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Abstract

:

This research aims to solve the problem of the raw milk collection and transportation system which can be interpreted as a special case of the vehicle routing problem. In the proposed problem, the factory will send the trucks, multiple fleets composed of several compartments, to collect the raw milk from the raw milk farms. The objective of this research is to minimize the total transportation cost and the trucks’ and tanks’ cleaning costs. The transportation cost directly depends on the fuel usage. The fuel usage occurs during the transportation of the milk and during the waiting times when it arrives at the factory and cannot transfer the raw milk into the production tank. We develop the modified differential evolution algorithm (MDE) to solve the proposed problem. The original process of the Differential Evolution algorithm (DE) has been modified in two folds which are as follows: (1) In the recombination process, the 2nd order of trial vectors has been generated using 3 different strategies and compared with the 1st order trial vector; the better from the 1st and the 2nd order of trial vectors will move to the selection process. (2) The probability function has been used to select the new target vector from one of two sources which are the trial vector and the current target vector so that the worse solution can be accepted in order to increase the diversity of the original DE. The computational result shows that the modified DE (MDE) outperforms the original DE in finding a better solution.






Keywords:


vehicle routing problem; assignment problem; raw milk transportation; differential evolution algorithm; simulated annealing












1. Introduction


There are many real-world problems that are hard to solve by using the proposed methods. The vehicle routing problem (VRP) is one of the hard problems which are hard to solve but are very popular problems that researchers are interested in due to their ability to reduce a massive cost for the company. VRP has many variances due to the fact that when the problem is in different business sectors, it usually has some specific conditions which transform the original VRP into a special case VRP that makes it even harder to solve by using the proposed algorithms. An example of the real-world VRP problem is the raw milk transportation problem (RMTP). RMTP needs to use a transportation vehicle that has a cooling system [1]. Moreover, the vehicle which is used in the RMTP usually is composed of three compartments (see Figure 1) which are used to separate the milk from different farms; therefore, the quality of the raw milk will not affect the biochemical reaction which can occur from the mixing of the milks from different farms.



Figure 1 shows the multi-compartment truck which is used to transport the raw milk so the milk from different farms are not mixed and so that the milk retains their quality to be ready to produce high-quality milk products.



Furthermore, due to raw milk having a short shelf life, the transportation has to be executed within a time limitation. The farms that produce the raw milk can do so at only two times: between 05:00–8:00 and 16:00–19:00. Therefore, the production line has to manage good transportation so that all the milk will be transported at the right time. When the time zone is limited, the firm needs to send a truck to deliver the milk within the short timeframe. This generates a waiting queue in front of the production tank which has a limited capacity per round of production. The longer queue generates more fuel usage and finally increases the firm’s cost. This makes the problem become more difficult to solve.



All special characteristics occurring in the RMTP make the raw milk transportation problem more complex than the original VRP problems. These characters are as follows: (1) one vehicle has more than one tank (or it is called a truck with multiple compartments); (2) the quality of milk is maintained by using a cooling system in the transportation but allows the milk from different farms to be mixed but cannot exceed two farms in one tank to control the quality of the milk; (3) there are two times that are possible in which the milk can be collected from the farm; (4) the waiting time of the truck while it is waiting to load the milk into the production line is considered the cost term besides the transportation cost and the tank cleaning cost; (5) it is possible that one truck can go out to collect the raw milk more than one time per day; and (6) the truck can select the start working time which can reduce the waiting time in the queue while it is waiting to load the raw milk into the production line. These attributes make the raw milk transportation a special case of the vehicle routing problem (VRP).



The proposed problem aims to find the lowest operation cost which is generated from the traveling cost, milk storing cost and the cleaning cost of the tank which depends on many parameters such as the distance which is travelled from all routes, the waiting time of the truck waiting to load the milk into the production plant and the number of tanks which are used for all the plans.



This problem turns into a very hard problem to solve. This is due to the fact that the optimal solution which is needed for the problem has to have the following conditions: (1) the solution must generate the lowest transportation cost which depends on the fuel cost. The fuel cost is the cost that the trucks use to transport the raw milk and to operate the cooling system. Hence, the shortest route of the truck needs to be formed while the hold-up time in the queue when the truck is waiting to load the raw milk into the production line must be minimized. The waiting time of the truck depends on its start time and the route that is planned for a comeback in a good time so it has a minimal time to wait in the queue. The wait time consideration makes the problem much harder due to it having a very short time within the time zone; if the truck arrives at the farm later than the time zone, the quality of the milk will reduce and affect the production line. Also important is that (2) the solution must generate the lowest tank cleaning cost; therefore, the three compartments in a tank should be used as much as they can, but it is really free for the truck to collect the milk as much as it can because they are controlled by the time zones in which they are allowed to pick up the raw milk. The time zones mean the truck must arrive at the farms within a limited time. This is because the farmers start to produce the raw milk in two time zones. Also, when the milk is waiting too long in the farms, the quality of the milk will not be good enough for the production line. Therefore, the time zone is set from the duration of the start production time of the raw milk in the farm plus the time that the milk can wait until it is picked up and loaded into the tank.



