be taken into account. The availability of the listed historical data is a prerequisite for determining inefficiency indicators. Even if these data are not available, inefficient indicators should be defined in accordance with the framework conditions available on the market, as set out in supplier and other contracts. As an example, the inefficiency indicator of page material errors can be described as follows:


  A H m = 1 +  (    A H s z    |   Θ a n   |    × 100  )                                                                                  ( % )  



(4)




where:




	
  A H m  —inefficient indicator of raw material defects;



	
  A H s z  —from historical data, you can specify the standard deviation of batches of raw material arrival errors;



	
   |   Θ a n   |   —on the n-th calendar day, the annual number of items managed by the arrival process   n ∈  {  1 ; 2 ; ⋅ ⋅ ⋅ ; 365  }  , a ∈  {  1 ; 2 ; ⋅ ⋅ ⋅ ; p  }   .









4.2.5. Step 5—Definition of Specific Cost Functions


Specific cost functions are defined using clustered unit cost, load functions, and inefficiency indicators. In this way, the following cost functions have been defined:




	
Raw material handling cost;



	
Cost of handling production materials;



	
Cost of moving finished product;



	
Material handling cost.








As an example, the cost of the moving raw material is defined as follows:


  A M k =  |  A M  k 1  ; A M  k 2  ; ⋅ ⋅ ⋅ ; A M  k n   |                                                                            ( EUR )  



(5)




where:




	
  A M k  —the cost of the moving raw material;



	
  A M  k n   ,   n ∈  {  1 , 2 , … , 365  }   —cost of moving raw materials on the n-th calendar day.










  A M  k n  =  (  A  B  n o r m a l  n  × A T k + a  b  j n  n  × A T k  )  × A H m                                                                     ( EUR )  



(6)




where:




	
  A  B  n o r m a l  n   —the storage time requirement for normal raw materials falling on the n-th calendar day;



	
  A T k  —cost of raw material area (per hour);



	
  a  b  j n  n   —raw material storage time requirement j. on the n-th calendar day of the non-normal process;



	
  A H m  —inefficient indicator of raw material defects.









4.2.6. Step 6—Definition of Logistical Indicators


The definition of logistical indicators helps to determine the percentage of cost in order to measure performance. As the model does not optimize variable costs, the indicators can be used to measure the value of post-intervention performance. After changing the initialization value of variable costs, the model must be run again with the aim of maximizing the value of logistic indicators. The following three logistical indicators have been defined:




	
Raw material storage capacity;



	
Manufacturing material handling performance;



	
Picking performance.








As an example, the raw material storage performance is defined as follows:


   A T  m n  =   A M  k n    A T k × 24   → m a x .                   A T  m n  ≤ 100 %                                   [ % ]   



(7)




where:




	
  A T  m n   —raw material storage capacity on the n-th calendar day;



	
  A M  k n   —cost of moving raw materials on n-th calendar day;



	
  A T k × 24  —cost of raw material area (per day—the cost per hour must be multiplied by 24 to get the value per day; however, the projection base can be adjusted according to the test needs).








A condition is that its value cannot be greater than 100%. In this case, reducing fixed costs will result in a loss of capacity that requires over-one capacity. In this case, the initialization value of fixed costs should be increased, and the model run again.




4.2.7. Step 7—Determination of the Stock Value of Committed Capital


Figure 9 shows the cost of capital employed, which can be divided into three major parts (raw material inventory value, finished product inventory value, fixed inventory value) as shown in the figure.



As an example, the raw material inventory value is calculated as follows:


  A K e =  |  A K  e 1  ; A K  e 2  ; ⋅ ⋅ ⋅ ; A K  e n   |                                                                            ( EUR )  



(8)




where:




	
  A K e  —raw material inventory value;



	
  A K  e n   —value of raw material in stock on the n-th day.










     A K  e n  = A I  e n  +  (     ∑   k = 1  j    r  k n   × A  e  k n    )  −  (   r  k o n   × A  e  h n   k i    )  +  (  r k o  v  h n   × A K  e  h n   b e    )  +                                  ( EUR / day )      +  (  r a  m n  × A M  e n  b e    )       



(9)




where:




	
  A I  e n   —value of initial raw material stock on the n-th calendar day;



	
   r  k n    —number of items to be stored from k. gate on the n-th day;



	
  A  e  k n    —value of items to be stored from k. gate on the n-th day;



	
  r k  o  h n    —number of items to be unloaded for the h picking area on the n-th calendar day;



	
  A K  e  h n   k i    —value of items to be unloaded for the h picking area on the n-th calendar day;



	
  r k o  v  h n    —number of items to be stored from the h. picking area on the n-th calendar day;



	
  A K  e  h n   b e    —value of items to be stored from the h. picking area on the n-th calendar day;



	
  r a  m n   —number of items of residual raw materials of production to be stored on the n-th calendar day;



	
  A M  e n  b e    —value of items of residual raw materials of production to be stored on the n-th calendar day.









