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Summar)'

Transportation plays an important role in daily basis for thousands of companies and
organisations engaged in the deΙiνeΓΥ and collection of goods ΟΓ people. Especially, logistics
based companies often use various types of vehicles and ΟΡeΓate from more than one
distribution center, usually referred to as depot. In this situation, determining the optiInal
routes ίη order to serve the customers is a signifιcant problem, as it could lead not only to the
Γeductίοn of the transportation cost, but also contribute to the environmental protection,
through the reduction of CO~ emissions.

Ιη this study, we present, analyse and compare two optimisation algorithms for
distributions of third party logistics companies, wl1ich have mΟΓe than one depot and
heterogeneous f1eet of vehicles in order to serve customers with different types of demand.
This problem is known as tl1e Multi - Oepot Capacitated Vehicle Routing Problel11 with
Heterogeneous Fleet (MOHFCVRP). Sil11ultaneously, we simulated the algorithll1 ίn C++

progratηming language by using tl1e CPLEX Optil11ization Studio.

The proposed mathematical formulations are mixed integer - lineaI" progratηming models.
We estimate that the implementation of them by logistics based companies will decrease botl1
theil" transportation cost and their carbon footprint.
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Chapter 1 The Travelίng Salesman Problem and the Vehicle

Routing Problem

1.1 The Traveling Salesman Problem

1.1.1 Definition of the Problem

The Traveling Salesman Problem (TSP) is widely studied ίη Coιnputer Science and Linear

Programming. It is stated as, given a complete graph, G, with a set of vertices, V, a set of

edges, Ε, and a cost, C'.I' associated with each edge ίη Ε. The value ciJ is tI1e cost incurred when

traversing from vertex ί Ε V to vertex j Ε V. Gi\'en this information, a solution to the TSP

must return the Hamiltonian cycle of G witl1 the minimum cost. Α HamiItonian cycle is a

cycIe that visits each node ίη a graph exactIy once. This is referred to as a tour ίη TSP terms.

The essence of the traveling salesman probleIn is evident witl1in many practical

applications ίη reaI life. From a mail deIivery person trying to figure out the most optiInal

route that will coveI' all of his/her daily stops, to a netwΟΓk architect trying to design tI1e Inost

efficient ring topology tI1at will connect Ι1uηdΓeds of coInputers. Ιη all of tI1ese instances, the
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cost ΟΓ distance between each Iocation, whether it is a city, building ΟΓ node ίη a network, is

known. With this infoπnation, the fundamental goal is to find the optimal tour, which is to

determine an order ίη which each location should be visited exactly once, and the total

distance traveled, ΟΓ cost incurred, is lllinimum. Ιη the general TSP, there are ησ restrictions

οη the distance/cost vaIues. (Ι)

1.1.2 History of the ProbIem

The origins of TSP range back to the 1800's, when the Irisl1 n1athematician Sir William

Rowan Hamilton and the British mathematician Thomas Penyngton Kirkman treated the first

mathematical problems related to ίι However, the generaI form of the TSP appears to be first

studied ίη the 1920's, when the mathematician KarI Menger brought it to the attention of his

colleagues ίn Vienna (2). During the 1930's, the mathematical COllll11Unity of Princeton dealt

with the probIem, and ίη the 1940's, mathelllatician MerriIl Meeks Flood, publicized the

nan1e, TSP, within the lllathelllatical community (3). Ιι was the year 1948 that FIood

pubIicized the traveling salesman problelll by presenting it at the RAND Corporation, whicl1

is a non-profit organization that is the foctIs of intellectual research and development within

the United States (4).

The TSP soon becallle very popular dtIe to its connection with the rising coι11binatorial

problems of Linear Progral11l11ing and its application ίη l11any tasks within people's daily
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lives. 1η 1950's Dantzig, Fulkerson, and Johnson presented a Π1ethοd for solving the TSP.

They showed the effectiveness of their Π1ethοd by solving a 49-city instance (5).

Ι.Ι.3 Complexity

1η the Inid 1960's, it becaΠ1e evident that ίn general instance TSP is Ρ 11ard, which Π1eans

that it could not be solved ίη ΡοlynΟΠ1ίal time using Linear ΡrοgraΠ1Π1ίng techniques. In fact,

it was proved that the TSP posed such CΟΠ1Ρutatίοnal CΟΠ1ΡΙeΧίtΥ that any effol1S to solve the

ΡrοbleΠ1 would grow super ΡοlynΟΠ1ίal Witll the problem size (6).

Due to its CΟΠ1ΡΙeΧίtΥ, efficient aΡΡrΟΧίΠ1atίοn aΙgοrίthΠ1S have been developed, which can

be very useful ίn practice, such as «branch and bound», Lagrange relaxation and \'arious

ηUΠ1erίcaΙ methods which provide a feasible solution very close to the ΟΡtίΠ1aΙ by mίηίΠ1ίΖίηg

the eποr. Since 19th century, many and Π10re useful variations ίη real life applications of the

TSP have been solved, ίη which cel1ain restrictions are iInposed.

Ι.Ι.4 Variations

Restrictions are set ίη the general TSP, either to make it easier to solve, ΟΓ simply because

such restrictions allow the ΡrobΙeΠ1 to reflect cel1ain and Π10re realistic applications. The Inost

popular variations of TSP are listed below (1).
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• The Synιnιetric TSP: lη this variation, all the edges have synιIuetric costs. This

nιeans that, for aIl nodes ίη the graph, the cost incurred, when traveling froIu node a

to node b, is the salue as cost incurred wl1en traveling backwards (frOlll node b to

node a). Οη the other hand, rhe asynιnιerric TSP does ηοτ have sllch constraints.

The general TSP is considered aSYl11luetric. Αη ίηpιιt to the asynιnιetric TSP would

be a directed graph.

• The Metric TSP: Ιη this νarίatίοη, all of the edge costs are synιnιetric and also

satisfy the triangle inequality. The triangle inequality property nιeans that for any

three nodes a, b and c, the cost of going fronι node a directly to node c is always

cl1eape!" than going from node a to node c by passing throllgh node b. Ιη addition,

the nodes are points ίη sonιe space and the edge costs are detemιined by calculating

the nιetric distance between thenι.

• The Euclidean TSP: In this variation, all of the nodes lίe ίη the plane, which nιeans

it is symnιetric and the triangle inequality is applied. The cost of each edge e,

connecting nodes a and b, is defined by the Ellclidean distance between the nodes a

and b. Ιη general, the plane can be d-dilllensional, wl1ere d > Ι.

1.1.5 ReaI Life Applications

There are many practical real life uses of tl1e TSP. The nιost conιmon of which are

transportation routing problelus.
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Tl1e most popular application consists of finding a route that a salestnan would follow ίη

order to visit every geographical location ίη a specified list such tl1at minitnum total distance

is traveled. Considering tl1e case of a salesman traveling fΓOm door to door ίη a certain sub ­

division of houses, it would be very convenient if the salesperson could obtain a list of all the

houses ίη that sub - division specified ίη the most optimal order to visit. Furthermore,

considering the case of a salesperson that needs to visit hundreds of cities spread tl1roughout

an entire country, by knowing the optimal tour that will visit each city, days ΟΓ even weeks of

traveling titne could potentially be saved. Moreover, considering a postal delivery person who

goes to work ίη tl1e ll10rning with a truck full of parcels to deliver, ίη wl1at order should those

parcels be delivered ίη order 10 tninimize the total distance traveled'J For all these instances,

the nodes ίη the graph would correspond 10 tl1e geographical locations, and the distances

\vould be metric values based οη the lengths of the roads connecting the locations.

There are also other itnportant practical uses of the TSP. Considering some of the

ll1achines ίη an assetnbly line, there are mac11ines whose sole purposes are to drill various

holes ίπ a certain piece of material. TI,e tnaterial may be a circlIit board, the fran,e of a

vehicle, ΟΓ even a piece of wood 10 be used building a book shelf. The drill is repositioned by

motors that slide along tracks such that tl1e drill could lnove 10 any position within a certain

area. lt will take a certain atnount of tiIne 10 reposition the drill depending οη the distance that

drill needs 10 Inove. Α solution 10 the TSP could be used 10 find the optiInal order ίη which

the holes should be drilled. In the case of aπ assembly line, saving several seconds to

cOlnplete the process for each \vork - piece means producing much ll10re 'W'ork - pieces by the
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end of the day. Το solve this problem using the TSP application, simply let the vertices

represent the locations that the holes need to be drilled and let the edges be the distances

between them.

Another application that a solution to t11e TSP can be appIied to is electronic or l11echanical

connection placeInent. Considering the wiring of a circuit board, ΟΓ the electrical wiring

within a large building, ΟΓ even the plumbing layoιιt wit11in a bLlilding, ίη many ofthese cases,

t11e connections need to be laid out such that the con1ponents are all connected ίη a cycle. 1η

the case of a circuit board, the connections are the wires and the components are the

transistors, resistors, etc. Concerning the electrical setιιp of a btlilding, the connections are the

wires and the components are the switches, plugs, light fixtures, etc. Finally, regarding the

plumbing layout of a building, the connections are the pipes and the components are the

faucets and water taps. 1η all of these cases, the shortest Hamiltonian path shotIld be found ίη

order to save Inaterial and to optimize flow by reducing the length of the cycle. Connecting

circuits ΟΓ wiring electronic coιnponents so that the current has to travel the minimum

possible distance will ultin1ately increase efficiency and oyerall performance.

The final application which will be analysed is the l11ultiple salesl11en Inodel (Ι11 - TSP).

