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Abstract

:

The concept of sustainable transportation of goods as the primary paradigm for designing contemporary logistics systems assumes the use of energy-efficient and affordable modes of transport in a way that guarantees the most cost-efficient variant of the delivery scheme. That especially applies to road transport deliveries, where the number of alternatives for organizing the transportation process is numerous and the choice of the optimal solution is complicated by the multiple stochastic influences of the environment on the technological processes. In this paper, we contribute to solving the problem of shaping the sustainable delivery schemes by proposing an approach to shape the complete set of alternative transport and technological schemes for packaged cargo delivery by road transport. The developed mathematical model allows estimating the efficiency of each alternative delivery scheme for the given request and chooses the best variant that minimizes the total costs of all participants in the delivery process. The proposed algorithms are implemented in the C# programming language within the frame of a class library for modeling transport delivery processes. A case of transport processes for Delivery Ltd. (Kharkiv, Ukraine) is applied to illustrate the procedure of using the developed approach to choose the optimal transport and technological schemes for long-distance deliveries. As the result of simulating the goods transportation processes, we show the regression models that represent dependencies of the total costs for the implementation of a delivery scheme from the parameters of demand for the transportation of goods. These regression models allow estimating the most efficient delivery schemes based on the functional analysis of the obtained dependencies for the given demand parameters.
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1. Introduction


The contemporary paradigm of transportation systems development is based on sustainability principles. The servicing technological operations performed by the participants of a delivery process should be planned and implemented in a way that guarantees the minimum of harmful impact on the environment (ecological dimension), while the resources used for performing the servicing operations should be saved (economic dimension), and the quality of the service should stay at the satisfying level (social dimension) [1]. According to the concept of sustainable transportation, in that case, the ability of transport companies to maintain the servicing process continuously over time will not be jeopardized.



Although sustainable transportation usually refers to city logistics and last-mile deliveries [2,3,4], the optimization of logistics chains at the macro level allows for improving the servicing processes considering the main aspects of sustainable development of technological systems.



The technology of the cargo delivery process we define as a technique for the implementation of the transportation process by representing it as a system of consecutive and interlinked operations. These operations should be implemented to guarantee the highest efficiency of the delivery process for the given demand parameters and delivery conditions. Planning and implementation of the process of the packaged cargo (PC) delivery are based on transport and technological schemes of delivery (TTSD) that are quite complex due to the specific features of the transportation process.



The transportation process consists of numerous technological operations performed in most cases by different contractors (forwarding companies, freight terminals, transport companies, customs brokers, and others). The way these operations are implemented depends on the set of numeric parameters that characterize the client’s requirements and the decisions made by the delivery operator (usually a dispatcher of a forwarding company that coordinates the delivery process). In practice, as a rule, no complete set of alternative delivery schemes is being analyzed for defining the optimal variant of servicing a given request for delivery: operators of transport and forwarding companies use traditional structures of logistic chains depending on the delivery region or the type of cargo, whereas the choice of the optimal scheme would provide the maximal cumulative effect for all the entities participating in the delivery of a consignment. That substantiates the relevance of this study: to consider the complexity of the technology of the cargo delivery process while choosing the delivery scheme, the corresponding methodology should be proposed allowing decision-makers to choose the best possible way of delivering the consignment.



The existing practical and theoretical approaches to substantiating the delivery scheme are based on the choice of the best variant out of a restricted set of possible solutions. Such a way of planning does not guarantee the determination of the best possible technology for servicing a request for cargo delivery. The complete set of alternative solutions should be analyzed to determine the optimal delivery scheme, which is not always achievable in real-world conditions due to the complexity of the technological process: the number of basic technological operations and the number of alternative ways of performing each of these operations yield such a number of alternatives that their applicability and efficiency cannot be estimated in real-time. That justifies the necessity of the current study: the use of the method that analyzes the complete set of alternative technological schemes would eliminate the non-optimality of decisions made by transport operators. Its implementation would serve as the key component for decision-support tools used by the dispatchers of freight forwarding companies to determine the optimal technology for the delivery process.