4.2.8. Step 8—Definition of Economic Indicators


Three economic indicators were introduced in the model: The raw material value indicator, the finished product value indicator, and the non-moving inventory value indicator.



The raw material value indicator is calculated as follows:


  A E  m n  =   A K  e n    U A K e ÷ 365                                                                             ( % )  



(10)




where:




	
  A E  m n   —raw material value indicator on the n-th day;



	
  A K  e n   —value of raw material in stock on the n-th day;



	
  U A K e ÷ 365  —value of the raw material specified in the business plan (for one calendar day).








The value indicator for the finished product is defined as follows:


  K E  m n  =   K K  e n    U K A K e ÷ 365                                                                                                 ( % )  



(11)




where:




	
  K E  m n   —value indicator for the finished product on the n-th day;



	
  K K  e n   —value of finished product in stock on the n-th day;



	
  U A K e ÷ 365  —the value of the finished product as defined in the business plan (per calendar day).








Finally, the non-moving inventory value indicator is defined as the following:


  N M K m =   N M K e   U K A K e                                                                                           ( % )  



(12)




where:




	
  N M K m  —the non-moving inventory value indicator;



	
  N M K e  —average non-moving inventory;



	
  U K A K e  —raw material value indicator as defined in the business plan.










4.3. Data Model, Conditions, and Target Function of the Test Method Supporting the Selection and Operation of the Storage System


In order to examine the optimal storage strategy of the storage system, it is necessary to define the framework conditions for the data used as input information, to standardize the type of data, so that all the information is always available for the analysis, on the basis of which the appropriate proposal can be selected. In order to be run and evaluated quickly at specified intervals, this framework is also expected to be defined. Figure 10 illustrates the database structure, which can be divided into three major parts:




	
A business plan database based on the number of orders predicted by customers;



	
The information database that translates the expectations of the business plan into operational tasks, which generates the needs for logistics processes;



	
Warehouse database containing cost elements and edge conditions of the framework required to perform operational tasks.








The established database structure plays a key role in the applicability of the method, as it allows the use of large amounts of continuously generated data in value stream-oriented optimization, thus achieving one of the most important application advantages of the Industry 4.0 concept, i.e., the use of large amounts of data in optimization based on the current real state. For this reason, however, a detailed description of the entire database structure would go beyond the scope of this publication; therefore, only some of the main database elements shown in the former figure are presented, and more specifically the part of the number of pieces and production scheduling database concerning the storage processes.



4.3.1. Information Database: Number and Production Scheduling Database for Storage Processes


The production of fixed orders after customer forecasts must be scheduled, which is preconditioned for the available raw material and the time of receipt to customers. The following matrices and data vectors are required to determine the timing of the receipt of the raw material.



Input incorporation matrix for customer returns:


  V M A I n c o r p o r a t i o n =  |      v m a  b  11      ⋅   ⋅    v m a  b  1 a        ⋅   ⋅           ⋅      ⋅         v m a  b  k 1             v m a  b  k a        |   



(13)




where:




	
  V M A I n c o r p o r a t i o n  —input incorporation matrix for customer returns;



	
  v m a  b  k a    —number of a. snap-in material of k. finished product.








A finished product also contains individual substances or materials common to other finished products. In the event that the finished product (k) is not a snap-in part of the raw material,   v m a  b  k a   = 0  .



Daily basic data matrix of the raw material to be ordered:


  M A  A n  =  |      m a  a  11  n     ⋅   ⋅    m a  a  1 a  n       ⋅   ⋅           ⋅      ⋅         m a  a  k 1  n            m a  a  k a  n       |  =  |      v m a  b  11      ⋅   ⋅    v m a  b  1 a        ⋅   ⋅           ⋅      ⋅         v m a  b  k 1             v m a  b  k a        |  ×  |      v  m  1 n        ⋅     ⋅      v  m  k n        |   



(14)




where:




	
  M A  A n   —daily basic data matrix of the raw material on the n-th calendar day;



	
  m a  a  k a  n   —number of a. input raw material required for the ordered number of k. finished products on the n-th calendar day;



	
  v m a  b  k a    —a. number of inserts of k. finished product;



	
  v  m  k n    —number of ordered items with k. ID for the n-th calendar day.