The task of this application is to visit a set of cities, where each city has to be visited exactly

once by any of the m saΙesιηen. FΟΓ each salesman j, who is being hires a fixed cost of d.i - the

salary - should be paid. Each of the η1 salesInen IntIst con1plete a subtotIr, and the

cοιηbίηatίοn of all the subtours that each of the ιη saΙesιηeη eιηbark οη ιηLlst result ίn each city

ίη set being visited exactly once. The salesl11en start and end their stIb tours at the same home
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base location. The object it 10 determine how many salesmen 10 hire and what tl1e sub10urs

should be done ίη order 10 minimize the 10tal distance traνeled and the cost of hiring the

salesmen. This problem can be l110deled as the original TSP by adding (m - Ι) additional

"ertices, denoted -Ι, ... , - (m - 1) 10 the ίηρω graph. Now, the m salesl11en, nW11bered Ο 10

(111 - 1), are represented by the source νertex and the new (m - Ι) \'ertices. Then, edges are

added 10 connect these (m - 1) new νertices to the rest of tl1e νertices ίη the original graph.

The costs of the newly added edges are determined by adding the costs d.i, for Ο ::; j ::; (111 - 1),

10 the cost of existing edges ίn the graph (3).

1.2 The Vehicle Routing Problem

1.2.1 Definition of the Problem

The classical Vel1icle Routing Problem (VRP) generalizes the Traνeling Salesman proble111

and is one of the 1110St popular problems ίη Combina1Orial Optimization. 1t is defined οη a

complete ιIndirected graph G = (V, Ε), where V = {Ο, ... , η} is a νertex set and Ε = {(ί, j): ί, j

Ε V, ί < j} is a set of edges. Each νertex ί Ε V\ {Ο} represents a cnstOl11er 11aνing a

nonnegatiνe demand qi, while νertex Ο corresponds 10 tl1e depot. Eacl1 edge e Ε Ε is

associated with a traνel cost C,j. Α fixed fleet of m identical "eI1icles, each of capacity Q, is

a\'ailable at the depot. Problem's objectiνe is the determination of a set of at 1110St η1 V'ehicle

routes whose 10tal traνel cost is mini111ized snch that:
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• each customer is visited exactly once by one rotJte,

• each rotJte starts and ends at the depot,

• the total demand of the custoIners served by a route does not exceed the ve11icle

capacity Q, and

• the length of each route does not exceed a preset limit L,

The VRP anses ιη seνeraΙ fonns becatJse of the variety of constraints encotJntered ίη

practice. The basic variation ofVRP is tl1e Capacitated VRP (CVRP) and is described as (7):

'Ά numbeι- οι idenlical νehίcle.5' H'ilh α giνen cajJacil)' αι'ε localed αl α cenl1'QI deρol. The)' are

o1'GilαbleIol''s'elϊ'icing α .5'el οΙCI/$/omel' ol'del'.5', (011 cleli\'eι-ie's" 01', olleι-l1αtί\'ε!.\', αll μίckιψs).

Each C/I.SΊοmeι' OI'deι- hα.5' α specφc lοωιίοn and si=e, Travel co,s·I.5' befH.'een αll lοωlίοη.5' αι'ε

giνen. The goal ί.5' 10 de5'ign α lεω'ι C05'1 5'el οΙ ι'ουlε5' .for Ihe vehicle5' ίη 5'11('11 α \1-'α) , IhClI αll

CI/$/omeι-.5' are vi5'iled once al1d vehic'!e capacilie's' are adhered 10, ..

1.2.2 History of the problem

Tl1e Capacitated VRP was fonnally introdtJced ίη 1959 by Dantzig and Ratnser. They

proposed a simple matching - based hetJristic for its solution and illustrated it οη a toy - sized

exarrιple, The following years saw the emergence of se\'eral heuristics based οη a ",ariety of

principles including saνίηgs, geographical proxitnity, customer n1atchings, as well as intra ­

route and inter - route improvement steps, Perhaps the n10st famous heΙΙΓίstίc of this categot-y
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is the Clarke and Wright (1964) savings hellristic, which has resisted the test oftime because

of its speed, simplicity and reasonably good accuracy.

The developll1ent of exact algorith.ιl1s for the VRP took off ίη 1981 with the publication of

two papers by Christofides, Mingozzi and Toth ίη Networks. The first one proposed an

algorith.ιη based οη dynall1ic programming with state - space relaxation whereas tl1e second

one proposed two mathematical formulations making use of q - paths and k - shortest

spanning trees. Α few years later, Laporte, Desrochers and Nobert proposed the first cutting

plane approach for a VRP based οη the solution of linear relaxation of an integer model.

These seminal concepts have made theil" way into some of the more recent aΙgοrίtl1ιl1S.

Since then, a variety of exact algoritlll11s based οη ιηatl1ematicaΙ programn1ing formulations

have been proposed. Some formulations contain "ehicle flow ΟΓ commodity flow variables

and are often solved by branch - and - cut method. The VRP can also be formulated as a set

partitioning problem to whicl1 some valid inequalities are added. Some of tl1e ιηοst successful

ίιηΡΙementatίοns by Fukasawa (2006) and by Baldacci (2008) are based οη this methodology.

The development of modern heuristics for the VRP really started ίη tl1e 1990s with tl1e

advent of ll1etaheuristics. It is fair to say tl1at the study of the VRP has stίιηnlated the gro\Vth

and understanding of seνeraΙ metaheuristic concepts which are now known. The early

research ίη this area was quite fragmented, with a notable bias towards tabu searcl1-based

approaches and SOll1e of tl1e algorithms were o\'er engineered, but sοιηe rationalization has

started to take place ίη recent years. The best metaheuristics are tl10se that sίιηuΙtaneΟllsΙΥ

Page 24



DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI - DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WI1H

HETEROGENEOUS FLEET

5IIbIllirred ,ο/ιιφllρα,., o/,I/e Ι'eφιίΙ'eιι/ell,s/οι',I/e αcφιίl'eιιιeιιr o/,I/e

Dip10IIIG o/Mecl/lII/ical ElIgilleel'

perform a wide and deep search of the solution space and can solve several ",ariants of the

problen1. They generally either apply several operators, as ίη adaptive large neighbourhood

search (Pisinger and Ropke 2007), ΟΓ cOn1bine genetic search with Iocal search, as ίη the

hybrid genetic aIgorithn1 recentIy proposed by Vidal (2012) (8).

1.2.3 CompIexity

The classicaI VRP is a generalization of the TSP (and especially ιη - TSP). Since TSP is

proven to be ΝΡ - hard, the VRP aIso is ΝΡ - hard. Therefore, the cOn1putationaI effort

required to solve tl1e problen1 increases exponentially as the problen1 size increases.

1.2.4 Variations

As it is n1entioned ίη section 1.2.1, the VRP arises ίη several forιns because of the variety

of constraints encountered ίη practice. The basic variation of VRP is the Capacitated VRP

(CVRP). However, the real - life routing problen1s usually include n1uch lnore COn1pIications

which are not considered by the basic CVRP. Most of the colnplications are related to the

following aspects (7).

• Planning horizon: 1η real Iife, routes are planed for a given pIanning 11orizon. This

pIanning 11ΟΓίΖοη can consist oftnuItiple periods.
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• Custon1er: Ιη the basic VRP, each custotner has a den1and. Ιn tnore complicated

probletns, the custotners n1ay have requiren1ents οη the service tin1e and/ or the

vehicle type. There could also be different types of services, e.g., pickup service,

delivery service or pickup-and-deli"ery service. lη addition, ίη some cases,

custon1ers are allowed to be "isited tnultiple times by several vehicles instead of

just once by one vehicle. Moreover, in Sotl1e applications wit11 n1ultiple planning

days, the custon1ers ha"e detnands e"ery day and they can store products for the

following days if they have received mΟΓe than they can consume. Ιη this case, the

distributor needs to ll1ake a rouιing plan according to the del11ands and inventories

of the customers.

• Depot: There can be more than one depot ίη a large distribution network, which

may serve different purposes, such as warehoLIsing or crossdocking, to reduce the

total cost in the supply chain.

• Vehicle: The vehicles used for distribution can have different capacities and sizes.

Tl1ere are usually a lill1ited nLunber of vehicles available ίη real - life planning. Α

vehicle may be used ίη multiple trips instead of a single trip ίn a routing plan. Ιη the

problem with multi depots, each vehicle tnay be associated to a base depot. The

vehicle ll1uSt start fτom and end at its base depot.

• Driver: Ιη n10st of the real-life problems, distributors need ιο consider the drivers'

working regιtlations, e.g., the working shift and the break ΓLIles.
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• Objective: The objective function can be quite complex ίη practice. 1t may include

the minimization of the 10tal travel cost, the minimization of the difference between

the longest and shortest rotJte 10 balance the workload aιηοηg drivers, tlle

minimization of the number of v-ehicles 10 save the large overhead, andJ ΟΓ the

maximization of the number of ser\'ed ctIs10nlers 10 improve the serYice lev-el.

• Uncertainty: There can be uncertainties ίη the route planning. For example. the

locations and/ ΟΓ the demands of cΗs1Οιηers are unknown at the beginning btJt

revealed over tίιηe when the vellicles have already been sent οω 10 caΠΥ οω tasks.

1η sοιηe occasions, the probability distribution of these Llncertainties is available,

whereas ίη other cases, it is ηοι

• Good packing: 1η some applications, cus10mer demand is fοπηed by a set of two ­

dimensional ΟΓ three - dimensional weighted items. Α feasible routing implies a

feasible packing ίη the sense of geometricallayout.