Due to the difficulty of the proposed problem, an efficient mixed integer programming model is developed for small-size problems. Since the problem considered is an non polynomial hard problem (NP-hard problem), the computational effort, in general, required to find an optimal solution grows exponentially with the size of the problem. In order to find a near optimal solution for bigger problems, a meta-heuristic is developed. The Differential Evolution (DE) is developed to solve this problem. Due to the complexity of the problem, the DE has been improved to increase the search capacity and makes it possible to transform the real number, which is the traditional fashion of DE mechanisms, into the solution of the proposed problem. The DE has been modified in the following ways: (1) it designs the new decoding methods for the proposed problem; (2) it designs three local search techniques to use in the DE to increase the intensification search of the DE and (3) the new selection rule has been invented to make the DE deviate from the local optimal.



This paper is categorized into six sections and organized as following. Section 1 is the introduction which gives the overall outlook, motivation and innovation of the article to the reader. Section 2, the intensive review of the article, will reveal enough background of the problem and method while in Section 3, we present the mixed integer programming representing the propose problem. Section 4 represents the proposed method while Section 5 shows the computational result and framework and Section 6 is the conclusion of the article.




2. Literature Review


In the raw milk transportation industry, Basnet et al. (1999) [2] developed a mixed integer program with some non-linear constraints to solve a joint problem of milk-tanker scheduling and sequencing for the New Zealand dairy industry. Following later, Worasan et al. (2014) [3] developed a mixed integer programming model to solve the raw milk collection problem in the same industry. For the problem where each vehicle contains more than one tank with a heterogeneous capacity to collect raw milk, the raw milk from different collection centers cannot be transferred into the same compartment. In addition, each collection may be visited more than once by more than one vehicle, and each vehicle may visit more than one collection center. The objective of this research is to minimize the total cost consisting of the transportation cost and the costs of cleaning the raw milk tanks. The problem was solved using the CPLEX-MPL software for Windows. However, this exact method is limited to solving the problem only for problems of a small size due to the difficulty of the problem. In order to help deal with this difficulty, Sethanan and Pitakaso (2016) [4] presented the differential evolution algorithm to solve the raw milk transportation problem. The problem which they proposed had the following attributes that differed from the proposed problems which is our main contributions of this paper: (1) the milk from different farms was not allowed in the same tank; (2) the time zone was not considered, but the maximum transportation time was recognized instead; (3) the waiting time in the queue to load the raw milk was not considered; therefore it had no start time for the truck in this article; and (4) the production lead time is not considered [4] but in our algorithm, the production lead time has been considered; therefore the truck has to be well-organized so that it has as less a waiting time as possible. These research projects used differential evolution algorithms to solve the problem. The DE has been modified by adding the reincarnation and survival processes in the original DE, and the computational result shows that these two processes has benefits to add in the original DE.



The case study which is presented in this article is the special case of the vehicle routing problem (VRP). VRP aims to find a set of routes for the visiting plan of all the customers from the depot that generate the minimum traveling cost. All customers must be travelled through by one route. There are many varieties of subproblems of VRP, such as vehicle routing with a time window (VRPTW) where the customer’s preferred time to be visited is considered, VRP with pickup and delivery consideration and VRP with split delivery (VRPSD), which is the VRP problem where the customer can be visited by more than one vehicle. VRP can be also integrated with other types of problems such as scheduling problems [5] and production planning problems [4]



De et al. (2015) [5] presented the complex ship routing and scheduling problem where the multiple ports, the multiple time windows within a planning horizon and the varying demand and supply at different ports were added to the model. The particle swarm optimization for composite particle (PSO-CP) was presented to solve the proposed problem. Later on, De et al. (2016) [6] formulated a sustainable ship routing and scheduling problem by adding carbon emission, fuel consumption and fuel cost constraints and then applied the PSO-CP to solve the proposed problem. Dominguez et al. (2016) [7] presented a hybrid algorithm that integrated the biased randomized versions of vehicle routing and packing heuristics within a large neighborhood search metaheuristic framework to solve the two-dimensional loading vehicle routing problem with clustered backhauls (2L-VRPB). Can and Can (2016) [8] presented the combination of an ant colony optimization (ACO) and variable neighborhood search (VNS) to solve the vehicle routing problem with simultaneous pickup and delivery. This article focuses on improving the efficiency of the ACO and VNS; therefore, the new combination method has been tested with the standard bench marking problem instances, and the result of the proposed method is outstanding compared with others.



De et al. (2017) [9] presented a mixed integer non-linear programming model for the various scheduling and routing, loading/unloading and vessel capacity constraints. The fuel consumption, time windows and service levels were also integrated in the model. De et al. (2019) [10] extended De et al. (2017) [9] from a single objective to a multi-objective model. The model was used to optimize the total fuel consumed and the carbon emissions from each vessel. Two novel algorithms were presented which are (1) nondominated sorting genetic algorithm II (NSGA-II) and multi-objective particle swarm optimization. De et al. (2018) [11] formulated the mathematical model for the dynamic ship berth allocation problem for a container handling port. The model considered the fuel costs that connect to the waiting time and operational time of the docked vessel and the hiring of the quay cranes to load/unload the containers. A chemical reaction optimization algorithm is proposed to solve the problem in a large-scale realistic environment.