Information vector for raw materials to be ordered on a daily basis:


  M A A  i n  =  |  M A A  i 1 n  ; M A A  i 2 n  ; ⋅ ⋅ ⋅ ; M A A  i a n   |   



(15)




where:




	
  M A A  i n   —information vector for raw materials on the n-th calendar day;



	
  M A A  i a n   —amount of a. raw material to be ordered on the n-th calendar day.










  M A A  i a n  =   ∑   k = 1  p  m a  a  k a  n   



(16)




where:




	
  m a  a  k a  n   —number of a. built-in raw materials required for the ordered number of finished products on the n-th calendar day








Information matrix of raw materials to be ordered:


  M A i =  |      M A  A 1        M A  A 2       ⋅      M A  A n       |  =  |      m a a  i  11      ⋅   ⋅    m a a  i  1 a        ⋅   ⋅           ⋅      ⋅         m a a  i  n 1             m a a  i  n a        |   



(17)




where:




	
  M A i  —information matrix of raw materials;



	
  m a a  i  n a    —number of a. raw material required for the n-th calendar day.








The palletization of the raw material required for the manufacture of the finished product depends on the packaging specification of the material, and this also determines the number of raw materials received on one pallet.



Vector of packaging specification (number of raw materials within unit cargo per raw material):


  C S e =  |  C S  e 1  ; C S  e 2  ; ⋅ ⋅ ⋅ ; C S  e a   |   



(18)




where:




	
  C S e  —vector of packaging specification;



	
  C S  e a   —a. number of raw material within a unit load (pallet).








Pallet number matrix of raw materials to order:


  M A r =  |      m a  r  11      ⋅   ⋅    m a  r  1 a        ⋅   ⋅           ⋅      ⋅         m a  r  n 1             m a  r  n a        |  =  |      m a a  i  11      ⋅   ⋅    m a a  i  1 a        ⋅   ⋅           ⋅      ⋅         m a a  i  n 1             m a a  i  n a        |  ÷  |  C S  e 1  ; C S  e 2  ; ⋅ ⋅ ⋅ ; C S  e a   |   



(19)




where:




	
  M A r  —pallet number matrix of raw materials;



	
  m a  r  n a    —number of pallets containing a. raw material required on the n-th day;



	
  m a  a  k a  n   —number of a. built-in raw material required for the ordered number of k. finished products on the n-th calendar day.








The information matrix of the raw materials to be ordered contains the number of raw materials required for the production of the ordered finished product on a daily basis. In this case, if the production lead time of the finished product, the production and delivery times of the suppliers, and the stocking lead time of the raw material were zero, the planned arrival matrix of the raw material and the information matrix of the raw materials to be ordered would be the same. Otherwise, the said particulars must be provided in order to plan the receipt of the raw material.



Matrix of lead time for the supply of raw materials by supplier:


  A B A  i k  =  |      a b  a  11  k     ⋅   ⋅    a b  a  1 a  k       ⋅   ⋅           ⋅      ⋅         a b  a  s 1  k            a b  a  s a  k       |   



(20)




where:




	
  A B A  i k   —matrix of lead time for the supply of raw materials;



	
  a b  a  s a  k   —delivery time of the a. built-in material supplied by the s. supplier of the k. finished product.








Due to the different local location, production lead time, and production depth of the suppliers, the delivery time of each raw materials varies considerably.



Matrix of supplier performance of raw materials:


  A B T =  |      a b  t  11      ⋅   ⋅    a b  t  a 1        ⋅   ⋅           ⋅      ⋅         a b  t  1 s             a b  t  a s        |   



(21)




where:




	
  A B T  : matrix of supplier performance of raw materials;



	
  a b  t  a s    —a. material daily capacity supplied by the s. supplier.








Supplier performance determines the size of the item that can be fulfilled in one day. This means that if   a b  t  a s z   = 100   and the size of the regulation item is 300pc by day n, the first delivery item must be received    n b  = n −   300   100   = n − 3  .



Matrix of production lead time:


  G Y A i =  |      g y a  i  11      ⋅   ⋅    g y a  i  1 g y        ⋅   ⋅           ⋅      ⋅         g y a  i  k 1             g y a  i  k g y        |   



(22)




where:




	
  G Y A i  —matrix of production lead time;



	
  g y a  i  k g y    —lead time of the k. finished product to be produced on the gy. production line.