The process of cargo delivery is a complex stochastic process due to the influence of many random factors on technological operations. To consider the random nature of the transportation process, the simulations of the servicing operations are performed while assessing the efficiency indicators for the given parameters of demand for deliveries and the structure of the technological process [5]. As the result of the servicing process in transport being random as well, after completing a series of simulations, the outputs are analyzed as stochastic variables based on the corresponding samples of the performance indicators. For these purposes, specialized software should be developed that implements a used approach to the optimization of a logistics system, because performing the simulation and analyzing the results in a not-automized way is not productive and not applicable for real-world situations.



The goal of this paper is to present the developed approach to choosing the optimal technology of packaged cargo delivery by road transport. We focus on long-distance deliveries of packaged cargo, as that type of TTSD has many more alternatives compared with short-distance deliveries.



While completing the research tasks, the following methods were used within the study presented in this paper:




	
the theory system methods to formulate the problem of choosing the optimal TTSD structure;



	
the queueing theory methods to represent the demand model as a flow of requests for deliveries of packaged cargo;



	
the graph theory to represent the approach to shape the full set of alternative TTSDs for the given structure of a logistics chain and to define the optimal TTSD;



	
the principles of the object-oriented programming to simulate the processes of servicing the flow of requests for deliveries of packaged cargo;



	
the methodology of the regression analysis to define the functional dependencies between the efficiency criterion and the parameters of demand for cargo deliveries;



	
the functional analysis methods to define the areas of the most efficient use of the alternative TTSDs.








The paper has the following structure: the most relevant approaches to shaping the delivery process of packaged cargo by road transport are discussed in the Section 2; in the Section 3, the mathematical model for substantiating the optimal TTSD is briefly described and the problem of shaping a complete set of alternative cargo delivery schemes is formulated; the Section 4 depicts the algorithm proposed for solving the stated problem; the Section 5 introduces an experimental study based on the real-world data provided by Delivery Ltd. (Kharkiv, Ukraine); the Section 7 offers brief conclusions and directions of future research.




2. Literature Review


The main objective of cargo delivery optimization is usually defined as the minimization of the use of resources regarding the delivery in terms of sustainability principles. This goal can be achieved when the cargo delivery system is considered as a logistics system considering the principles of integrated logistics, based on the consolidation of all participants in the delivery process to ensure the continuity of material flows and related information and financial flows. As the experience of developed countries shows, the use of logistics principles in practice reduces the overall delivery cost by up to 35%, accelerates the turnover of material resources to 40%, and reduces stocks of ready products in some cases even up to 100% [6]. Especially that concerns the last-mile deliveries as—traditionally—this the least efficient stage of the supply chain and comprises up to 28% of the total delivery cost [7].



Most of the existing approaches to implement long-distance delivery consider the use of contemporary information and communication technologies (ICT) for logistics [8,9,10,11,12]. Freight transport companies use an increasing number of applications based on ICT to improve the performance of their technological processes: dedicated Internet applications in logistics parks, for cargo owners, for truck management, for drivers, for transportation enterprises, and intercity distribution [10]. Predominantly, these applications provide a mechanism that automatically matches the consignor’s demand and the carrier’s supply based on mobile Internet. It enhances the use of empty trucks’ distances and improves the average vehicle load, which leads to an improvement of efficiency and a decline in carbon emission in the freight industry considered as the major contributor of greenhouse gas emission into the atmosphere [13,14]. These approaches were implemented in several countries, for example, in Great Britain [8], China [10], Colombia [11], and others.



The problem of decreasing empty trucks’ distances is relevant both from the environmental point of view and to improve the efficiency of freight transport. Such tasks relate to vehicle routing problems and are particularly important due to the imbalance in intercity freight demand for different countries [15,16,17,18,19]. The issues of vehicle routing related to equilibrium assignment techniques are considered in [20,21,22]; the problems of transportation network design are discussed in [23,24]. An extension of the classical vehicle routing problem is the pollution-routing problem that accounts not just for the travel distance, but also for greenhouse emissions, fuel, travel times, and their costs based on eco-routing methodology [25,26]. Another example is truck platooning which enables trucks to automatically follow the lead vehicle while maintaining minimal headway to reduce fuel consumption and minimize the burden imposed on drivers [16,27,28,29,30].