These complications and even more real - life restrictions lead 10 different extensions of

the CVRP. The variations ofCVRP are:

• Multi - Depot VRP (MDVRP): When there is Π10re than one depot frοιη which the

cus1Οιηers can be seryed, the Ρrοbleιη is considered as MDVRP. The MDVRP

requires the assignment of cus10mers 10 depots. Α f1eet of vellicles is based at each

depot. Each vehicle originates [roιη one depot, services the cus10mers assigned to

tllat depot, and retιιrns 10 the saιηe depot. The objectiv-e is 10 minimize the total

trayel cost and the number of v-ellicles used ίη order 10 serYice all ctIs1Omers.
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• VRP with Heterogeneous Fleet (HFVRP): When the available fleet of vehicles for

distribtltion activities characterized by different capacities, types of cargo and/ ΟΓ

costs, the problen1 is considered as HFVRP. The objective is 10 Iηinimize the 10tal

travel cost and the 10tal cost of vehicles used (9).

• VRP with Time Windows (VRPTW): Ιn VRPTW every cus10mer is cl1aracteήΖed

by a specifιc time window [ai, b,] within it should be serviced. Α vehicle is allowed

10 amve before a, and wait until the cus10Iηer becomes available. Ho~'ever, amvals

after b, are prohibited. The objective is 10 Iηinimize firstly the nuIηber of vehicles

used and then the 10tal distance traνeΙed (10).

• VRP with Split DeΙίνery (SDVRP): Ιn SDVRP each ctls10mer can be served by

more than one νehίcΙe. Tl1iS relaxation of the VRP facilitates the service of the

cus10mers especially when their size of orders is as big as the capacity of the

vehicle. The objective is 10 Iηinimize the vel1icle fleet and the 10tal distance

travelled.

• VRP with Pick - υρ and Delivery (VRPPD): In VRPPD is taken ίn1ο account the

retum of goods to the delivery vehicle. Hence, they have 10 fit in10 ίι The objective

is to minimize the vehicle fleet and the 10tal distance travelled, with the restriction

that the ",ehicle n1ust have enough capacity for transporting the cOl11lηodities 10 be

delivered and those ones picked - υρ at cus10Iηers for returning them 10 the depot.

• Periodic VRP (PVRP): Ιn PVRP, there is a horizon ofΜ days and a frequency for

each cus10Iner stating how often within the Μ - day period eacl1 cus10mer should
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be visited. The objective is to minimize the total cost of all routes over the planning

horizon ( 11 ).

• Dynamic VRP (DVRP): DVRP is the extension of the classical VRP ίη which the

uncertainties of real life is taken into consideration. Tl1e objective is to minitnize

the total travel cost subject to constraints related to reallife restrictions (7).

• VRP with Crew Scheduling (VRPCS): VRPCS is the cOlnbination of the vehicle

routing and the crew scheduling problem. Although it is easier to study these

problems separately, due to the dependence between them the combined problen1

may yield better schedules of tl1e costly tnanpower and also may reduce the total

cost significantly (7).

• VRP with Stochastic Customers (VRPSC): Ιη VRPSC, each custoIner is present

with probability Ρ and absent with probability (l - ρ). Two stages are lnade ίη order

to get a solution. Firstly, a solution is detem1ined before knowing the actual number

of custoIners. Ιη a second stage, a recourse ΟΓ conective action can be taken when

the customers are detem1ined, ίη order to define the optimal solution. The objective

is to minimize the yehicles used and the total travel cost.

• VRP wit11 Stochastic Demand (VRPSD): When the demand of each customer is a

random variable, the probletn is considered as VRPSD. As ίη VRPSC, the optimal

solution is detennined ίη two stages and t11e objective is to minimize the vehicle

used and the total travel cost.
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• VRP with Two/ Tlιree Dίωensίοnal Loading (2Ι - VRP/ 3Ι - VRP): 2Ι - VRP/

3Ι - VRP is the cOlnbination of tl1e vehicle lΌuting and the vehicles' loading

ΡΙΌbleω. The objective is to find a partition of the custοωers into subsets, which

are ηο lnore than the ιηaχίωuω nwnber of available γehίcles and, for each subset, a

lΌute starting and ending at the depot such that the total travel cost is ωίnίιηίΖed

( 12).

1.2.5 ReaI Life Applίcations and Literature Revie\v

The VRP is rooted ίη a wide variety of reallife applications worldwide. The key sectors of

reallife VRP applications are (13):

• οίΙ, gas and fuel

• retail,

• waste collection and ωanageωent

• ωaίl and stnall package delίνerΥ, and

• food distribution.

1.2.5.1 Οίl, gas and fuel applications

Concerning ΡΙΌbleωs which describe applications related to the supply of οί!, gas and fuel to

houses, gas stations and cOl11panies, they present a nUl11ber of specific featuΓes such as
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vehic!es with capacitated cOlnpartιnentsand sOl11etimes the presence of f10w meters to contro!

the de!ivered quantity. The latter feature implies that sOl11etimes the content of the sal11e

compal1ment can be used to satisfy the demands of several customers, whereas when there is

ηο flow tneter, tl1e COn1pal1l11ent I11USt be cOlnpletely el11ptied ίη a single custon1er tank.

Cleaning operations l11ay be needed between the loading of different products using the sal11e

compal1ment. These problems are generally solved o"er long - tem1 planning horizons and

incorporate l11ixed inventory and routing decisions ( 14).

Campbell et al. (15) worked with Praxair, an industrial gases con1pany with about 60

production facilities and more than 10.000 customers across NOl1h Al11erica. The problem,

modeled as an inventory - routing problem, was solved by l11eans of a two - phase heuristic

tl1at first assigns delivery days to customers, and then creates vehicle routes. Tt was applied to

instances ίη which facilities can have between 50 and 87 customers.

Chiang and Rtlssell (16) integrated purchasing and routing decisions for a propane gas

supply chain using set pal1itioning and tabu search tecl1niques. They l110deled the problem as

a general multi - depot VRP with time windows ίη wl1ich a tanker stal1s frol11 a depot, travels

through a number of terminals (for pickups) and plants (for deliveries), and retums to the

same depot. They repol1ed results for the Illinois and Michigan dispatch areas. Τη the case of

Michigan, they reduced the number of tankers used frOlll 130 to 102 over a one-week

planning period.
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Αvella et al. (17) studied the case of a company supplying three types of fuel to a set of gas

stations located ίη an urban area. They considered that each tank ίη the delivery vehicles mtJst

be either completely fulI ΟΓ cOl11pletely empty. They generated all feasibIe routes having at

most four clients and solved tl1e restIlting set partitioning problem by branch - and - price.

They solved a one - week instance with 60 cIients, and a fleet of six heterogeneotIs trucks was

ιιsed to serνe about 25 clients per day.

CornillieI" et al. (Ι 8) studied a problen1 similar to that ofΑvella (17) but aIso considered tl1e

loading of tanker trucks divided into compartments, which is of primary il11portance since

there aΓe several small gas stations throughout Eastern Qιιebec, the area of application, and

becatJse trιιcks are not equipped with flow meters.

Song and Savelsbergh (19) worked with Praxair οη another variant of the inventory -

routing problen1. They developed bounds οη the \,oIuι11e deIivered per miIe, \vhich was used

to determine customer - plant assignment.

Ng et al. (20) designed a decision support system combining heιιrίstίc and optimal routing

for a tanker assignl11ent and routing problem for ΡetroΙeιιm products ίη Hong Kong. They

reported an increase ίη the voltJme deIivered as well as betteI" route designs.

CorniIlie( et al. (21) sttJdied a richer petrol station ΓeΡΙeηίslll11eηt probIeI11 with time

windows and obtained a distance reduction of about 22% over tl1e solution obtained by the

company dispatcher. Οη a 42-station instance, they reduced the ntImber of rotJtes from 26 to

23.
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Day et al. (22) studied the inventory replenishment of a company ίη Indiana, which

distributes carbon dioxide to over 900 customer sites. They developed a heuristic capable of

redncing driver labor cost by about 30%.

Ιη Table 1, all the papers which are mentioned ίη this section are presented ίη snmmary.

Autl10r Year Journal ΑΙgοrίthιη Product/ Estimated
ConΊpany impro"ement
LOC<1tiOl1

CaιηΡbel1 et 2002 VRP2002 T\vo-phase G<1ses Praxair
al. heuristic North Americ<1

Chiang and 2004 EJOR Set partitioning and Propane/ 011e of 9.4° ο redllction ίη

RusseIl tabll search the largest USA toωΙ cost al1d 21.5%
distributor ίη llllmber of vehicles
IIlil10is <1lld
Michigan

Αvella et al. 2004 EJOR Set parιitioning and Fuel// 22-25% ΓeductίΟl1 ίη

branch-and-price toωl cost

SOl1g <111d 2007 TS Lo\ver bOUl1ds G<1ses/ ΡΓ<1Χ<1ίΓ/

Savelsbergl1

CorniIlier et 2008 JORS M<1tchil1g and Fuel Easterl1 17.2°'0 reduction ίη

al. column gel1er<:ιtion Quebec, Can<1da distal1ce and 1.16%
il1crease ίl1 qU<111tity
delivered
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Ng et al. 2008 JORS Heuristic and integer Bettel" route design
prograrnming wi th and increased "olul11e
multiple ob.jectives deΙίνered

CornillieI" et 2009 COR Heuristics based οη Fuel// Eastem 22~o reduction ίn

al. arc and route QlIebec. Canada distance
preselection

Day et al. 2009 ΟΜΕ Three-phase Carbon 30% redllction ίη

heuristic dioxide// driver labor cost
Indiana

Tab!e 1: Summary of contributions about οί!, gas and fue! distribution

1.2.5.2 Retail applications

Retai! involves tl1e sales of goods and the provision of services to end - users. lη this

section we list app!ications dealing with a number of fina! products, and ίη various sectors

such as supermarkets and consultancy services. These app!ications generally involve tin1e

windows and loading constraints.