The production of finished products can be carried out simultaneously on several production lines. The permeability of production lines varies significantly due to their purchasing time, technological capability, and production depth; therefore, the production lead time of the k-th finished product may vary over different production salts. If k-th finished product gy. cannot be produced on the production line, its value is   g y a  i  k g y   = 0  .



Vector of average inventory (storage) time:


  a K i =  |  a K  i 1  ; a K  i 2  ; ⋅ ⋅ ⋅ ; a K  i a   |   



(23)




where:




	
  a K i  —vector of average inventory (storage) time;



	
  a K  i a   —average storage time of a. raw material.








The raw materials must be received before manufacture. In order to continuously supply production, the receipt of the raw material is timed and carried out earlier than the beginning of production.



Lead matrix of the average material treatment time:


  a A A i =  |  a A A  i 1  ; a A A  i 2  ; ⋅ ⋅ ⋅ ; a A A  i a   |   



(24)




where:




	
  a A A i  —lead matrix of the average material treatment time;



	
  a A A  i a   —average treatment time of a. raw material, which means the time of material handling inside the storage and outside and inside the production line.








In order to be available on the n-th day in the matrix of pallet numbers of raw materials to be ordered, the raw material must be received on   n − x  . day.



The relationships between the handling cost performance and the mode of control is summarized in Figure 11. Again, it is not possible to detail all listed functions in the scope of this paper, but the previously described relations showcase the general logic behind the structure of the listed elements. As in the case of Figure 8, the related process definitions for the abbreviations in the leftmost column can be found in the column titled ‘Process designation’, which in this case is the rightmost column.



The pallet number matrix of the receipt of raw materials:


  A I n c o m e =  |      a  p  11      ⋅   ⋅    a  p  1 n        ⋅   ⋅           ⋅      ⋅         a  p  a 1             a  p  a n        |   



(25)




where:




	
  A I n c o m e  —the pallet number matrix of the receipt of raw materials;



	
  a  p  n v    —number of a. ID item palette received on the n-th calendar day.










  v A I n c o m e =  |  v A I n c o m  e 1  ; v A I n c o m  e 2  ; ⋅ ⋅ ⋅ ; v A I n c o m  e n   |   








where:




	
  v A I n c o m  e n   —sum of the number of raw materials received on the n-th calendar day.










  v A I n c o m  e n  =   ∑   a = 1  p  a  p  a n    



(26)




Data controlling the normal process of raw material storage: number of raw materials to be stored from ak. gate on a daily basis:


   r  a k , n   =   v A I n c o m  e n    A K    



(27)




where:




	
   r  a k , n    —number of raw materials to be stored from ak. gate on the n-th calendar day;



	
  A K  —number of gates on the raw material side.








Vector of the physical dimension of the unit cargo of the raw material:


  A F D =  |  A F  D 1  ; A F  D 2  ; ⋅ ⋅ ⋅ ; A F  D a   |   



(28)




where:




	
  A F D  —vector of the physical dimension of the unit cargo of the raw material;



	
  A F  D a   —a. material dimensionalization parameters.









4.3.2. Relationship between Material Handling Cost Performance and Control Mode


As shown in the previous subsection, the data in the database determine the logistical operations to be performed and the costs of the processes. It was also observed that the elements of the database can be divided into two parts: data controlling entry into storage and data controlling picking. Of course, the former applies to all elements of the database, not only to the previously described elements of the information database. Figure 11 presents the relationship between the performance of the material handling cost and the method of control throughout the entire database.




4.3.3. Target Function of the Method for Selecting an Optimal Warehouse Handling Strategy Controlled by Demand


As has been highlighted several times, costs are the basis for choosing the optimal material handling strategy. During optimization, the storage (4 variants) and picking (5 variants) strategies are compared based on the movement of finished products and materials of different states necessary for the supply of customers in the business plan. The cost is based on fixed and variable costs in the business plan. The conditions to be defined for optimization are as follows:




	
Determine the level of initialization of warehouse equipment, machinery, and human resources. Record the number of warehouse locations and service machines and the need for the necessary human resources;



	
Carry out the movement operations planned for the n-th calendar day within the n-th day. In the event that the available capacity is not sufficient to perform the operations, the initialization level shall be increased, and the optimum search shall be carried out again;



	
Customer orders included in your stores plan will be leveled within calendar years, avoiding peak periods.