In the agricultural business, especially in Thailand, there is a limitation of the road and area, as big trucks cannot access and serve some farmers. The parking area for big trucks are needed, and small trucks will be used to reach the farmers. Then, the raw milk is loaded from a small truck to a big truck in the parking area; when this occurs, the problem is called the truck and trailer routing problem (TTRP) [12,13]. TTRP is sometimes defined a generalized assignment problem (GAP) [14]. Following from this, Chao (2002) [15] assigned the vehicles to farmers considered as customers in order to minimize the total distance of all vehicles travelled. In this research, the linear relaxation of the GAP formulation and the Tabu Search is used to find the solution of the proposed problem. The Tabu search algorithm has been used to solve the problem by 16. Scheuerer (2006) [16] in which the author developed two constructive heuristics and a Tabu search algorithm to solve the TTRP. Tan et al. (2006) [17] proposed an evolutionary algorithm to solve the TTRP which has two objective functions that minimized the number of trucks and minimized the routing cost. Hoff and Løkketangen (2007) [18] developed a Tabu search algorithm to solve the milk collection problem, the TTRP. Besides the Tabu search technique that has been wildly used to solve the TTRP, the raw milk transportation problem, others metaheuristics such as genetic algorithm (GA), tabu search (TS), Particle swarm optimization (PSO), Ant Colony Optimization (ACO) and simulated annealing (SA) have been used to solve combinatorial problems [19]



The differential evolution (DE) was first introduced in 1997 [20]. Due to the effectiveness of DE, it has been successfully used in many types of combinatorial optimizations such as assembly line balancing [21,22], manufacturing problems [2], transportation problems [23], vehicle routing problems [24,25] and the capacitated VRP with the flexibility of mixing pickup and delivery services [26].



The general procedure of DE is comprised of four steps which are (1) generate initial solution, (2) perform mutation process, (3) perform recombination process and (4) perform selection process. Additionally, Sethanan and Pitakaso (2016) [27] created two additional steps more from the original DE process, which are the re-incarnation process and survival process. This article added these two steps to increase the performance of the original DE. The DE can be improved by adding more steps into the original steps and other techniques such as use various mutation and recombination formula [21,22,28], add effective local search techniques [27], add the best vector reproduction process [29], develop new decoding method which is combined with ant colony optimization [30]. Therefore, in this article, the DE has been improved in following ways so that the effectiveness of DE is increased: (1) provided an effective decoding method; (2) presented new rules of the selection process to let DE escape from the local optimal; and (3) used 3 different local searches so that the DE has intensive search efficiency.




3. Problem Description and Mathematical Formulation


The VRP models in the case study are not the same as the other general models. This is because there are limitations of (1) traveling time in order to get the raw milk transporting truck returned to the plant at about the same time, (2) the time for transferring the raw milk from the raw milk farm to the raw milk transporting truck, (3) the time used for transferring the raw milk from the truck to the plant tank which had limited capacity, (4) the time required for cleaning the truck and the tank, and (5) the number of trucks carrying raw milk. For receiving raw milk, there were two periods of time windows—8 h or 480 min for each period.



From Figure 2, when the travelling starts from the milk plant to the raw milk farm, the decision variable is Xrtijr is a traveling route, t is truck, i is the milk plant and j is the raw milk farm of relevance. If there was travelling, Xrtij becomes 1 if no travelling occurred; otherwise, Xrtij was 0. When the truck carrying raw milk travels to the raw milk farm, there is raw milk transferred from the raw milk farm to the milk truck in each compartment c, with the transfer rate of 10 ton/hour. If the milk is completely filled to the 3 compartments, the truck then returns to the plant. If the milk volume has not reached the full truck capacity, the truck has to travel to the next raw milk farm to fill the truck capacity before returning to the plant. When the truck carrying the raw milk travels to the milk plant, the raw milk is transferred from the truck to the plant tank. The tank capacity is 17 ton with the transferring rate of 10 ton/hour. During this process, if there is another truck coming to the plant, the next trucks have to wait with the cost for storing milk at 90 baht/hour. For example, if there are two trucks coming to the production line at the same time, each of which is carrying a full capacity of 15 and 12 tons respectively, the 12 tons truck is allowed to load first; therefore the 15 tons truck needs to wait 1 h 12 min (10 tons/hour). This 1 h 12 min generate 108 baht of milk storing cost during the waiting. When the plant tank has been completely filled, the raw milk transferring from truck to plant process stops and the raw milk processing starts at the rate of 10 ton/hour. When the transferring of the raw milk process finishes, the plant tank cleaning is done at the cost of 2000 baht/time. When the plant milk tank has been cleaned, the raw milk transferring from truck to plant tank continues as normal and the cleaned truck compartment then moves to receive raw milk from a raw milk farm. From this regulation, the solution must have the shortest route, shortest waiting time of the truck and fewest vehicles that are used; therefore the minimum cost is generated.