Prins (23) studied the case of a French fιtrηitιιre manufacturer and l110deled it as a

heterogeneous VRP ίη \vhich eac!1 vehicle can perf0Γl11 several trips. Το solve it, he adapted

several well - known VRP algorithl11s and developed a tabu search algorithl11. Οη a one -
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week data set containing 775 stores, his results showed a reduction of 11.7% ίη distribution

costs.

Poot et al. (24) described a savlngs - based heuristic iInpleInented within Sl10rtrec

Distriplanner®, a CΟll1Π1ercίaΙ yjrtual reality systell1 sold by ORTEC Consultants, a Dutch

software provider. The authors dealt with severaI tyρes of constraints such as consistently

assigning the saΠ1e custoΠ1ers to drivers, grouping custoΠ1ers that should be visited first (or

last) ίη a route, and forbidding SΟΠ1e product CΟΠ1bίηatίοηs. Results were reported for four

anonYll1ous COll1panles.

Gaur and Fisher (25) solved a periodic inventory - routing ΡrοbΙeΠ1 for Albert Hei.in, a

supennarket chain ίη the Netherlands. They reported transportation savings of about 4% ίη the

first year of ίΠ1ΡΙell1eηtatίοη.

Gendreau et al. (26) stιιdied the case of an Italian con1pany Π1aπufactιιrίηg bedrοοΠ1

furnitιιre. The problell1 was Π10deΙed as a capacitated VRP with three - dίΠ1eηsίοηaΙ loading

constraints and was solved by tabu search. Solutions were obtained οη five instances

involving υρ to 64 custoΠ1ers, 181 products and four ,,"ehicles.

Kant et al. (27) reported the ίΠ1ΡΙeΠ1eηtatίοn of the ORTEC vehicle routing software for

Coca-Cola. They considered a ΡrobΙeΠ1 involving about 10,000 trucks daily, and reported aπ

annual cost savings of about $45 ιηίΙΙίοη, as well as Π1ajοr ίΠ1Ρroveιneηts ίη custoIner service.

Belfiore and Yoshizaki (28) worked witl1 a Brazilian retail group coInposed of 519 stores

present ίη 11 Brazilian states. Tl1ey Π10deΙed tl1e ΡrοbleΠ1 as a 11eterogeneous VRP witl1 tiIne
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windows and split deIiveries, and proposed a scatter search heuristic 10 solve it. Using one

week of data, they reported a cost reduction of about 7.5% which could translate in10 a yearIy

saving of one milIion dollars.

Chang et al. (29) described a s10chastic dynamic TSP with tίιηe windows which was

appIied 10 FamilyMart, the second-Iargest convenience store ίη Taiwan, with ll10re than 1,500

saIes points. They proposed an aIgorithm combining a shortest n-path aIgorithm with a

convolution - propagation heuristic. They perfonl1ed their experiments οη a 12 - custoιl1er

instance which was said 10 be representative of a typical route.

Wen et al. (30) soIved a VRP \lvith cross-docking for the Danish consttItancy Transvision.

Ιη this application identical yehicles are ttsed 10 transport orders from sttp-pliers to cttstomers

throttgh a cross-dock. They developed a tabtt search hettristic embedded within an adaptive

memory search to soIve an instance containing ιιρ 10 200 pairs of nodes. They obtained within

a few minutes, soIutions that were less than 5% away from optimality.

Ιη Table 2, a sttll1ll1ary of the papers mentioned ίη this section is presented.

Author Year Journal AIgorilhln ProducιJ Estitnated
CοηψaηΥI itnproven1ent
Location

Prins 2002 JMMA Construction, Ftlrniturell Reduction ίη

improvelllent and tabu antes. France distribtItion time of
searcl1 algorithιn 11.7%
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Poot et al. 2002 JORS ORTEC software
based οη savings and
local search

Gaur and 2004 OR Matllelnatical Supennarket! 4% reduction ίη cost
Fisher progral1llning and Albert Hei,in! the

matching Netherlands

Gendreau 2006 TS Tabu search Bedroom
et al. fumiture Italy

Καηι et al. 2008 INTER ORTEC softv,are Soft drinks Αl1ηιιαΙ cost sa\'ing of
based οη sa\'ings and Coca-Cola. USA 45S ιηίΙΙίοη

local search

Belfiore 2009 EJOR Scatter search Supermarkets 7.50 ο cost reduction
and Brazil
Yoshizaki

CΙlang et 2009 EJOR Heuristic based οη n - Convenience 22% redtIction ίη

al. path algorithm and storesl distance
con\'olutiol1- FanlilyMartl
propagation Taiwan

Wen et al. 2009 JORS Tabu search within αη Τrans\'ision 300 ο reduction ίη

adapti\'e memOlY Denl11ark dri\"er labor cost
procedure

TabIe 2: Sunmlary of contributions about retail appIications
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1.2.5.3 Waste collection and manageιηeηt

Waste collection is essential to the proper functioning of any collectivity.

Ghiani et al. (31) presented a survey of the stΓategίc and tactical issues re1ated to the

app1ication of operations researc11 ίη solid waste management. Α variant of the problem deals

with haΖaΓdοus waste maηageιηeηt ίη which collection, transportation, treatl11ent and disposal

of hazaΓdοus ιηaterίaΙs are involved. These problems are characterized by loading and ιιη-

loading constraints, time windows, and inter-aTΓival tίιηe cοηstΓaίηts at customer points.

Tung and Ρίηηοί (32) studied the waste collection of 110ttseholds and stΓeets garbage cans

ίη fιve districts of Hanoi. Tl1e service is provided by Urenco, a ΡΓίvate con1pany paid by the

l11unicipa1 govemment based οη the volume collected. The authors ΓeΡοrted a reduction of

4.6% ίη operating cost and showed that they could reduce their fleet size by 20% ΟΓ,

converse1y, increase the volume ofwaste collected with the cuTΓent fleet by 20%.

Shih and Chang (33) modeled the routing and scheduling of medical waste from a set of

hospitals and clinics as a periodic VRP. The system, tested ίη central Taiwan, tlses dΥηaιηίc

ΡrograιηΙ11ίηg to partition customers ίηto routes and a simple 2 - ορι heuristic to improve each

route individttally. They solved an instance with 346 clinics over six days, with two ΟΓ three

routes scheduled per day with ιιρ ιο 47 visited clinics.

Baptista et al. (34) extended the algorithm of ChΓίsto des and Beasley (35) for the ΡeΓίοdίc

VRP to the collection of recycling paper containers ίη Almada, Portugal. Ιη this application, a
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single vehicle must perform a route ίη the moming and another ίη the aftemoon 10 collect 59

containers. The problem \vas solved over a one - month horizon.

Still ίη Portugal, Teixeira et al. (36) studied an urban recyclable waste problem where three

types of products (glass, paper and plastic/ metal) must be collected separately. They modeled

the problem as a periodic VRP which was solved throHgh a three - phase heuristic. Their

algorithm yielded a distance reduction of about 29% ovel" historic distances tΓaveΙΙed.

Α sirnilar problem witll dίffeΓeηt types of waste was studied by NHortio et al. (37) ίη

Eastem Finland. These authors developed a scheduler and an optirnizer system based οη a

guided variable neighborhood thresllo1ding metaheHristic and reported an aveΓage distance

improvement of 12% and a reduction of 44% οη a specific instance.

Sahoo et al. (38) worked with Waste Management Inc., a provider of waste-managernent

services based ίη Houston, which services nearly 20 ιηίΙΙίοη residential cHs10mers and two

ηιίlΙίοη coιrunercial customers throughout the Unites States and Canada. They developed a

complete route - management system, deployed over 36 markets aΓeas, and yielding 984

feweI" routes and $18 million ίη savings afteI" one year. Ιη the long run, the number of routes

was expected 10 be reduced by 10%.

Ιί et al. (39) developed a pro1Otype decision support system (DSS) for the solid waste

collection services ίη Porto Alegre, Brazil. They analyzed the impact of disruptions ίη trips

and the strategy 10 use wl1en unexpected events occur.
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lη the context of hazardous waste disposal, Alumur and Kara (40) proposed a model that

determines where to open treatιηeηt centers, which technologies to eιηΡΙΟΥ, how to assign

different types of hazardous waste to compatible treatment technologies, and how to route

waste residues to disposal centers. The system was applied ίη the Central Anatolian region of

Turkey.

Repoussis et al. (41) developed a complete DSS to manage waste lube oils collection and

recycling operations for a multinational Greek cοιηΡaηΥ. Tl1ey l110deled this problem as an

open VRP with time windows and solved it by means of a list - based threshold accepting

metaheuristic. Unit cost reductions ofup to 30% were achieved.

Coene et al. (42) stιιdied the problem of a Belgian company collecting waste at

slaughterhouses, bt1tcher stores, and st1permarkets. Waste prodt1cts were divided into two

categories - high - risk and l0w - risk - and different vehicles were t1sed for each type. This

led to two distinct periodic VRPs, one with 48 low - risk customers and three trucks over a

planning period of one week, and one with 262 high - risk Ct1stomers and three trucks over a

two - week planning 110ΓίΖοη. Since planning occurs over a tiιne period of several days, the

problem was solved as a periodic VRP t1Sing a two - phase l1euristic ίη which customers are

fιrst assigned to days, and VRPs are solved for each day ίη the second phase.