In the existing practice of the organization and implementation of long-distance deliveries, the services of freight forwarding companies are usually used [31,32]. As a rule, freight forwarders (FF) perform long-distance deliveries by using their own fleet, a fleet of local transport companies, or vehicles of other contractors—carriers that are located in the area of operations of the particular FF [33]. International forwarders often have their own freight terminals, means of transport for both long-distance and local transportation, loading and unloading equipment. At the same time, while organizing the delivery of packaged cargo, the key issue is to identify the most efficient transport and technological scheme of delivery [34], not necessarily involving their own production resources. Long-distance deliveries are characterized by a high level of customer requirements for the transportation speed, operational costs, the availability of additional services, and the reliability of the transport companies.



The completed analysis of practical and theoretical approaches to increase the efficiency of long-distance cargo deliveries demonstrates the need to develop the appropriate mathematical models and algorithms to enhance the efficiency of the transport process. In the recent literature, authors insufficiently discussed issues of increasing the efficiency of long-distance cargo delivery regarding the direction of shaping the technology of the delivery process, considering the stochastic nature of the transportation processes. Mainly, the recent scientific publications aim to solve the problem of choosing the best option from the set of known alternatives [35,36,37,38,39]; these approaches focus on the methods to perform certain organizational measures, wherein the optimization is based on the enumeration of some basic technological elements—the modules of the delivery process. To date, there are no integrated approaches to shaping the PC delivery technologies that consider the complete set of alternative delivery schemes.




3. Mathematical Model for Shaping the Optimal Schemes of Packaged Cargo Delivery


The chosen delivery scheme has a direct effect on the efficiency of the process of long-distance delivery of packaged cargo by road transport [40,41,42,43]. Only if the TTSD is selected from the complete set of alternatives is the scheme considered as the optimal one. Such approach allows obtaining the maximum cumulative effect for all delivery process participants (usually presented as the minimum total costs of all entities involved in the delivery process).



The structure of a logistics system (LS) for packaged cargo deliveries is usually implemented based on one of four basic structures of the logistic supply chain (LSC). These structures describe the main types of interaction between all participants of the long-distance delivery process following their interests and capabilities [33]. The first LSC type (LSC1) describes a direct delivery without a freight forwarder. The second type (LSC2) is a delivery with a freight forwarding company involved. The third type (LSC3) indicates delivery through a freight terminal with carriers of two types participating (a carrier from the consigner to a terminal and a carrier that delivers a load from a terminal to a consignee). The fourth delivery structure (LSC4) involves two terminals, one of which is located in the consignor operation area and the second one in the consignee operation area, and three types of carriers (a carrier that delivers a consignment from a consignor to the first terminal, from the second terminal to a consignee, and the interterminal carrier). For each of the described basic structures, the set of TTSD alternatives can be proposed.



A logistics system serves a flow of requests for cargo deliveries and can be represented as the set   L S   containing a cargo owner   F O  , carriers    { C }   , a freight forwarder   F F  , and freight terminals    { T }   :


  L S = 〈 F O ,  { C }  , F F ,  { T }  〉  



(1)







The loop of functional links that defines the process of shaping the technological schemes for long-distance delivery of packaged cargo by road transport, shown in Figure 1, contains the following input parameters:




	
the consignment weight  Q , [tons];



	
the delivery distance  L , [km];



	
the time interval between the moments of current request reception and the reception of the next request in a flow  I , [hours];



	
Boolean variables that characterize the following conditions to be fulfilled while servicing the request for cargo delivery:



	∘

	
just-in-time delivery    P t   ,




	∘

	
the necessity of cargo consolidation    P c   ,




	∘

	
the return of empty transport containers to a freight owner    P r   ,




	∘

	
loading and unloading (LU) by freight owner without the use of services provided by contractors    P  l u    ,




	∘

	
the delivery by using the freight owners’ transport    P  t r    ,




	∘

	
the availability of a cargo processing area at a freight owner’s premises    P  c p    ,




	∘

	
the type of package   O C R  ;







	
the external model factors    { z }   ;



	
the set of specific characteristics of participants of the delivery process conditioned by assumptions and limitations.