In addition to defining the conditions, based on the previous steps of the method, the following logistical indicators are required to specify the target function:




	
Logistic material handling cost indicator;



	
Logistic performance indicator;



	
Committed capital cost indicator;



	
Inventory value indicator;



	
Adaptability index.








As an example, the logistic material handling cost indicator can be defined as follows:


  L  G V  =    ∑  n = 1   365   A M  k n  +  ∑  n = 1   365   G Y M  k n  +  ∑  n = 1   365   K M  k n     (  A T k ×  (  G Y T k + K T k  )   )  × 365    



(29)




where:




	
  L  G V   —logistic material handling cost indicator;



	
  A M  k n   —cost of moving raw materials on the n-th calendar day;



	
  A T k  —area cost of raw material (per day);



	
  G Y M  k n   —cost of handling materials on the n-th calendar day;



	
  G Y T k  —cost of production area (per day);



	
  K M  k n   —the cost of moving the finished product on the n-th calendar day;



	
  K T k  —area cost of finished product (per day).








The logistics material handling cost indicator shows the cost ratio generated by the loading and unloading V. strategy in relation to the total cost. V. strategy is an identifier for a loading and unloading strategy that represents a combination of the loading and unloading strategy for the process steps.



The only parameter in the target function is the identification of the material handling strategy variant. In fact, the target function selects the most favorable variant (Opt) based on the weighted sums of the normalized target function components defined for the material handling strategy variants—normalized logistical indicators—and determines its target function value (C). Based on this, the target function can be written in the following form:


   C =   m i n  v   {   ∑  l = 1  5   w l  ×  Y i V   }   ,   where   0 ≤  w l  ≤ 1   and    ∑  l = 1  5   w l  = 1  



(30)




where:




	
 C —target function value for the optimal material handling strategy variant;



	
 v —ID of the tested material handling strategy variant;



	
 l —target function component ID;



	
   W l   —target function component  l . Weight;



	
   Y i V   —V. Version   l .   target function component value.











5. Application of the Established Method


The practical applicability of the established method and the correctness of the established relationships were demonstrated through the use of simulation modeling. During the simulation, the structure of the test system was created, and the initial values of the necessary data tables were initialized. Through the explored multi-step cost model, fixed and variable cost values for material handling strategies were calculated. Using the values obtained, the optimal material handling strategy was selected after executive optimization.



Due to the scope of the method, the framework of the publication does not allow the presentation of the entire calculation process; therefore, only the simulation algorithm, as well as the delimitation of the simulation environment and the final result are presented. At the same time, a detailed description of the initial data tables and a description of the entire optimization process can be found together [66].



5.1. Operating Algorithm of the Simulation Program That Selects the Material Handling Strategy


The simulation process for selecting the material handling strategy can be structurally divided into four parts:




	
Define the structure of the warehouse system and determination of the data of the structural elements;



	
Upload the data structure of the material handling system (from the recording of the test data);



	
Write up and calculate items in a cost model;



	
Perform optimization.








5.1.1. A. Definition of the Structure of the Warehouse System and Determination of the Data of the Structural Elements


	
From the structure of the storage system shown in Figure 12, it is necessary to select the elements for which the test is to be carried out.



	
For the selected test elements, the warehouse parameters must be determined:




	o

	
Selected warehouse size;




	o

	
Warehousing structure;




	o

	
Physical parameters of warehouse characteristics (for example, distance of storage space).













5.1.2. B. From the Topping of the Data Structure of the Material Handling System (From the Recording of the Test Data)


The databases specified in Section 4.3 shall be uploaded with data.



The business plan database:




	
Business forecasts database;



	
Investment database;



	
Limit database.








Elements of the information database data table:




	
Number of pieces and production scheduling database for storage processes:




	o

	
Raw material incorporation matrix for customer orders;




	o

	
Daily basic data matrix of the raw material to be ordered;




	o

	
Information vector for raw materials to be ordered on a daily basis;




	o

	
Information matrix of raw materials to be ordered;




	o

	
Vector of packaging specification (number of raw materials per raw material within unit cargoes);




	o

	
Pallet number matrix of raw materials to order;




	o

	
Matrix of lead times for the supply of raw materials as our supplier;




	o

	
Matrix of supplier performance of raw materials;




	o

	
Matrix of production lead time;




	o

	
Vector of average inventory (storage) time;




	o

	
Lead matrix of the average material treatment time;




	o

	
Palette number matrix for receipt of raw materials;




	o

	
Vector of the physical dimension of the unit cargo of the raw material;