The following mathematical model is the equation to finding the minimum cost in transporting the raw milk, including the cost of traveling, cost of cleaning a raw milk carrying truck, cost of cleaning the plant milk tank and cost of waiting to maintain the quality of the milk before transferring the milk to the plant tank. The parameters and decision variables are the following:



Indices





	s (time)
	Shifting of the production line (s = 1..S)



	z (timezone)
	Time zone (z = 1..Z)



	i
	Raw milk farm (i = 1..I)



	j
	Raw milk farm (j = 1..J)



	t
	Truck label (t = 1..T)



	c (compartment)
	Label of compartment of truck (c = 1..C)



	r (round)
	Round of Truck (r = 1..R)






Parameter





	P
	Production rate (ton/hours)



	MX
	Capacity of the production tank (ton)



	WC
	Waiting cost of the truck before it can load (bath/hours)



	CT
	Cleaning cost of the production tank (bath/time)



	CTI
	Cleaning time of the production tank (hours)



	CTC
	Cleaning time of a compartment in truck (hours)



	VtcCAP
	Capacity of compartment c in truck t



	Ctcl
	Cleaning cost of compartment c in truck t



	Mk
	Amount of milk available at milk raw milk farm k



	SzT
	Start time of windows z



	EzT
	End time of windows z



	LRT
	Loading rate of milk into the truck (ton/hours)



	LRA
	Loading rate of milk into the production tank (ton/hours)



	FR
	Driving speed of truck (km/hours)



	Dij
	Distance of raw milk raw milk farm i to j



	SPT1
	Start time of the first loading in a day



	MN
	Maximum number of milk raw milk farms that can mix the milk into the same compartment



	CtOR
	Consume rate of truck t (bath/km)






Decision Variables





	Xrtij
	1 if round r of truck t traveling from i to j

0 otherwise



	Vrtc
	1 if compartment c is used in round r truck t

0 otherwise



	TsE
	1 if shifting s need to clean the tank

0 otherwise



	TrstZ
	1 if amount of milk that is delivered in round r truck t shifting s greater than zero

0 otherwise



	TrtzW
	1 if round r truck t using time windows zone z

0 otherwise



	Grtck
	1 if amount of milk that is delivered from raw milk farm k in round r

truck t compartment c greater than zero

0 otherwise



	Artk
	1 if amount of milk from raw milk farm that is delivered in round r

truck t is greater than zero

0 otherwise



	Urtk
	Dummy variable of round r truck t milk raw milk farm k for subtour elimination constraint



	Wrts
	Waiting time of operation round t truck t shifting s



	VrtsS
	Amount of milk that is delivered in round r truck t to shifting s



	VrtckK
	Amount of milk that is delivered from milk raw milk farm k in round r truck t compartment c



	BrtT
	Start traveling time of round r truck t



	WrtT
	Waiting time to start round r truck t



	ErtTIME
	End time of the time windows of round r truck t



	PsR
	Processing time of shifting s



	SsLR
	Start loading time of shifting s



	EsPT
	End processing time of shifting s



	ArtsRT
	Arrive time of round r truck t shifting s



	ErtR
	End traveling time of round r truck t



	FrtER
	Final end of tour and production of round r truck t



	ArtkRK
	Arrival time of round r truck t at milk raw milk farm k



	Frtk
	Finish time at milk raw milk farm k of round r truck t



	MBIG
	Large number



	SrtTIME
	Start time of the time windows of round r truck t






Objective Function



Minimize


∑i=1I∑j=1J∑t=1T∑r=1RDijXrtijCtOR+∑c=1C∑t=1T∑r=1RVrtcCtcl+ ∑s=1S∑t=1T∑r=1RWtrsWC + ∑s=1STsECT



(1)







Constraints


∑sSVrtsS=∑kK∑cCVrtckK     ∀ r,t=1..R,T



(2)






VrtsS≤ TrstZMBIG     ∀ r,t,s=1..R,T,S



(3)






VrtsS≤ TsEMBIG     ∀ r,t,s=1..R,T,S



(4)






Ts−1E≤ TsE     s=2



(5)






Tr−1stZ>∑b=(s−a)1TrstZ     ∀ r,t=1..R,T, s=2..S



(6)






SsLR≥ Es−1PT     ∀ s=2..S



(7)






S1LR≥ SPT1



(8)






EsPT≥SsLR+∑t=1T∑r=1RVrtsSLRA+∑t=1T∑r=1RVrtsSp+CTI     ∀ s=1..S



(9)






ArtsRTTrstZ≤SsLR     ∀ r,t,s=1..R,T,S



(10)






ErtR=∑s=1SArtsRTTrstZ     ∀ r,t=1..R,T



(11)






Wrts= SsLR−ArtsRT     ∀ r,t,s=1..R,T,S



(12)






FrtER=∑s=1S[SsLR+∑t=1T∑r=1RVrtsSLRA+∑c=1CVrtcCTC]TrstZ     ∀ r,t=1..R,T



(13)






BrtT=Fr−1tER+WrtT     ∀ r,t=1..R,T



(14)






B1tT= W1tT     ∀ t=1..T



(15)






∑c=1C∑t=1T∑r=1RVrtckK=Mk     ∀ k=1..K



(16)






∑kKVrtckK≤VtcCAP     ∀ r,t,c=1..R,T,C



(17)






∑s=1STrstZ≤1     ∀ r,t=1..R,T



(18)






VrtckK≤ GrtckMBIG     ∀ t,k,c=1..T,K,C, r=2..R



(19)