The analysis of the existing criteria of efficiency shows that the most appropriate criterion for the choice of the PC delivery scheme is the total costs of all participants of the delivery process as the elements of the efficiency criterion of the logistic system. It is supposed that the total cost of all serviced requests is the efficiency criterion suggesting that a single LSC structure is used to service a single owner’s request for the cargo delivery. The efficiency criterion    C  L S     can be defined as follows:


   C  L S   =   ∑   i = 1    N R     C  L S C i   =   ∑   i = 1    N R     (   C  F O i   +  C  F F i   +   ∑   p = 1    N  C i      C  C p i   +   ∑   y = 0    N  T i      C  T y i    )  → min ,  



(2)




where    C  L S C i     is the cost of servicing of the i-th request for delivery (UAH);    C  F O i    ,    C  C p i    ,    C  F F i    , and    C  T y i     are expenses of freight owners (consignors and consignees), carriers, freight forwarding companies, and freight terminals, respectively, that are involved in servicing of the i-th request for delivery (UAH/request);    N  C i     is the number of carriers involved in the servicing of the i-th request;    N  T i     is the number of all freight terminals involved in delivery of the i-th request,    N R    is the number of requests per the considered period of time.



The procedure of choosing the optimal TTSD consists of two interrelated processes: 1—the process of forming sets of alternative transport and technological cargo delivery schemes    { S }   ; 2—the process of estimating the effectiveness of alternative schemes and choosing the optimal scheme    T  o p t    .



Additional characteristics of freight owners describe the following parameters:




	
the availability of empty shipping containers and their technical characteristics;



	
the availability of the required vehicles and the corresponding technical and economical characteristics of the available fleet;



	
the information on the availability and characteristics of loading and unloading (LU) facilities;



	
the information on the availability and characteristics of equipment for packaging, labeling, and documentation;



	
the information related to the cost of the cargo temporary storage operations performed by a freight owner;



	
data on the costs associated with staff salaries, bank transfers, communication services, and depreciation in the case of the independent servicing of the request for cargo delivery.



	
Characteristics of a freight forwarder include:



	
data on the availability of the required vehicle and its technical and financial characteristics;



	
data on the number of workers of all required work types involved in the implementation of a request for delivery;



	
data on the cost of servicing operations performed by workers involved in the servicing process;



	
data on the costs associated with the request implementation;



	
the profitability level.



	
Characteristics of a freight terminal are the following:



	
the availability of shipping containers and the corresponding technical characteristics of the facilities;



	
the information on the availability of the LU facilities and the corresponding parameters of the facilities;



	
data on the cost of involved workers and other activities related to the handling of cargo at the terminal;



	
the information on the availability and characteristics of equipment for packaging, labeling, and supporting documentation;



	
the cost of temporary cargo storage;



	
the tariff for the processing of a consignment.








The characteristics of a carrier as a contractor include data on the availability and performance of required vehicles and data on the operating costs of vehicles of the required type, and tariffs for the transport operations (for 1 ton-km for cargo transportation and 1 km for empty containers’ transportation).



The characteristics of an LU contractor include data on the availability and parameters of LU facilities, data on the number and the work cost of workers involved in LU operations, and the tariff for loading and unloading operations.




4. Algorithm for Shaping the Optimal TTSD for Long-Distance Deliveries of Packaged Cargo


As the main conceptual idea for justifying the optimal TTSD, we propose to define graph models, where the nodes represent alternatives for the delivery conditions and technological operations and the edges link consecutive nodes with the edge weights representing costs of operations. In that case, the complete set of TTSDs should not be listed to choose the optimal alternative: the shortest path on the graph will define it.



4.1. Models for Shaping the Complete Set of Alternative TTSD


Based on the analysis of modern approaches to the formalization of the cargo delivery process, we have formed the core list of elementary technological operations that could be implemented to deliver a consignment. The options of encoding for events due to the elementary operations of the technological process are introduced in the following format: response (event)—code—a summary of the option (event) characteristics.



The following events should be considered:




	
consultations with freight forwarding companies: a1—completed, a2—did not take place;



	
the evaluation of the possibility to serve the request by the company’s own vehicles: b1—completed, b2—did not take place;



	
a search at the logistics website: c1—took place, c2—did not take place;



	
providing the information at logistics websites: d1—completed, d2—did not take place;



	
the analysis of alternatives: e1—performed, e2—not performed;



	
a coordination of rates with the carrier: f1—took place, f2—did not take place;



	
a coordination of rates with the cargo owner: g1—took place, g2—did not take place;



	
transportation characteristics: aa1—a consignment as a single cargo, aa2—a consignment as a cargo in the consumer packaging, aa3—a consignment as a single cargo loaded on a pallet or in a container, aa4—a consignment as a cargo in the packaging provided by a consumer;