Hat1ge et al. (43) dealt witl1 tl1e transportation of btιlky waste containers. This roll - onJ roll

- off routing problem arises ίη tl1e collection of industrial waste. It was fon11ulated as a
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generalized set partitioning problem and solved by means of a hybrid column generation and

a tabu search procedure.

Hemmelmayr et al. (44) studied the problem of designing a collection system for general

waste ίη Italy. They considered the bin configuration and sizing problem at each collection

site, as well as the service frequency over a given 110rizon. They analyzed the resulting trade ­

offs between the bin investment cost and the routing cost. They proposed a hierarchical

solution procedure ίη whicl1 the bin location problem was first solved and was followed by

the solution ofthe VRP. They tested both a sequential and an integrated approach.

Battarra et al. (45) solved an urban garbage collection ίη Italy as a cltlstered VRP ίη which

456 large street bins are located at 385 collection points.

Aksen et al. (46) studied the case of a biodiesel prodtlction facility ίη Istanbul, which

coIlects tlsed vegetable οίΙ frotn restaurants, catering companies and hotels. The resulting

selective and periodic inven1ory-routing problem was solved by means of an adaptive large

neίghbΟΓhοοd search algorithm.

Huang and Ιίη (47) studied the problem of efficiently routing and scheduling collec1ors for

municipal waste collection ίη Taiwan where it is requίΓed that residents personally bring their

waste 10 collection vehicles. They proposed a bi-level optimization model tl1at fiΓst selects

collection points by solving a set coveι-ing probletn and then solves a VRP with pickup

delίveΓΥ by lneans of an ant colony optimization heuristic. They used two instances from a

StlbnetWΟΓk ofKaohsitIng City ίη Taiwan, involving 262 and 611 nodes.
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Ιn Table 3, a sunll11ary of the papers l11entioned ίn this section is presented.

Authol' Year JOllrnal Algorithtl1 Prodllct/ Estitl1ated
Company/ iJl1proveIl1ent
Location

Tung and 2000 EJOR Heuristic route Street solid 4.6~o operating cost
Ρίnnοί construction waste/ Urenco/ reduction

and improvement Hanoi, Vietnatl1

Shih and 2001 ΕΜΑ Heuristic route Medical waste /
Chang construction Tainan City,

and iJl1provement Taiwan

Baptista et 2002 EJOR Heuristic route Recycl ing paper
al. construction containers//

and improvement Almada,
Portugal

Teixeira et 2004 EJOR Three-phase heuristic Glass, paper, 29% reduction ίn

al. plastic, metal ι distance
Portugal

Sahoo et al. 2005 INTER Itel'ative t\','o-phase Waste/ Waste 984 [e\\'er l'Outes,
algorithtl1 Managetl1ent saving $18 milIion

Inc. USA
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Nuortio et 2006 ESA Guided "ariabIe Municipal waste/ 12% distance
al. neighborhood Jiίtekukko Ltdl reduction οη aνerage

threshoIding Finland
ll1etaheuristic

AltImur 2007 COR Mathell1atical l110del Hazardous 22% reduction ίη

and Kara sοΙνed by (ΡΙΕΧ waste// distance
Central Anatolia

Ιί et a1. 2007 COR DSS with Municipal waste 3000 reduction ίn

optil11ization DMLU/ Porto dri"er labor cost
AIegre, Brazil

Repoussis 2009 EJOR DSS with hybrid Lube οίll/ 25% ιο 30%
et a1. l11etaheuristics Greece reduction ίη per ιιnίι

cost

Coene et 2010 JORS Two-phase Anίl11ηl waste
al. l11athel11atical Belgiull1

based algorithl11

Hauge et 2014 CIE Hybrid colurnn Industrial wastefl
al. generation Italy

and tabu search

Henll11eΙnla 2013 TS VNS and ΙΙΡ General ",'aste//
yr et ηl. Italy

Βattaπa et 2014 OR BC&P Garbage/ Italy
ηl.
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Aksen et. 2014 EJOR ALNS Used οίΙΙ/

al Instabul, Turkey

Huang and 2015 ΟΜΕ Set covering and ant MLInicipal
Ιίn coIony waste//

Kaohsiung,
Taiwan

Table 3: Suιnmary of contributions about waste collection and ιηanagement

1.2.5.4 Mail and small package deIivery

MaiI and package deIivery is a very important industry. Ιη this section, the reviews of reaI

Iife appIications range from maiI deIiνery to the deliνery of Internet orders, touching many

νariants of the classical VRP suc11 as those inνolνing time windows and pick - ups and

deIiνeries.

Larsen et al. (48) ιηοdeΙed and solνed the routing problem of an oνemight ιηaίΙ serνice

proνider as an a ΡΓίΟΓί dynamic TSP with tίιηe windows. The objectiνe was to minin1ize the

lateness of deIiνeries. They worked with United ParceI Serνice (UPS), using 10 days of data

for each of four selected areas.
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Hollis et al. (49) used a vehicle routing and crew scheduling algorithIll based οη set

covering with coluIηll generation to solve the Melboume Iηetropolitan Iηail distribution at

Australia Post. They worked with instances containing up to 339 locations and five depots

and [eported a potential cost saving of aboLIt 10%.

COlln et al. (50) studied the load-Iηatching and routing probleIll with equipIllent balancing

for sIηall package carriers. In this problem, all packages of a given coIllmodity move through

the sanle sequence of intermediate sorting facilities, and the cοιηιηοdίtίes are grotιped by

comIllon destination to ίίΙΙ trailers more efficiently. Tlley used data fronl a regional

subnetwork froιll UPS, with 263 nodes and more than 2,000 requests, and reported cost

reductions of about 5%.

Groer et al. (51) solved a consistent VRP ίη a context where the objective is to plan the

routes ίη order to have customers consistently visited by the same driveJ" over time, so as to

develop good working relationships. They solved an instance with 3,7 Ι 5 custoIllers locations

based οη five weeks of real custoιller data provided by a cOlllpany ίη the small package

shipping industry.

Sungur et al. (52) studied a VRP with tiIlle windows ίη which custonlers appear

probabilistically and have uncertain serνice tillles. They worked οη two data sets provided by

UPS having up to 5, Ι 78 potentiaL customers and Iηore than 25,000 serνice requests. They

reported inlprovements of up to 20% over a weighted objective function value.
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Pignac - Robitail!e et al. (53) solved a pickup and delivery problem for a company

specia!ized ίη transportation of biomedical samples ίη Quebec City. They worked οη a data

set containing 946 requests ίη which υρ to 30% of them were known one day ίη advance. ΒΥ

using tl1e con1pany's strategy Wl1icl1 neg!ects this infom1ation, tl1ey reduced tl1e nuιnber of

routes from 54 to 50. Using information about known requests allowed cutting off one

additiona! route and reducing the total distance by an additiona! 1.3%.

In Table 4, tl1e papers presented ίη this section are summarized.

Author Year Journal A!gorithtn Productl Estimated
Company/ improyement
Location

Larsen et 2004 TS Dynamic construction CourierlUPS/
al. and iinproveinent USA

heuristics

Hollis et al. 2006 EJOR Set covering with MaiI/ Austra!ia Potential cost savings
co!umn generation Post/ Austra!ia of 10%

Cohn et al. 2007 TS Column generation Courier/ UPS/ Cost reduction of
and enumeration USA about 5%
based heuristics

Groer et al. 2009 MSOM Record-to-record Sma!! packages//
trave! heuristic

Sungur et 2010 TS Insertion based Courier/ UPS/ Up ιο 20% over a
al. and tabu search USA weighted objective

functiol1
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Pignac ­
Robitaille
et al.

2014 INFOR Itnprovement
heuristics

Medical
samples//
Quebec City,
Canada

Table 4: Summary of contributions about mail and small package deIivery

1.2.5.5 Food distribution

Food distribution has its own characteristics, constraints and challenges such as product

quality, health and safety. The products often have a limited shelf - life, so that distribution

operations must take into account temperature, humidity and time - ίn - transit

considerations, as well as many other constraints related to products.

The review of Αkkenηaη et al. (54) focuses οη the challenges of food safety, quality and

sustainability. These authors outline practical contributions related to strategic network

design, tactical network planning and operational transportation planning.

Ahumada and Villalobos (55) studied the particular agricυltural food (agri - food) supply

chain and reviewed the main cοntήbutίοn ίn the specific field of production and distribution

planning for agri - foods based οη agricultural crops.

Tarantilis and Kiranoudis (56) dealt with the dίstήbutίοn of fresh milk for one of the

largest dairy companies ίη Greece. The problem \-vas foΓIηulated as a heterogeneous fixed
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fleet VRP and solved through a backtracking adaptive threshold accepting algorithtn. The

authors solved aπ instance containing 299 supermarkets located ίη Athens, with a

heterogeneous fleet of 29 vehicles, reducing the total distance by 28% ίη comparison with the

solution llsed by the cOil1pany.

Cheong et al. (57) studied a soft driηk distribution problem arising in several districts of

Singapore. They reduced both the aνerage and n1aximum number of vehicles needed over a

23-day period.

Tarantilis and Kiranoudis (58) tnodeled the distribution of fresh meat froιn depots to 174

butcl1er shops ίη Athens as an open multi - depot VRP and solved it by means of a threshold

accepting - based tnetaheuristic. They reported reducing the total traveled distance by 17%.

Prindezis et al. (59) developed a solution systelH that was applied to the Greater Athens

area for the benefit of Athens Central Food Market enterprises. The system, based οη a tabu

search metaheuristic, is used by nearly 150 Central Market enterprises for planning their daily

routes.