Artk≥Grtck     ∀ r,t,c=1..R,T,C, k=2..K



(20)






Grtck≤Vrtc     ∀ r,t,c,k=1..R,T,C, K



(21)






∑m=1MXrtkm+∑n=1NXrtnk=2×Artk     ∀ r,t=1..R,T, m,n,k=2..M,N, K



(22)






∑m=1M∑t=1T∑r=1RXrtkm≥1     ∀ k=2..K



(23)






∑n=1N∑t=1T∑r=1RXrtnk ≥1     ∀ k=2..K



(24)






∑i=1IXrtik−∑i=1IXrtki=0     ∀ r,t=1..R,T, k=2.., K



(25)






∑k=1KGrtckVrtckK≤MN     ∀ r,t=1..R,T, c=2.., C



(26)






ArtkRK=∑i=1IFrtiXrtik+∑i=1IDikXrtikFR     ∀ r,t,k=1..R,T,K,i≠k,i=1



(27)






ArtkRK=∑i=1IFrtiXrtik+∑i=1I[BrtT+DikXrtikFR]     ∀ r,t,k=1..R,T,K,i≠k,i=1



(28)






Frtk=ArtkRK+∑c=1CVrtckKLRA     ∀ r,t,k=1..R,T,K



(29)






ArtkRK≥ SrtTIME     ∀ r,t=1..R,T, k=2.., K



(30)






Frtk≤ ErtTIME     ∀ r,t=1..R,T, k=2.., K



(31)






ErtR≤Frt1     ∀ r,t=1..R,T



(32)






∑z=1ZTrtzW≤1     ∀ r,t=1..R,T



(33)






SrtTIME=∑z=1ZTrtzWSzT     ∀ r,t=1..R,T



(34)






ErtTIME=∑z=1ZTrtzWEzT     ∀ r,t=1..R,T



(35)






Urti−Urtj+N∑k=1KXrtij≤N−1     ∀ r=1..R, i,j=(2,…,N)



(36)







Equation (1) is an objective function composed of the truck travelling cost, the cleaning cost of the production tank, the waiting time cost and the cleaning cost of the production rank.



Equation (2) guarantees that the volume of milk that is in round r truck t which is delivered in working shift s is equal to the volume of milk in round r truck t while Equation (3) makes sure that the milk can be loaded to shift s only when round r truck t is assigned to load in that working shift and Equation (4) ensures that round r truck t can load the milk to working shift s only when shift s is operated. Equations (5) and (6) ensure that the previous shift s or the round r are not operated if the previous ship or round is not operated. Equations (7)–(15) are the constraints used to defined the start and finish times of each truck which are the functions of traveling time, loading time and waiting time. Formulas (16) and (17) confirm that the amount of milk that is delivered out from the raw milk farm k has to be equal to its available amount and that it can only load into the truck less than the truck’s capacity. Equation (18) ensures that round r truck t can be assigned to at most one working shift. Equation (19) is used to connect the real number and binary number of the milk that is loaded from the raw milk farm k into truck t round r compartment c. Equation (20) confirms that the raw milk farm k is assigned to round r truck t only when it is assigned to round r truck t in at least 1 compartment. Formula (21) describes that compartment c is used only when at least one raw milk farm loads some amount of milk into it. Equation (22) confirms that when the truck has a tour which gets into the raw milk farm k, it needs to have a tour that goes out from the farm, and this constraint is used to connect Xrtnk to the binary variable Artk which is connect to Grtck and Vrtc. Equations (23) and (25) are used to confirm that a raw milk farm k has to have at least one tour travelling through it. Equation (26) makes sure that in a compartment c, round r truck t will not have more than MN different raw milk farms loading their milk into it. Equation (27) defines the arrival time of round r truck t at raw milk farm k, while Equation (28) has a similar constraint, but it is used when the i is the factory. Equation (29) defines the departure time of round r truck t from raw milk farm k. Equations (30) and (31) are used to control the arrival time and finish time of round r truck t within the selected time windows. Equation (32) defines the ending time of the tour using truck t in round r as the time that it arrives at the factory after the tour. Equations (33)–(35) confirm that the tour of round r truck t can be assigned to only one time window zone.




4. The Proposed Heuristics


We propose the differential evolution algorithm (DE) to solve the problem addressed above. Generally, the DE is comprised of four main steps which are (1) generate the initial vectors, (2) perform the mutation process, (3) perform the recombination process and (4) perform the selection process. In the proposed methods, the selection process will be modified, and the effective local search will be integrated into the general procedure of DE—therefore, the effectiveness of the algorithm is increased.



4.1. Generate a Set of Initial Vectors


A set of vectors has been randomly generated in this step. One set of vectors is comprised of a certain number of vectors, called the number of population (NP). Each vector has the size of p positions which is called the number of positions in vectors. An example of a set of vectors is the NP is set to 5 and p (number of position) is set to 7 positions as shown in Table 1.



The number of positions in the vector represents the number of raw milk farms. The value in each position is called the value in positions. Obtaining the solution of the proposed problem, the decoding method is needed to transfer a vector into the problem’s solution.