	
the availability of consumer packaging: ab1—available, ab2—not available;



	
the availability of packing means: ac1—available, ac2—not available;



	
a return of shipping tare: ad1—took place, ad2—did not take place;



	
the availability of LU facilities: ae1—available, ae2—not available;



	
the labeling applied: af1—automated, af2—manual;



	
the paperwork operations: ag1—automated, ag2—manual;



	
the labels’ reading: ai1—automated, ai2—manual;



	
required vehicle body type based on the cargo transport characteristics: ak1—van, onboard general-purpose vehicle (tented), ak2—other;



	
the availability of the required vehicle type: al1—available, al2—not available;



	
the loading and unloading scheme of a vehicle: am1—from the rear side of the vehicle, am2—from the sides, am3—combined;



	
the required scheme for the vehicle loading: an1—from the rear side of the vehicle, an2—from the sides, an3—combined;



	
the required scheme for the vehicle unloading: ao1—from the rear side, ao2—from the sides, ao3—combined;



	
the availability of a cargo processing area: ap1—available, ap2—not available;



	
the type of the used packaging method: aq1—mechanized, aq2—manual;



	
the warehouse recycling operations: at1—no need, at2—the consolidation of cargo units is required, at3—the reconfiguration of a cargo unit is required, at4—the disbanding of the cargo unit is required.








We represent the model of the full variant set of technological schemes of PC delivery as graphs for the four basic LSC structures (Figure 2 and Figure 3). The nodes in the shown graphs represent the alternative events and options for technological operations listed above. The attributes of the nodes are the same as the labels of the corresponding events. The graph nodes are connected by the edges in case the corresponding option of the next operation is available. The weights of the edges represent the costs of operating when the option associated with the node is applied.



The complete set of all paths from the top event (“Request is received”) to the end event (“Request is serviced”) can be obtained based on the presented graphs. To define the shortest path from the initial to the final node, Dijkstra’s algorithm may be used [44]. An example of graphical implementation of the optimal TTSD choice for two requests for cargo delivery with different initial characteristics is shown in Figure 3.




4.2. Algorithm for Defining the Chains of Minimum Length


The algorithm for creating chains of minimum length corresponding to the optimal TTSD for long-distance delivery of packaged cargo is shown in Figure 4. Input parameters of the model are graph nodes characterizing variants of events caused by technological operations ( n  is the total number of vertices). The weights of the edges of the graph  E  represent the operation costs of implementing the associated technological operations. The array  c  contains the number of graph nodes and the weights of the edges (path) for the  p -th element of the array and after applying Dijkstra’s algorithm includes the shortest path. The parameter   x n   is the code of the initial vertex, and   x k   is the code of the final vertex. The elements of the array   t e m p  [  x n  ]    equal 0 when the corresponding path is temporarily considered and take the value 1 when the path is accepted. The array   p a t h   contains the collections of nodes representing alternative paths.



The proposed algorithm for creating chains of minimum length allows choosing the optimal TTSD that minimizes the total costs of all participants in the delivery process.





5. Case Study: Shaping the Optimal Schemes for Long-Distance Delivery of Packaged Cargo by Road Transport in Ukraine


The presented approach to the formation of the optimal delivery schemes was used to minimize the total costs of all participants in the delivery process in Ukraine for the requests for deliveries serviced by the Delivery Ltd. company (Kharkiv, Ukraine). This case was chosen to illustrate the calculative abilities of the model and the respective software in the example, which does not require many resources: the territory of Ukraine is divided into 26 zones. The delivery distances for the flow of the requests range from 50 to 1500 km. Only requests for package cargo deliveries were considered.



To consider all possible combinations of input parameters that influence the choice of the optimal TTSD scheme, we developed the full factorial experiment. The plan of the computational experiment can be represented with the matrix that consists of 2048 series (Table 1) and the levels of variation for ten input parameters (Table 2).



The developed approach to justifying the optimal TTSD was implemented in the C# programming language within the frame of a class library TransportationServicesMarket.dll for modeling of cargo transport processes (the source code is available at [45]). The class library is developed in the environment of Microsoft Visual Studio.Net. The library allows us to describe the entities of the freight delivery market and the processes of their interaction within supply chains at different levels. The developed computer program estimates the variants of technological delivery schemes for the request with given characteristics and consistently saves the optimal TTSD and its characteristics in the data file. The optimal TTSD is represented as a sequence of elementary technological operations required for the cargo delivery process that is characterized by the minimum total costs for servicing the request.