Faulίn (60) & (61) solved a logistics probletH for Alimentos Congelados, S.A., a canning

cot11pany located ίη Navarra, Spain. Hetιristics were used for the initial solution WhiCl1 was

ilnproved by liηear prograΠ1lHing. Results obtained over 11 days showed a 4.6% average

djstance reduction.

Page 48



DEVELOPMENT OFΑ ΜΑΤΗΕΜΑT/CAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI-DEPOTCAPACITATED VEHICLE ROUT/NG PROBLEM WITH

HETEROGENEOUS FLEET

.)'IIbIIIirred ,o.fιιl(ιll ΡΟΝ oIrlIe ΓeqιιίΙ'eιιιeιιrs)cJ/'r/Ie (/cφιίΙ'eιιιel1r I?frlIe

DiploI110 οΙMec/I(/lIical El1gil1eeι-

Pamuk et al. (62) improved distribution operations for a major beer producer having about

4,000 customers ίn Ankara. They used a workload balancing and partitioning model to assign

customers to workdays, followed by a simple nearest - neighbor rOl1ting heuristic.

Ruiz et al. (63) worked with Nanta S.A., a leading Iberian feed compol1nder ίη Spain,

offering pig, POl1ltry, rulllinants, rabbits and other livestock feeding, and developed a

complete DSS. They partitioned the customers into regions and created routes with few

clients, generally less than six. They reported distance redl1ctions ranging frOlll 7% to Ι 2%

and cost redl1ctions of 9% to 11 %.

Faulίn et al. (64) worked with the Frilac Company ίn Pamplona, northern Spain, which

delivers frozen goods such as ice cream, vegetables, precooked dishes, seafood and meat.

They developed a cOlllplete DSS with database and visualization capabilities based οη a

savings algorithm. They reported reductions of Ι 3.5% ίη distance and 10.8% ίη cost seven

Illonths after the implementation.

Belenguer et al. (65) presented a COlllputer program developed to design deli"ery routes for

a medil1m-sized meat cOlllpany ίη Valencia. They used seven days of data to plan tl1e rOl1tes of

a fleet of seven vehicles serving between 94 and 148 orders per day. They considerabIy

reduced the total lateness and tl1e routes lengths by 8.96%.

Ioannou (66) studied tl1e supply chain of the Hellenic sugar industry ίη Greece. They

handled the transportation part by means of the Map - Route systelll created by Ioannou et al.

(67). This systelll was developed for a wholesaler and logistics service provider supplying
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packaged goods and beverages to supermarkets and retail outlets ίη the Central Athens area.

Their objective was to lninimize l0ηg-term average inventory and routing costs.

Prive et al. (68) stιιdied the distribution of soft drinks and collection of [ecyclable

containers for Distribution Jacques Dubois, a Quebec - based distributor ίη Canada. Tlley

considered vehicle routing costs and the revenue generated by the collection of [ecyclable

containers for 164 customeΓS ordering 125 different products ovel' a one - week planning

period. They reported a distance reduction of about 23% with respect ΙΟ the lnanually

designed roιιtes of the company.

Cetinkaya et al. (69) improved the operations of Frito - Lay Nortll Aιnerica by lnodeling

them as a large - scale, integrated multiproduct inventory lοι - sizing and VRP. They solved

the model using CPLEX by decomposing ίι ίηto two sub - problems involving

complementary inventory and routing components. They also used some classical TSP

heuristics such as savings and cheapest insertions to improve the routes. Their results yield

higher vellicle utilization and indicate that fιnancial benefιts could be achieνed ίη inventory

and delivery management.

Ηυ et al. (70) studied a food distribution problem for the Northern Grocery Company ίη

Beijing. Roιιtes were constructed ovel' a circular transportation network, leading to special

characteristics, which helped the generation process.

Βattaπa et al. (71) studied the distribution of three different types of foods to supennarkets

(vegetables, fresh food and non-perishable), which were incompatible ίη the sense that they
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cOllld ηοι be delivered simllltaneolls ίη the same vehicle. The problem was modelled as a

multi - ΙΓίρ VRP with time windows. Six days of data were llsed with an average of 422

customers per day.

Incompatibility constraints were also considered by CaΓaΙl1ίa and Gιιeπίerο (72) for a milk

collection problem where some small fam1s are inaccessible by large trucks. Since fanners

produce different milk types, they used multi - conΊpartll1ents trucks. They worked with

ASSo. ΙΑ. C. which collects Inilk from 158 farmers ίη four towns ίη Calabria, ίη southem

Italy. They were able to obtain a reduction of about 14.4% ίn the total distance traveled and

they also increased the filling ratio oftl1e tank trucks froll1 85% to 95%.

Zachariadis et al. (73) worked with a frozen food distribution company operating ιη

Athens. This cOlnpany uses 27 types of boxes and a homogeneous fleet of eight - pallet

trucks. Thus, the probleIn was modelled as a pallet - picking VRP with three - dimensional

rectangular boxes. The authors developed a tabu search algorithm ίη which pallet - packing is

solved with a packing heuristic. Martinez and Amaya (74) worked with a home delivery

service cOll1pany that produces and deΙίνers Spanish paella. The food is cooked ίη paella pans

whicl1 are then delivered to the custoIners. This problem was solved as a multi - ΙΓίρ VRP

with time windows and a loadίηg component for these circulars items. Οη a set of 19 real

instances tl1ey reported that their tabu searcl1 heuristic could reduce the total trip time by

25.5% οη aνerage.
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Cattaruzza et al. (75) developed an iterated local search heuristic for the milk collection

problem of Battarra et al. (71).

Lahrichi et al. (76) worked with the Federation des producteurs de lait dtI Quebec which is

responsible for negotiating the transportation cost οη behalf of the daiιy producers' of the

province of Quebec. They stιιdied two examples ha\;ing υρ to 226 fanns, four depots and

eight vehicles. When optimizing οηΙΥ the collection sequence, they reported small

improvetnents of about 0.500 detnonstrating that the ctIrrent plan was very good. When they

allowed the reassignment of farms and plants to vehicles, they obtained υρ to 4% ίη distance

reduction, which corresponds to savings of a fe~' hundred tl10usand dollars yearly.

Del11ir et al. (77) worked with Nabuurs B.V., a Netherlands - based logistics ser\lce

provider specialized ίη refrigerated, frozen and ambient food products incltIding beverages.

They analyzed the shift from a single - depot planning to a centralized n1ulti - depot planning

process. They used a SHORTREC - based sil11ulation l110del which includes many routing

construction and improvel11ent algorithms. They discussed the ll1anagerial ill1plications as

well as the impletnentation ofthe SHORTREC as a tactical planning ωοΙ.

Lahyani et al. (78) stιιdied the olive οίΙ collection process ίη Tunisia. Since olive οίΙ comes

ίη three different grades, it must be transported ίη multi - compartment vehicles. Cleaning

operations may be needed if a compartment must be retIsed for a different οίΙ grade. Οη a set

of instances having υρ to seven producers and 39 requests they reported an average reduction

of about 11.7% ίη the total distance traveled.
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Ιn Table 5, the contributions ofthis section are summarized.

Author Year Journal Algorithtn Product/ Estimated
Coιnpany/ itnprovement
Locntion

TarantiIis 2001 JFE Backtracking adaΡtίγe MiIkI/Athens 28% distance
and threshoId accepting reduction
Kiranoudis

Cheong et 2002 ΑΡ] Tree search, column Soft drink// Consistent reduction
a1. generation over a set Singapore ίn t11e tnaximum

cογerίηg fonnulation number of vel1icles
required

Tarantilis 2002 JFE List - based threshold Meat// Athens 17% distance
and accepting reduction
Kiranoudis

Ioannou et 2002 JORS DSS with GIS, look- Packaged goods Lower number of
a1. ahead heuristic and beverages// routes and vehicles

Athens

Prindezis et 2003 JFE Tabu search Vegetables,
a1. fntits and meat/

Central Food
Market/ Athens

Faulίn 2003 ΗΙ Hellristics and Iinear Canningl Average of 4.6%
prograιmrung Alitnentos distance reduction

Congelados
S.A./ Spain

Page 53



DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MUL ΤΙ - DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

SΊιbιιιίrredιο jιIIjiI!ρω'Ι olflIe I'eqιIiI'eIlIeIIfs'/c)/'flIe acCjIIiI'eIIIenf olf/Ie

DiploIIIo ΟΙMeclIanical Engineeι-

Ruiz et al. 2004 EJOR Β&Β with Lingo Animal foodl Redllction of ιιρ Ιο

Nanta S.A./ 11 % ίη cost and 12%
Spain ίη distance

Pamuk et 2004 JORS Workload balancing, Beer// Ankara
al. partitioning and

routing

FalIlίn et 2005 INTER DSS based οη sa"ings Frozen goods/ 13.5% distance and
al. and sweep algorithm Frilac/ 10.8% cost redlIction

Pamplona, Spain

BelengιIer 2005 JFE CorιstnIctivehelIristic Meat// Valencia, 8.96% distance
et al. with tabu search Spain reduction

ίmΡrονement

Ioannou 2005 JFE DSS with GIS, look SlIgar// Greece About 25% ίn total
ahead heuristic transportation cost

Prive et al. 2006 JORS Constructive and Soft drinkl 23% redlIction ίn

improvement Distribution J. distance
Dubois/ QlIebec,
Canada

Ηιι et al. 2009 COR Route generation and Packet meat/
selection Northem

Grocery Co./
Βeψηg
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Cetinkaya 2009 INTER Mathematical Snacks/Frίιo - Average of 4,6%
et al. decomposition and Lay/ North distance reduction

heuristics Αιηerίca

Battarra et 2009 COR Heuristics \vith //
al. adaptive guidance

mechanism

Caraιηίa 2010 INTER Mathematical Milkl ASSo. 14.4% reduction ίη

and Ρrograιηηιίηg and l0cal LA, C./ Italy distance
Guerriero search mLllti - start

Zachariadis 2012 TS Τabl1 search and Frozen food//
et al. packing heuristic Athens

Martnez 2012 JORS Insertion, tabu search Spanish paella// 25,5% ίη total trip
and Amaya and bin packing time O\ier a set of 19

hel1rίstics instances

Cattaruzza 2014 COR Iterated l0cal search //
et al.