	
Number of pieces and production scheduling database for picking processes:




	o

	
Production fine plan matrix;




	o

	
Daily base data matrix of the raw material to be opened;




	o

	
Information vector for raw materials to be opened on a daily basis;




	o

	
Information matrix of raw materials to be opened;




	o

	
Pallet number matrix of raw materials to be opened;




	o

	
Matrix of rounded pallet numbers of raw materials to be opened;




	o

	
Matrix of residual finished product;




	o

	
Vector of residual finished product to be opened daily;




	o

	
Finished product packing vector;




	o

	
Base data matrix of the packing to be opened.














Warehouse database:




	
Material handling tools database:




	o

	
Database of handling machines;




	o

	
A database of properties for handling machines;




	o

	
Maintenance database of handling equipment;




	o

	
Database of transport capacity of handling equipment;




	o

	
A database of handling routes.









	
Human resources database:




	o

	
Human data database;




	o

	
Work schedule database.









	
Storage system database:




	o

	
Storage system size data database;




	o

	
Storage occupancy, matrix of empty storage spaces;




	o

	
Type of material in the space.









	
Product database:




	o

	
Storage positions of start-up stocks by product type;




	o

	
Product type placement options.















5.1.3. C. Write up and Calculate Items in a Cost Model


The costs describing the storage activity specified in Section 4.3 should be determined and calculated:




	Step 1.

	
Outline the layout model of the warehouse;




	Step 2.

	
Assign items from the item specified in the first point to the outlined warehouse layout model;




	Step 3.

	
Define load functions for warehouse processes. Use these load functions to determine the value add-on cost for the warehouse processes performed;




	Step 4.

	
Identify inefficient indicators based on historical data taking into account measures to improve the efficiency of future processes;




	Step 5.

	
Define specific cost functions using clustered unit cost, load functions, and inefficiency indicators.









Clustering is an area of unit costs in this regard



Raw material storage processes



Production-related raw material handling



Finished product removal processes








	Step 6.

	
Define logistical indicators for performance measurement;




	Step 7.

	
Determine the inventory value of committed capital;




	Step 8.

	
Define economic indicators to measure financial performance.










5.1.4. D. Perform Optimization


Performing the steps of the system for selecting the material handling strategy specified in Figure 4:




	
Record test data;



	
Select interval data;



	
Initialize interval data;



	
Start a simulation program;



	
Automatically create a test model;



	
Initialize the value of variables.



	
Define logistical indicators for the v-ed version;



	
Record data for specific logistical indicators;



	
Determine whether all possible variations have been examined;



	
Increment the material handling strategy variant ID;



	
Normalize target function components;



	
Capture normalized data;



	
Determine optimal version ID.










5.2. Definition of the Simulation Environment


The applicability of the test method presented was verified by means of a mathematical simulation, for which the test environment was delimited as follows:




	
Duration of study period: 1 day;



	
Warehouse location: Directly attached to production area;



	
Warehouse type: mixed;



	
Warehouse number: 1 warehouse;



	
Warehouse ownership: own;



	
Ownership of warehouse equipment: Own;



	
Operational Resource: Own;



	
Number of handling steps: 2:




	o

	
Raw material entry in case of normal process;




	o

	
Raw material removal for picking.














The number of combinations tested during the test during the two handling steps is 20. The maximum number of combinations available for all material handling steps is 640,000.




5.3. Define a Target Function


As a result of the simulation carried out, the following values were given, where parameters Y1..5V represent the values of the five normalized logistic indicators and C represents the target function (Table 1).



To prove this, the most spectacular part of the simulation is the difference between the extreme value of the material handling costs obtained during the combination of the examined loading and unloading strategies:




	
Raw material movement cost: 1.95%;



	
Production material handling cost: 5.99%;



	
Material handling cost: 3.38%.








For the whole simulation, the sequence of entry and removal strategies between the calculation steps during the test is constantly changing, which confirms the impact and necessity of the defined logistical and economic indicators on optimization.



Based on the simulation performed, the lowest cost can be achieved with the version ‘1’ (nearest open storage—HIPO unloading). The highest cost was the ‘18’ (LOFO unloading) version.



As a result of the simulation, it can be concluded that the established system can be used to select the optimal material handling strategy for the demand-driven storage system. As mentioned earlier, a detailed description of the initial data tables and a presentation of the entire simulation process can be found together in [66].