As a result of running the developed program, the best TTSD variant is chosen from the full set of alternatives. An example of using the software implementation of a delivery process is shown in Figure 5, demonstrating the results of shaping the optimal TTSD for the LSC1 structure of a supply chain. The costs of performing the technological operations defined as weights of the graph edges are obtained as the output of the simulation model that considers parameters of technological operations as random variables. Based on the evaluated weights of the graph links, the matrix of the shortest distances in a network is evaluated for the graph considered as such the network. The nodes marked with 0 and 1 represent the beginning and finish of the servicing procedure. Hence, the shortest path from 0 to 1 will represent the optimal delivery scheme obtained as the result of simulations for given request parameters. Figure 5 shows the fragment of the shortest distance matrix and the shortest path from the node 0 to the node 1.



As a result of the simulation experiment carried out according to the developed plan, we obtain the data set consisting of 2048 combinations of possible values of technological parameters with the corresponding total delivery cost.




6. Analysis of the Experimental Results and Discussion


Based on the obtained results of simulations, the regression analysis was performed by using the MS Excel tools for data processing. The determination of the functional dependences of total costs from the input parameters has been carried out for each of the transport and technological structures in the following order:




	
shaping the alternative hypotheses about the functional dependencies;



	
estimating the coefficients of regression models to check the hypotheses;



	
evaluating the adequacy of the obtained regression models and choosing the most adequate one (based on the highest value of the determination coefficient).








The results of the regression analysis have shown that the linear model is the most appropriate (has the highest value of the determination coefficient) for the LSC1 structure of a logistic chain predominantly, and for other structures of a logistic chain, the most appropriate hypothesis is the power model with a free regression coefficient equal to 1. However, the set of the statistically significant (for the significance level of 5%) parameters influencing the total costs was different for the considered logistic chain structures. For example, the consignment weight, the delivery distance, the time interval between the requests in a flow, and the type of cargo were the most significant parameters for the LSC1 structure of a logistic chain:


   {       C  L S   1 − 065   = 182.6702 ⋅ Q + 3.3215 ⋅ L        C  L S   1 − 069   = 265.8916 ⋅ Q + 3.2999 ⋅ L + 5.1150 ⋅ I        C  L S   1 − 070   = 247.0692 ⋅ Q + 3.2984 ⋅ L + 6.2784 ⋅ I        C  L S   1 − 194   = 11.4183 + 203.3974 ⋅ Q + 3.2583 ⋅ L + 4.5959 ⋅ I        C  L S   1 − 197   =  Q  0.1645   ⋅  L  0.4309   ⋅  I  4.1662          C  L S   1 − 198   =  Q  0.1608   ⋅  L  0.4497   ⋅  I  4.0468          



(3)




where    C  L S   1 − 065    ,    C  L S   1 − 069    ,    C  L S C   1 − 070    ,    C  L S   1 − 194    ,    C  L S   1 − 197    , and    C  L S   1 − 198     are the total delivery costs for using the TTSD with the structures 1-065, 1-069, 1-070, 1-194, 1-197, and 1-198 (UAH/ request).



The used coding of the TTSD structures should be interpreted in the following way:




	
1-065: direct delivery of cargo as a single consignment; load and unload performed by a client without cargo consolidation; a cargo processing area is available at the freight owner’s location; labeling operations and paperwork are automated;



	
1-069: direct delivery of cargo as a single consignment without cargo consolidation operations; load and unload performed by a contractor; a cargo processing area is available at the freight owner’s location; labeling operations and paperwork are automated;



	
1-070: direct delivery of cargo as a single consignment; load and unload performed by a freight owner without consolidation; a cargo processing area is not provided by a freight owner; labeling operations and paperwork are manual;



	
1-194: direct delivery of a consignment as in the consumer’s container; load and unload performed by a freight owner without consolidation; a cargo processing area is available at the freight owner’s location; labeling operations and paperwork are manual;



	
1-197: direct delivery of a consignment loaded on a pallet by a freight owner; load and unload performed by a contractor; a cargo processing area is not provided by a freight owner; labeling operations and paperwork are manual;



	
1-198: direct delivery of a consignment loaded on a pallet by a freight owner; load and unload performed by a contractor; a cargo processing area is available at the freight owner’s location; labeling operations and paperwork are automated.