Lahrichi et 2014 JORS Generalized l1llifιed Milkl Federation Lahrichi et al.
al, tabu search des producteιιrs

de laίt dll
Quebec/ Canada
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Demir et 2014 INTER Construction and Refrigerated, Demir et al.
al. impro\'ement frozen and

ambient food
products and
be\"erages

abuurs Βν,
the Nether1ands

Lahyani et 2015 ΟΜΕ Branch - and - cut OIi\'e οίΙΙ 11.7% distance
αl. Tunisia redιιctίοn

Table 5: SUll1mary of contributions about food distribution
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Chapter 2 The MuIti - Depot Capacitated Vehicle Routing

ProbIem with Heterogeneous FIeet

2.1 Definition of the Problem

The Multi - Depot Capacitated Vehicle Routing Problem with Heterogeneous FIeet

(MDHFCVRP) is the coιnbination of the three foIlowing variations of VRP:

• Capacitated VRP (CVRP),

• Multi - Depot VRP (MDVRP), and

• VRP with Heterogeneous FIeet (HFVRP).

The objective of MDHFCVRP is to serve a given set of custoιners by minin1izing the total

distribution cost while taking into consideration the constraints of the three abo\"e Inentioned

problems simultaneously.

The fundamental constraint of the CVRP - the basic vaΓίatίοη of VRP - is that the size of

orders of aIl customers cannot exceed the capacity of the available οη depot vehicles. 1η

MDVRP, tl1ere is I110re tl1an one depot with their f1eet of vel1icIes froI11 where the distributions
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cauied οιιι The basic constraint ίη MDVRP is that all vehicles originate frOln one depot,

service the ctIston1ers assigned to that depot, and retιιrn to the san1e depot. 1η addition, the

HFVRP sets that the available vehicles are not identical. Ho\vever, tl1ey have different

capacity, type of cargo and cost and these special characteristics shotIld be described by

appropriate constraints.

The MDHFCVRP is ΝΡ - hard, as its din1ensions are aIso ΝΡ - hard probIen1s, and it is

diffictIlt to obtain an optin1al solution for Iarge size probIelns within a reasonabIe an10tInt of

COn1PtIting tin1e. Therefore, tin1e pararneter constraints wiII be tIsed ίη the sitntIlation of the

n1athen1atical n10del of MDHFCVRP with CPEX solver.

2.2 Literature Reνiew

Since 1980 lnore than one hundred of papers have stιιdied the classical version of the

MDVRP and the cOn1bination of it with other variants of VRP, SOn1e of thetn inspired fron1

real - life appIications. 1η this section, a lίteratιιre review of the MDVRP, MDCVRP,

MDHFVRP and MDHFCVRP is presented. Regarding the type of soltItion procedtIre appIied

- exact n1ethod, heUΓίstίc ΟΓ n1eta-hetIristic - tl1iS sectiol1 is divided into three subsections.
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2.2.1 Exact methods

The first papers presenting fonnal models οτ procedures to find optimal solution for the

multi - depot vehicle routing problem are those of Laporte, Nobert, and Arpin (1984) who

formulated the syιnmetric MDVRP as integer linear programs with three constraints, These

authors then proposed a branch - and - bound algorithm using a ΙΡ relaxation (79).

The works of Kulkarni and Bhave (1985) (80), Laporte et al. (1988) (81) and Carpaneto,

Dell'amico, Fischetti, and Toth (1989) (82) can also be considered as part of the pioneer

works οη exact methods for the MDVRP. The mathematical fonnulation proposed by

Kulkarni and Bhave (1985) was later revised by Laporte (1989),

More recently, Baldacci and Mingozzi (2009) (83) proposed mathematical formulations for

solving several classes ofvehicle routing problems including the MDVRP.

Dondo, Mendez, and Cerda (2003) (84) proposed a mixed - integer linear programming

(ΜΙΙΡ) model to minimize routing cost for MDHFVRP.

Cornillier, Boctor, and Renaud (2012) (85) presented a ΜΙΙΡ model for the problem ίη

which heterogeneous tleet of ve11icles is available and with maximization of total net revenue

as objective function, while maximum and minimum demands constraints are given.

Branch - and - cut algorithIlls were proposed by Benavent and ΜartίηeΖ (2013) (86) and

Braekers, Caris, and Jenssens (2014) (87). FOΠller authors focused also οη studying the

polyhedral structure of the problem which allowed the extension of their procedure to the
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location - routing problem (LRP). while latter alIthors considered a dial - a - ride problem

with multipIe depots,

The LRP witl1 tnultiple depots was also studied by Contardo, Cordeau. and Gendron

(2014) who proposed a cltt - and colunm generation procedure for the capacitated case (88),

Other configurations of the MDVRP ha\'e been studied through exact algorithtns, For

instance, Contardo and Martinelli (2014) studied the capacitated MDVRP with route length

constraints (89).

Ιη Table 6. the papers of exact methods re\'iewed ίη this section are presented ίη summary.

Year Authors

1984 Laporte et al. ( 1984)

1985 Kulkami and Bha\'e (1985)

1988 Laporte et al. ( 1988)

1989 Laporte ( 1989)

Variations

Multi - Depot
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1989 Carpaneto, Del!'amico,
Fiscltetti, and Toth (1989)

2009 Baldacci and Mingozzi
(2009)

2012 Comillier, Boctor, and
Renaud (2012)

20 Ι 3 Βenaγent and ΜartίneΖ

(2013)

2014 Braekers, Caris, and
Jenssens (2014)

2014 Contardo, Cordeau, and
Gendron (2014)
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2014 Contardo and Martinelli
(2014)

Table 6: Summary ofMDVRP, MDCVRP and MDHFVRP with exact solution

2.2.2 Heuristίcs

Due to the ΝΡ - hardness of MDVRP, MDCVRP and MDHFVRP, several heuristic

algorithms have been proposed ίn the literature,

The fιrst works were published ίn the 1990's, ίn order to solve the capacitated version of

MDVRP, Μίn, Current, and Schilling (1992) studied the version of the MDVRP with

backhauling and proposed a heuristic procedure based οη problem decomposition (90),

Salhi and Sari (1997) proposed the so-called "multi - level COlnposite heuristic". This

heuristic found as good solutions as those known at that tillle ίη the ΙίteratuΓe but using only 5

to 10% of their computing time. The heuristic was also tested οη the probleIll with

heterogeneoιIs fleet (91).

Jin, Guo, Wang, and Lilll (2004) modelled the MDVRP as a binary prograιrulling probleIn.

Two solving lllethodologies weΓe presented. The fιrst one is a two - stage approach that

decoInposes and solves the problem into two independent subproblems. FίΓst the assignment
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problem is solved and then the routing problem. The second proposed approach treats both

assignment and routing problems ίη an integrated manner. Their experiInental results showed

that the one - stage algoritllln outperforms the other one (92).

The MDHFVRP, ίn which heterogeneoLls f1eet of vehicles is considered ha\'e captured tl1e

attention of researchers since the work presented by SaIhi and Sari (1997). Imich (2000)

proposed a set covering heuristic coupled \νίth coIumn generation and branch - and - price

algorithm for cost IniniInization for the heterogeneous fleet and pickup and deIivery MDVRP

(93).

Tsirimpas, Tatarakis, Minis, and Kyriakidis (2007) considered tl1e case of a single "ehicle

with Iimited capacity, multiple - products and multiple depot retums. Another characteristic

of their probIem is that the sequence of visits to ctIstoIner is predefined. They deveIoped a

suitabIe dynamic programrning algorithm for the deterιnination of the optimal routing poIicy

(94).

Ιn Table 7, the papers revie\\'ed ίη this section are presented ίη sun1n1ary.

γear Authors

1992 Μίn, Cuπent, and SchiIIing
( 1992)

Variations

ΜιιΙιί - Depot
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1997 Salhi and Sari (1997)

1000 Imich (2000)

2004 Jin et al. (2004)

2007 TsiriInpas et al. (2007)

Table 7: Summary ofMDVRP, MDCVRP and MDHFVRP with heuήstίcs

2.2.3 Meta - heuristics

Meta - heuristic procedures have been employed by several researchers for effιciently

solving tl1e MDVRP and its variants.

The fιrst meta - Ι1euήstίc was proposed ίn the work of Renaud, Laporte et al. (1996) who

studied the MDVRP with the constraints of vel1icle capacities and maximum duration of

routes (e.g. the till1e ofa route cannot exceed the lnaxilllum working time ofthe vehicle). The

objecti,,·e to be optill1ized is the total operational cost (95). These authors proposed a tabu
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search algorithm for which the initial solution is btιilt using the Improved Petal heuristic of

Renaud, Boctor, and Laporte (1996b) (96).

Escobar, Linfati, Toth, and Baldoquin (ίη press) evaluated a grantιlar tabu search algorithm

to minimize the total sum of vehicle travelled distances (97).