5.4. Outline the Limitations of the Simulation Framework and the Significance of the Results Obtained


The presented test method was developed to determine the optimal material handling strategies of the warehouses in one site integrated with production. These tests can be applied to companies that have a raw material and a finished product warehouse at the site. It will be necessary to extend the model in case there are several raw material warehouses and/or finished product warehouses at the company’s site, and it is necessary to introduce a new type of operation in addition to the specified 10 types of material handling operations.



Based on this, it can be stated that an extremely widely applicable test method has been developed, which can be easily improved if necessary.



As a result of the simulation, it can be demonstrated that the material handling strategy has an impact on material handling costs and ensures the selection of the appropriate cost-effective strategy, providing significant cost savings and predictability for companies using the model.



A significant advantage of applying the test method is that the long-term fixed material handling strategies used so far can be reviewed in a short time, so we can take a significant step toward more efficient company operations.





6. Summary and Conclusions


The efficiency of the market and the difficult and only short-term planning of end-user demand pose an increasing risk to industrial actors and companies. Most industry players are adapting to the new market environment for sustainability, and this adaptation involves reallocations of available financial envelopes, significant cost reductions, austerity, and ultimately restructuring. These listed methods cost a significant amount of internal energy within the company—and while the company focuses on solving its internal problems, it lags behind its competitors. Any reorganization will reduce performance in the short term as previously established information channels change and/or disappear.



For the above reasons, any method or procedure that helps to determine and plan the expected costs based on the available data, relying on the possibilities provided by the Industry 4.0 concept, is therefore a significant help to companies. Adaptation to changed needs can be achieved based on exact data and methods. Perhaps even more importantly, any new method needs to focus on the environmental sustainability of the processes at least as much as on cost optimization, for the reasons outlined in the introduction of this paper.



The developed procedure can be applied to production companies to select a cost-optimized warehousing strategy through the minimization of raw materials and energy usage, taking into account the value of committed capital and investment opportunities in the business plan, ensuring plannability and predictability in terms of costs incurred while lowering the overall ecological footprint the logistics operations.



Possible use of results:




	
The warehousing model can be customized for production companies;



	
The developed procedure is demand driven, and these needs can be tailored to the individual;



	
The needs extend to the handling of raw materials, production, and finished products;



	
The number of customer forecasts used in business planning can be used as the main input data;



	
The elaborated multi-step cost-prescribing procedure is easy to implement;



	
The basis of optimization is the material handling path;



	
The model can often be run in search of an optimum;



	
By changing the initialization status, you provide an opportunity to reduce costs while choosing the optimal strategy.








The developed test method results in an increase in process efficiency in the field of warehouse material handling. This contributes to reducing the number of resources required, and thus to increasing sustainability. Due to its complexity, the established system includes many possibilities for further development. The primary option is to program the model and create the interfaces needed to adapt it to ERP systems. This allows for an in-stream and online optimal search. Of course, the need for this must be considered, as it is not possible to change the loading and unloading strategy from day to day.



A significant improvement opportunity is the possibility of re-storage during loading and unloading. This means that in the case of fixed storage, the storage of the remaining material after removal is not stored in the same place as storage before removal. In this case, a new fixed storage space is defined, which, for example, makes it possible to reduce the travel path and thereby dynamically smoothen the overloaded periods, as opposed to the static smoothing of the developed model, in order to achieve further cost optimization.



More development opportunities:




	
Extend the model to a production company with no attached warehouse;



	
Extend optimization to human capacity planning;



	
Increase the number of handling operations (more than 10);



	
Avoid static pre-leveling;



	
Develop applicability to automatic warehouses.








The presented test method was developed to determine the optimal material handling strategies for the warehouses. The method manages production and warehousing processes in an integrated way. These tests can be applied to companies where there is one raw material warehouse and one finished product warehouse at the examined site. It will be necessary to extend the model for cases where there are several raw material warehouses and/or finished product warehouses at the company’s site, and in addition to the specified 10 types of material handling operations, it is necessary to introduce a new type of operation. The implementation of this extended testing program can help in the finalization of certain aspects of the method; for example, it can help in determining the optimal number of examined versions during the optimization process. Another feature that would be necessary for the full applicability of the method would be the quantification of the energy usage in the model, as currently, we can only qualitatively determine that the optimal solution is also the most energy efficient and environmentally sustainable one (based on the fact that it requires the least amount of material handling work and raw material stock). The authors hope that with the further development of the model, these remaining questions can be easily answered.