The dependences of the total costs of all delivery participants on the consignment weight structure based on the regression models for the set of the optimal variants of TTSD obtained for the LSC1 are shown in Figure 6. For the graphs presented in Figure 6, the delivery distance is 775 km and the time interval between the requests in a flow equals 6.2 h (average values of these parameters for the flow of requests serviced by the Delivery Ltd. company).



The analysis of the obtained results suggests that for the considered ranges of the input parameters’ values, the areas of the most effective use of the TTSD structures could be distinguished. These areas can be defined for each of the numeric parameters of the requests flow. Table 3 contains an example of the areas of the most effective TTSD use depending on the consignment weight. The presented results consider four structures of LSC described in Section 3 of this paper.



The synergistic effect from the management decision to justify the best cargo delivery scheme was assessed relative to the totality of all alternative TTSD variants as a weighted average, considering the significance (in terms of total costs) of each of the alternative variants. The numeric results are shown in the last column of Table 3.



The share of the synergistic effect for different types of entities participating in the delivery process was defined based on the weighted average costs for participants of the given type. The numeric results obtained based on the optimization results for the Delivery Ltd. company are shown in Table 4.



By analyzing the dependence of total delivery costs on the delivery distance for the set of obtained optimal TTSDs separately for each of the LSC structures, we can emphasize that the choice of the TTSD for each request should be performed by considering the set of the following conditions:




	
the numeric parameters of the requests flow should be evaluated to propose the stable TTSD structures;



	
the possibility of involvement in the delivery process of a partner freight forwarder or a freight terminal should be assessed preliminarily;



	
the availability of production resources for each of the participants (freight owner, partner forwarder, carriers) should be checked.








The developed approach to choosing the optimal TTSD can be used as the module in the frame of the decision-support system for transport operators: as far as the complete set of delivery schemes should not be defined to justify the optimal variant, the response of the proposed method will be fast enough to use it in real-world conditions. For the flows of requests for cargo delivery with stable numeric parameters, the concept of the areas of the most effective use of TTSD structures may be applied: the optimal delivery scheme could be chosen based on the consignment parameters (weight, delivery distance) and the preliminarily assessed ranges of these parameters where the TTSD structure is the best possible option. That determines the practical applicability of the proposed approach: the decision-makers should not estimate the total expenses for each of the alternative structures of a logistics chain to choose the best one. The optimal structure may be determined based on the numeric parameters of a consignment if the request’s characteristics belong in the predefined area of the most effective use of the structure.



We recommend the following methodology of the practical application for the proposed approach to justify the optimal TTSD structure:




	
the parameters of demand for the given delivery cluster (group of clients distinguished by their geographical location, type of cargoes, frequency of orders, etc.) should be studied—the distributions of the demand parameters and the corresponding numeric characteristics should be defined;



	
for the known demand parameters, the computer simulations of the delivery process should be performed and the total costs of using the alternative TTSDs should be determined for the consignments generated for the given demand parameters;



	
the ranges of demand parameters where the alternative TTSD structures are the best possible option should be assessed (these ranges of the demand parameters define the areas of the most efficient use for the alternative TTSD structures);



	
the obtained areas of the most efficient use should be used by transport operators (preferably as the module of the decision-support system) to choose the structure of the delivery scheme while servicing the consignments for deliveries.









7. Conclusions


The developed model for choosing the alternative transport and technological schemes of the packaged cargo delivery process allows evaluating all possible variants of delivery schemes considering parameters of consignment and existing constraints. The developed methodology makes it possible to estimate the efficiency of each alternative delivery scheme for the given request for delivery and choose the best option that minimizes the total costs of all the participants in the delivery process. Our approach assumes the justification of the optimal delivery scheme based on the graph representing all the possible alternatives of the technological process, which allows avoiding the time-consuming operations of defining the complete set of alternative schemes.



In practice, the research results can be implemented by defining the optimal areas of the TTSD use or by using the developed methodology as the module of the decision-support system.