The Decoding Method



From Figure 3, the values in position 1, 2, 3, 4, 5, 6 and 7 of vector 1 are 0.45, 0.57, 0.12, 0.45, 0.63, 0.14 and 0.65 respectively. These values will be decoded into the problem’s solution. The following procedure will be applied to extract the problem’s solution from the code of DE.

	
Discover the raw milk farms’ order by sorting the value in the position of a vector in increasing order (see Figure 3).



	
Discover the order of the truck which is randomly generated.



	
Assign and construct the route of the raw milk farms that will be serviced by the truck according to the order obtained from step 1. The assigning of the raw milk farm to the truck needs to keep the following conditions satisfied.

	(3.1)

	
There are two time zones. The first time zone runs from 06:00–9:00, and the second time zone runs from 17:00–21:00. The truck needs to arrive at the farm within the time zone times.




	(3.2)

	
Each truck has 480 min to collect the raw milk from the farm and deliver it to the production line.




	(3.3)

	
There are 6 trucks available to use in each time zone. The trucks have capacities of 12, 12, 9, 9, 6 and 6 respectively. Each truck is divided into 3 equal compartments.




	(3.4)

	
All customers must be visited.














The assigning and route constructing step is explained in the following example. The order of the raw milk farm obtained from Figure 3 is 3, 6, 4, 1, 2, 5 and 7. In Table 2, the available raw milk produced from each farm is shown. The distance between the factory (0) to the farms and from the farms to the farms is shown in Table 3. The distance will be converted to the time used to travel within that connection by using an average speed of 60 km per hour. The order of the trucks is randomly generated, and it is 1, 6, 4, 5, 2 and 3. All parameters involved in the example are shown in Table 4.



From Table 5, time zone no.1, truck no.1 travels from the factory to the raw milk collection center. A truck of 12 tons arrives at the collecting center at no.3, 6, 4 and 1, total travel time being 154.58 min. When the truck gets raw milk to a full capacity of 12 tons, it returns to the raw milk factory to transfer the raw milk to the storage tank. The time used to transfer raw milk and to leave is 144 min. The total time used is 298.58 min. Truck no.2 of six tons travels to raw milk center no.1 to service the remaining raw milk and then returns to the raw milk factory. The travel time is 108.8 min. The transfer of raw milk in and out takes 55.2 min. The total time used is 164 min. The remaining time is 17.42 min. This mechanism will be used to construct the route for all farms.




4.2. Mutation


The mutation process is the process where the mutant vector is constructed using three randomly target vectors (Xi,j,G). Equation (37) is used to execute this process given F is the predefined scaling factor, where Vi,j,G+1 means mutant vector and Xr1,j,,GXr2,j,G, Xr3,j,G means random target vector.


Vi,G+1= Xr1,G+F(Xr2,G−Xr3,G)



(37)








4.3. Recombination


The recombination process is the process where the trial vector is generated. Equation (38) is used to construct the trial vector (Ui,j,G) i position j iteration G where Xi,j,G is the target vector i at position j in iteration G and Vi,j,G is the trial vector i at position j in iteration G.


Ui,j,G={Vi,j,G+1 if randj,i ≤ CR or j= IrandXj,i,G  if randj,i > CR and j≠ Irand



(38)







After the recombination process, a trial vector will produce once more a second order trial vector (2rd-Tr). The 2rd-Tr will be generated from one out of three methods which are (1) the vector transition process, (2) the vector exchange process and (3) the vector insertion process.



4.3.1. Vector Transition Process


This process starts from an integer number randomly laying from 1 to D where D is the number of positions in the vector; let us call this number the number of transition points (NT). Then randomly select the NT positions within D positions. Finally, the selected positions randomly generate a new value in the position. Figure 4 shows the vector transition process. The positions 1, 2 and 5 are selected as the transition points (the pre-selected number of the transition points is 3). The values in positions 1, 2 and 5 will be randomly generated while other position values remains unchanged.




4.3.2. Vector Exchange Process


The vector exchange process is comprised of two steps, which are (1) the random selection of two exchange points in a trial vector and (2) the value exchange in selected positions. From Figure 5, the selected exchange points are 2 and 6. The value in the position 2 (0.21) is exchanged with the value in the position 6 (0.57). Thus, the new value in the position 2 is 0.57, and the new value in the position 6 is 0.21.




4.3.3. Vector Insertion Process


The vector insertion process starts from randomly selecting one insertion point and one moving point. Then the value from the moving point to the insertion point is inserted. All values after the insertion point will move backward. Figure 6 shows that position 3 is selected to be the insertion point and position 6 is selected to be the moving point. The value in position 6 (0.57) will be inserted into position 2. Thus, the values in positions 2, 3, 4, 5, and 6 are changed from 0.21, 0.23, 0.42, 0.51 and 0.57 to 0.57, 0.21, 0.23, 0.42 and 0.51, respectively.



The first trial vector and the 2rd-Tr will be decoded using the procedure which was explained in Section 4.1. The vector that has the lower cost among the first and the second trial vector will be used as the representative of the trial vector which will be used in the selection process.





4.4. Selection


The best selection chromosome process is used in this part of the procedure. A choice from the Target Vector and Trial Vector is made. The better vector between the two chromosomes is chosen as the new target vector to be uses as a starting vector in the next round.