Together with the few mentioned areas which could be elaborated further in the future, overall, it can be stated that an extremely widely applicable test method has been developed, which can be easily improved if necessary. It should be noted that in addition to the development of the test method, we also laid down the theoretical foundations for a possible combination of warehouse management strategies, which could be the subject of new research.
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Figure 1. Main parts of the elaborated model (authors’ own). 
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Figure 2. Relationship between picking and picking processes and picking and picking strategy (authors’ own). 
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Figure 3. Arrayed form of the system model implementing the method (authors’ own). 
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Figure 4. Concept of selecting an optimal material handling strategy driven by demand (authors’ own). 
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Figure 5. Data structure of the system for selecting an optimal material handling strategy (authors’ own). 
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Figure 6. Warehouse layout model (authors’ own). 
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Figure 7. Cost elements and its contexts (authors’ own). 
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Figure 8. Schematic structure of load functions (the related process definitions for the abbreviations in the leftmost column can be found in the identical rows of the ‘Process designation’ column) (authors’ own). 
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Figure 9. Demand-driven optimal strategy cost elements and context (authors’ own). 
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Figure 10. Demand-driven optimal storage system database structure (authors’ own). 
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Figure 11. Relationships between handling cost performance and control mode (the related process definitions for the abbreviations in the leftmost column can be found in the identical rows of the ‘Process designation’ column) (authors’ own). 
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Figure 12. Warehouse system structure (authors’ own). 
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Table 1. Summary of the results of the mathematical simulation performed.
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	V. Version Number
	Loading

Process
	Unloading Process
	Y1V
	Y2V
	Y3V
	Y4V
	Y5V
	C





	1
	Load for nearest open storage
	HIFO

Unloading
	0.9672
	0.9360
	0.9360
	0.8982
	1
	4.7374



	3
	Fixed storage loading
	HIFO

Unloading
	0.9721
	0.9455
	0.9455
	0.8982
	1
	4.7613



	2
	Loading by class
	HIFO

Unloading
	0.9723
	0.9459
	0.9459
	0.8982
	1
	4.7623



	4
	Randomloading
	HIFO

Unloading
	0.9756
	0.9522
	0.9522
	0.8982
	1
	4.7781



	7
	Randomloading
	FIFO

Unloading
	0.9764
	0.9538
	0.9538
	0.9174
	1
	4.8013



	6
	Fixed storage loading
	FIFO

Unloading
	0.9804
	0.9618
	0.9618
	0.9174
	1
	4.8215



	8
	Loading by class
	FIFO

Unloading
	0.9797
	0.9603
	0.9603
	0.9174
	1
	4.8177



	5
	Load for nearest open storage
	FIFO

Unloading
	0.9828
	0.9664
	0.9664
	0.9174
	1
	4.8329



	13
	Fixed storage loading
	LIFO

Unloading
	0.9868
	0.9743
	0.9743
	0.9469
	1
	4.8823



	10
	Load for nearest open storage
	LIFO

Unloading
	0.9878
	0.9762
	0.9762
	0.9469
	1
	4.8872



	14
	Fixed storage loading
	FEFO

Unloading
	0.9883
	0.9772
	0.9772
	0.9534
	1
	4.8960



	9
	Randomloading
	LIFO

Unloading
	0.9909
	0.9824
	0.9824
	0.9469
	1
	4.9025



	12
	Loading by class
	LIFO

Unloading
	0.9918
	0.9842
	0.9842
	0.9469
	1
	4.9070



	15
	Load for nearest open storage
	FEFO

Unloading
	0.9875
	0.9756
	0.9756
	0.9534
	1
	4.8921



	11
	Randomloading
	FEFO

Unloading
	0.9923
	0.9851
	0.9851
	0.9534
	1
	4.9159



	16
	Loading by class
	FEFO

Unloading
	0.9942
	0.9889
	0.9889
	0.9534
	1
	4.9253



	19
	Fixed storage loading
	LOFO

Unloading
	0.9957
	0.9917
	0.9917
	1.0000
	1
	4.9791



	17
	Loading by class
	LOFO

Unloading
	0.9984
	0.9971
	0.9971
	1.0000
	1
	4.9927



	20
	Randomloading
	LOFO

Unloading
	0.9985
	0.9973
	0.9973
	1.0000
	1
	4.9930



	18
	Load for nearest open storage
	LOFO

Unloading
	1.0000
	1.0000
	1.0000
	1.0000
	1
	5.0000
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