The effect of choosing the optimal TTSD scheme when servicing the request flow for long-distance delivery is synergistic. It can be obtained only through the interaction of the participants in the delivery process within a logistics chain. The synergistic effect is a random variable; therefore, it is required to simulate the process of service of requests for deliveries to evaluate the effect’s expected value. The use of the proposed approach to choose the optimal TTSD structure in real-world conditions could provide an effect from UAH 6000 up to UAH 32,000 per one request for delivery. According to the simulation results, a freight owner benefits the most if the developed methodology is applied (the share of the effect for freight owners is up to 90%).



As the directions of future research, the following tasks should be mentioned:




	
the basic structures of the supply chains may be considered in a more detailed way (current research examines just the simplest structures);



	
studies for the wider range of input parameters should be carried out (the developed model allows considering numeric parameters not included in the plan of the performed simulation experiment);



	
the developed methodology should be applied to other types of cargo and types of transport.
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Figure 1. The loop of the process of shaping the technology of long-distance delivery of packaged cargo by road transport. 
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Figure 2. Graphs for shaping the complete sets of alternative TTSD for LSC1 (a), LSC2 (b), LSC3 (c). 
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Figure 3. A graph for shaping the complete set of alternative TTSDs for LSC4 (with the marked examples of the optimal schemes). 
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Figure 4. The algorithm for creating chains of the minimum length for justifying the optimal TTSD. 
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Figure 5. The example of the optimal TTSD obtained as the result of simulations for provided parameters of a request for delivery. 
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Figure 6. Dependences of the total costs on the consignment weight. 
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Table 1. A fragment of the matrix representing the full factorial experiment.
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Series of the Experiment

	
Level of Input Factor




	
   Q   

	
   L   

	
   I   

	
    O C R    

	
     P t     

	
     P c     

	
     P r     

	
     P  l u      

	
     P  t r      

	
     P  c p      






	
1

	
+1

	
+1

	
+1

	
+1

	
+1

	
+1

	
+1

	
+1

	
+1

	
+1




	
2

	
+1

	
+1

	
+1

	
+1

	
+1

	
+1

	
+1

	
+1

	
+1

	
–1




	
…

	
…

	
…

	
…

	
…

	
…

	
…

	
…

	
…

	
…

	
…




	
2047

	
–1

	
–1

	
–1

	
–1

	
–1

	
–1

	
–1

	
–1

	
–1

	
+1




	
2048

	
–1

	
–1

	
–1

	
–1

	
–1

	
–1

	
–1

	
–1

	
–1

	
–1
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Table 2. Bounds of input factors considered in the experiment.
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Bounds of Input Parameters

	
Input Factors




	
   Q   

	
   L   

	
   I   

	
    O C R    

	
     P t     

	
     P c     

	
     P r     

	
     P  l u      

	
     P  t r      

	
     P  c p      






	
–1

	
0.001

	
50

	
0.2

	
1

	
1

	
1

	
1

	
1

	
1

	
1




	
+1

	
30

	
1500

	
12.2

	
4

	
2

	
2

	
2

	
2

	
2

	
2
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Table 3. The results of determining the areas of the most effective use of the TTSD structures and the corresponding synergistic effects.
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LSC Type

	
Consignment Weight [tons]

	
Synergistic Effect [UAH/Request]




	
0.001

	
5

	
10

	
15

	
20

	
25

	
30






	
LSC1

	
1-198

	
1-194

	
1-194

	
1-194

	
1-194

	
1-194

	
1-194

	
20,097




	
LSC2

	
2-368

	
2-368

	
2-258

	
2-258

	
2-258

	
2-258

	
2-258

	
6005




	
LSC3

	
3-022

	
3-258

	
3-386

	
3-386

	
3-386

	
3-386

	
3-386

	
23,341




	
LSC4

	
4-014

	
4-386

	
4-258

	
4-258

	
4-258

	
4-258

	
4-258

	
32,114
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Table 4. The share of synergistic effect for types of entities participating in the delivery process.
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Type of Participants

	
LSC Structure




	
LSC1

	
LSC2

	
LSC3

	
LSC4






	
Freight owners

	
0.885

	
0.82

	
0.795

	
0.778




	
Freight forwarders

	
–

	
0.004

	
0.006

	
0.006




	
Carriers

	
0.115

	
0.176

	
0.082

	
0.097




	
Terminals

	
–

	
–

	
0.117

	
0.119
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