Xi,j,G+1={Ui,j,Gif f(Ui,j,G)≤ f(Xi,j,G)Ui,j,Gif f(Ui,j,G)≥ f(Xi,j,G)Xi,j,Gotherwise and Ri≤Pi



(39)




where Ri is random number that is generated for trial vector i and Pi is calculated using Equation (40).


Pi= exp−f(Ui,j,G)− f(Xi,j,G)MaxG−(G+1)×K



(40)




where K is set to 3, T is G (iteration number), and MaxG is the predefined maximum number of iterations in the simulation. Equations (39) and (40) allow the DE mechanism to accept the worse solution due to the probability function which depend on the solution quality and the number of iterations which are used to let DE escape from the local optimal.





5. Computational Framework and Result


The proposed heuristics have been tested with 15 randomly generated test scenarios in which the number of farms was varied from 5 to 40. In addition, there was one case study which had the number of farms as 45. The randomly generated data was performed on a basis of the numbers in the case study. There are three local search techniques which are available to use which are the vector insertion, transition and exchange techniques. We present one new rule of the selection process. Therefore, eight proposed heuristics have been formed as shown in Table 6. The scaling factor F and crossover probability CR have been set to 0.5 and 0.8, respectively. The computational result is shown in Table 7. All 8 algorithm (DE-1 to DE-8) has been executed using the number of iterations as the stopping criteria. The maximum number of iterations is set to 1000 iteration. Five simulations have been executed, and the best solution among the solutions which are generated within 5 runs is shown in Table 7. The results of DE-1 to DE-8 have been compared with the lower bound generated by Lingo using a 480 h computational time. The lower bound has units as Baht (cost), and the result shown in Table 7 of DE-1 to DE-8 is the percent difference which is calculated from Equation (41).


%diff= ZDE−ZLZDE×100%



(41)




where % diff is the percent difference between the result of DE (ZDE) is higher and the result of the lower bound (ZL) found within 480 h.



The result shown in Table 7, using the real cost generated from each DE’s algorithm, was proved by applying the Wilcoxon Signed-Rank Test with a significant level 0.05 to discover if each of the methods were statistically different, and the statistics tested are shown in Table 8.



From Table 8, the total costs in all sizes were tested to find the difference between DE-1 to DE-8. The p-values of the DE-2, DE-3 and DE-4 algorithm methods’ significant levels are compared with DE-1 (original). The p-values of DE-2, DE-3 and DE-4 were at a significant level when compared with the DE-5, DE-6, DE-7 and DE-8 algorithm methods. In addition, the p-value of DE-5 was significant when compared with DE-6, DE-7 and DE-8. The improvement in DE is a suitable and highly effective method for solving a lot of attractions and complexes which are very hard for the vehicle routing of the tour transportation design problems.



Figure 7 shows the average percent difference of the DE’s algorithms without the selection process modification (DE-1 to DE-4) and the DE’s algorithms with the new selection process (using Equations (39) and (40)). The average percent difference of the original selection process is 7% while DE with the new selection process is 3.04% which is a 120% difference. This means that the new selection process improved the performance of the original selection process.



Figure 8 shows the average percent difference from the lower bound of the set of algorithms that uses different recombination processes. The result shows that the exchange process is the process that generates the best solution compared among all the new recombination processes.



In the next experiment, we will find the advantages and disadvantages of all the proposed algorithms. The case study has been used to execute this experiment. The stopping criteria has been set to 1, 5, 10, 20, 30, 40, 50 and 60 min. All algorithms have been executed 5 times, and the best solution among 5 solutions generated from each algorithm has been reported. The number reported in Table 9 is the GAP between the minimum costs generated among 8 proposed algorithms using Equation (42).


%diff= ZDE−ZMinZMin×100%



(42)




where % diff is the percent difference between the results of DE-1 to DE-8 (ZDE) and the minimum cost when comparing the result of all the DEs. For example, if DE-1 to DE-8 generates costs of 66,653.4, 66,640.4, 66,615.6, 66,572.9, 66,824.2, 61,486.9, 61,476.1 and 66,692.2 respectively, the ZMIN is 61,476.1, which is the solution of DE-7.



From Table 9, we can see that when the computational result is higher, the MDE (DE-5 to DE-8) outperforms the original DE. All the best solutions among the 8 proposed heuristics (GAP = 0.00) are always one out of 4 members of MDE in all computational times used. When the computational result is higher, the DE performs worse than when the computational time is short while the MDE performs better when the computational time is higher. To prove that, we plot graph of all 8 algorithms while it executes the first iteration to the last iteration to see how it is behaved while searching for the result, and the result is shown in Figure 9.



From Figure 9, we can see that the original DE algorithm converts very fast and gets stuck in the local optimal and that the best result remains unchanged until the simulation is terminated. The MDE performs differently; it still finds a better solution, and the best solution which is reported is often changed and continues searching. Figure 9 shows that the MDE clearly outperforms the original version of DE.




6. Conclusions


The objective of this research was to minimize the total transportation cost and the truck’s cleaning cost in an optimization problem within the dairy industry. The transportation cost directly depends on the fuel usage. The fuel usage occurs during the transportation of the truck and the waiting time when it arrives at the factory and cannot transfer the raw milk into the production tank. The proposed work has several strengths over the original VRP problems, which was the first major contribution of this work. These strengths come from its ability to incorporate the following aspects into the model: (1) one heterogeneous fleet with multiple compartments is being used; (2) one compartment can mix the raw milk from at most two farms to maintain to quality of the milk; (3) the truck must arrive at the farms within the time window of the farms; (4) the waiting time of the truck while it is waiting to load the milk into the production line is considered as the cost term; (5) the truck is allowed to collect raw milk more than one time per day; and (6) the start time of the truck affects the total cost.



Moreover, this article improves the original DE by modifying three steps of the DE which are (1) presenting the effective decoding method, (2) using 3 different local search techniques and (3) presenting a new rule of the selection process. Subsequently, we have shown how this comprehensive model may be used practically, paving way for future researchers to use our model for similar optimization processes.



The other major finding of this work was the comparisons made between various differential evolution algorithms (DEs). The modification of the selection process significantly improved the efficiency of the original DE. From Figure 7, we can see that the MDE reduces more than 120% of the cost compared with the original DE. The new selection process allowed the proposed algorithm to accept the worse quality solution. This gives the algorithm more chances to escape from the local optimal. Moreover, the modification of the recombination process outperforms the original version of DE. From Figure 8, the original DE has the GAP from the lower bound 5.98% while the modification of recombination process has the GAP from 4.44 to 4.93%. This is because of the new recombination process enhancing the intensification search of the original DE. Therefore, the better solution is easier to obtain. From Figure 7 and Figure 8, it is clear that both the modification of the recombination and selection processes we proposed in this article, originally from our research, outperform the original version of DE.



We designed the algorithm to reflex the mathematical model shown in Section 3 where all the variables can be discovered. From the experience of the simulation, we found that the result of the solution obtained from the proposed problem using DE to solve some behaviours differed from that of the original VRP such as (1) generally in VRP, the vehicle always will start the route when the it is ready, but in our study the vehicle sometimes waits in the depot so that it has no waiting time to load the milk into the production tank when it finishes collecting the raw milk from all farms; (2) the model tries to use as few vehicles as possible to reduce the cleaning cost, but this attribute also depends on the cleaning cost; (3) some farms are not selected to be visited after another farm even if it is very close to the current farm due to it having a high amount of milk which makes the vehicle not have enough time to go back to the production line in time when the production tank is ready so that it can reduce the cost generated from the waiting time of the vehicle.



Finally, we can conclude that the original DE performs worse while using long computational time and that the MDE performs better while the computational time is longer. The MDE increases the possibility to find the new best solution (see Figure 9) due to MDE being able to escape from the optimal solution caused by the new selection method that we introduce in this article.



The milk storing cost during the waiting time of the truck while another truck is loaded can be dramatically reduced if the milk producer adds more production tanks. If it is so, the mathematical model has to be changed which will affect the design of the algorithm and must be slightly improved. The more sophisticated algorithm can be developed using a hybrid or combination of the metaheuristics, such as adaptive large scale neighbourhood search, large scale neighbourhood search and variable neighbourhood search.
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Figure 1. A milk vehicle with multi-compartments. 






Figure 1. A milk vehicle with multi-compartments.



[image: Agriengineering 01 00006 g001]







[image: Agriengineering 01 00006 g002 550]





Figure 2. An illustration of the tour representing a solution of the problem. 
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Figure 3. An example of how to depict the order of the raw milk farm. 
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Figure 4. Example of the vector transition process. 
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Figure 5. Example of the vector exchange process. 
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Figure 6. Example of the vector insertion process. 
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Figure 7. The average percent difference from the lower bound of the set of algorithms (DE-1 to DE-4) used in the original selection process and the set of algorithms that use the new selection process. 
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Figure 8. The average percent difference of the DE using different processes to generate the 2nd order of the trial vector. 
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Figure 9. The best solution plots of the 8 proposed heuristics. 
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Table 1. An example of five initial target vectors.
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	Raw Milk Farms
	1
	2
	3
	4
	5
	6
	7





	Target Vector 1
	0.45
	0.57
	0.12
	0.45
	0.63
	0.14
	0.65



	Target Vector 2
	0.03
	0.11
	0.93
	0.12
	0.73
	0.41
	0.42



	Target Vector 3
	0.63
	0.08
	0.08
	0.33
	0.66
	0.79
	0.09



	Target Vector 4
	0.99
	0.28
	0.14
	0.57
	0.91
	0.97
	0.73



	Target Vector 5
	0.66
	0.00
	0.77
	0.73
	0.94
	0.09
	0.45
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Table 2. The amount of raw milk in the raw milk farm i.
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	Raw Milk Farm
	1
	2
	3
	4
	5
	6
	7





	Raw milk (Ton)
	4.1
	5.6
	2.4
	4.5
	3.5
	5.6
	5.8
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Table 3. The distance from raw milk farm i to j.
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	From/To
	0
	1
	2
	3
	4
	5
	6
	7





	0
	0
	54.4
	54.88
	23.91
	62.64
	15.46
	14.06
	47.18



	1
	54.4
	0
	72.06