The fιrst genetic algorithllls were proposed by Filipec, Skrlec, and Krajcar (1997) for the

problem of minimizing total travel distance (98), by Salhi, Thangiah, and Rahlllan (1998) and

by Skok, Skrlec, and Krajcar (2000), Skok, Skrlec, and Κrajcar (200l) (99), (100) & (l Ο 1).

Thangiah and Salhi (2001) proposed the use of genetic algorithllls to defιne clusters of

clients and then routes are found by solving a traveling saleslllan problem (TSP) tlSing and

insertion heuristic. This approach is called genetic clustering (GenClust) (102). Solutions are

fιnally optimized using the post - optimization procedure of Salhi and Sari (1997).

Recently, Yίicenur and Demirel (2011) proposed geometric shape based genetic clustering

algorithm for the classical MDVRP. The procedure is compared with the nearest neighbour

algorithm. Their experilllents showed that their algorithm provides a better clustering

performance ίη terms of the distance of each customer to each depot ίη clusters, ίη a

considerably less compιιtational time (103).

Ιη the survey by Gendreau, Potνίη, Brauιll1aysy, Hasle, and LIJkketangen (2008) focused

οη the application of meta - heuristics for solving various variants of the VRP, a short

revision of t11e mtιlti - depot problem is presented (104).
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Tlle most studied variant of the MDVRP it this which involves capacity constraints

(MDCVRP). Among the meta - heuristics proposed ίn literature for MDCVRP, we can

highlight the sill1ulated annealing algorithms of Wu, Low, and Bai (2002) and Ιίηι and Zhu

(2006) and tabu search algorithll1s [ΓΟΙl1 Lim and Wang (2005), and Aras, Aksen, and Tekin

(20 Ι 1) ( 105).

Genetic Algorithms has been also proposed for MDCVRP, as illustrated ίη the works of

Bae, Hwang, Cho, and Goan (2007) for heterogeneous fleet of vehicles (MDHFCVRP). The

objective is the minimization of total route distance ΟΓ cost (106).

OtheI" meta-heuristics, sucll as GRASP fOl" MDCVRP, aΓe ΡΓesented ιη the works of

Villegas, Prins, Prodhon, Medaglia, and Velasco (2010), respectively ll1inill1izing route cost

and distance.

Ozyurt and Aksen (2007) solved the problem of depot location and vehicle routing using a

hybrid approach based οη lagrangian relaxation (LR) and tabu search (TS). Tllese procedures

improve the best solutions found for the set of instances proposed by Τίizϋη and Burke (1999)

(105).

Moreover, the great all10unt of heuristics algorithms proposed for the problem variant with

heterogeneous fleet (MDHFVRP) has been focused οη the design of meta - heuristics

algorithms. We can highlight the works of Jeon, Leep, and Shim (2007), Wll0 proposed a

hybrid genetic algorithm that minimizes the total distance travelled (107).
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Sitnulated annealing (SA) has been employed as well ίn MDHFVRP. Wu et a1. coupled SA

with tabu search (TS) to solve the heterogeneous fleet case with capacity constraints of the

integrated location - routing problem. Ιη their probletn, location of depots, routes of vehicles

and client assigl1l11ent problems are solved sil11ultaneously (108).

Crevier et a1. (2007) considered a MDVRP ίη which there are intermediate depots along

vehicles' routes where they l11ay be replenished. This problem was inspired from a real - life

application at the city of Montreal, Canada. Α heιιrίstίc combining adaptive l11emory, tabιι

search and integer programming was proposed. The model allows the assignment of vehicles

to routes that may begin and finish at t11e same depot ΟΓ that connect two depots to increase

the capacity of vehicles to deliver goods (109).

Zhen and Zhang (2009) considered a similar problem and proposed a heιιrίstίc combining

the adaptive memory principle, a tabu search tnethod for the sοlιιtίοη of sιιbΡrobΙems, and

integer programming (11 Ο).

Conceming the perfon11ance of meta - heuristics, a good manner of improving their

performance is to generate good initial solutions. Ηο, Ηο, Ji, and Lau (2008) proposed the use

ofthe well- known Clarke & Wright Savings (C&WS) algorίthm (Clarke & Wright, 1964) to

generate initial solutions, as cOl11monly used for other vehicle roιιtίηg problems. Once the

solution is generated, the nearest neighbour (ΝΝ) heιιrίstίc is employed to improve sιιch

sοlιιtίοη. In con1parison witl1 the randOln generation of initial solutions, their experil11ents
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sllOwed that this hybrid C&WS + ΝΝ approach produces better restIlts regarding total

delivery time (111).

Furthennore, Li and Liu (2008) considered the multi - depot open vehicle routing problem

with replenishtnent during the exectItion of routes. They proposed a model and an ant colony

optimization resolution procedure.

Other application of the ant colony optimization resolution procedure can be found ίη the

works of Wang (2013) and Narasimha, Kivelevitch, Sharma and Kumar (2013). These last

autl10rs studied the MDVRP with tninimization of the longest travel distance of a vehicle.

Α realistic application of MDVRP found ίη vessel routing was stιιdied by Hirsch,

SchlΌeder, Maggiar, and Dolinskaya (20Ι4). These authors proposed the impletnentation of

variotIs heuήstίcs, including GRASP (Greedy Randomized Adaptive Search Procedure).

Vidal, Crainic, Gendreau, and Prins (2014) proposed a hybrid genetic algorithm with

iterated local searc11 and dynaιnic programming was presented for the classical MDVRP wit11

tInconstrained vehicle fleet.

Sitek, Wikarek, and Grzybowska (2014) presented a multi - agent system coupled with a

mixed - integer linear plΌgramming (MILP) model and constraint progral11ming (CP) for the

mtIlti - echelon capacitated vehicle routing problem ( 105).

Ιη Table 8, all papers with meta - heuristics reviewed ίη this subsection are presented ίη

summary.
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Υear Authors

1996 Renaud, Laporte et al. (1996)

1997 Filipec et al. (1997)

Ι 998 Salhi et al. (1998)

1999 ΤίίΖίίη and Burke (1999)

2000 Skok, Skrlec, and Krajcar
(2000)

200 ι Skok, Skrlec, and KrajcaI"
(2001)

2001 Tl1angiah and Salhi (2001)

2002 Wu et al. (2002)

Variations

Multi - Depot Heterogeneous Fleet
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2005 Lim and Wang (2005)

2006 Ιίιη and Zhu (2006)

2007 Crevier et al. (2007)

2007 Joen et al. (2007)

2007 Ozyurt and Aksen (2007)

2008 Gendreau, Potνίn,

Braumlaysy, Hasle, and
L0kketangen (2008)

2008 Ηο et al. (2008)

2008 Ιί and Liu (2008)
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2009 Zhen and Zhang (2009)

2010 Villegas et al. (2010)

2011 Aras et al. (2011)

2011 Υίicenur and DeIllirel
(2011 )

2013 Narasltima, Kivelevitch,
Sharma and KU1llar (2013)

2013 Wang (2013)

2014 Hirsch et al. (2014)

2014 Sitek et al. (2014)
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2014 Vidal et al. (2014)

2014 Escobar et al. (ίη press)

Table 8: SUΠ1Π1ary of MDVRP, MDCVRP and MDHFVRP with Ineta - heuristics
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Chapter 3 The Mathematical Models of Multi - Depot

Capacitated Vehicle Routing Problem with

Heterogeneous Fleet

3.1 Motivation and Basic Characteristics

Distribιιtion and logistics based companies often use various types of νehίcΙes and operate

[ΓOlη lnore than one distribution centre, usually referred to as depot. Most of the time, the

custOlners are not necessariIy assigned to their nearest depots. The ailn of the initial

mathematical n10del of MDHFCVRP, whic11 wiII be deνeΙΟΡed subsequently, is the

lninimization of the total distribution cost whiIe satisfying the necessary constraints regarding

the I1eterogeneity of the νehίcΙes and, the size and type of the delnand of customers.

Afterwards and based οη this model, a proposed model \vhich accolnpIishes the same aim is

presented.
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The mathematical n10dels will be also simulated by using CPLEX solver ίη a real - life

instance of an existing Third Party Logistics company ίη Greece, which has two distribution

centres ίη the prefecture of Attica.

3.2 Mathematical Formulations

3.2.1 Initial Model of MDHFCVRP

We developed a Inathematical model of MDHFCVRP which is based οη the proposed

Inodel of Said Sal1li, Arif ΙιηΓaη and Niaz Α. Wassan (2013) (112). Tl1iS Inodel is a IHixed

integer - linear programming model, as continuous and binary variables are used ίn the

formulation, and is considered as a flow - based fom1ulation. The objective of it is the

minimisation of total distribution cost. More details will be defined ίη subsections 3.2.1.1 and

3.2.1.2, where the equations of the Inodel and the explanation of them are cited respectively.

Α four index binary variable which identifies the type of vehicle cllOsen to travel along a

given arc and the originating depot is used. Ιη addition, two index continuous variables which

denote the total remaining load ofthe vehicle ίη kg and lit respectively are used.

ΡΓίΟΓ presenting the equations of the model, the paraιneters of it - indexes, data and sets -

and the decision variables are defined.

Indexes

ί, j: the nodes of network
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k: the type of vel1icle

d: the originating depot

η: the nuωber of custοωers

ω: the nuωber of depots

Κ: the nιιωber of vehicle types

Wj: the weight of deιηand ofnode ί (defιned ίπ terιηs of kg). where ί = Ι, ... ,(η+ιη)

vί: the vοlUlηe οfdeωand ofnode ί (defined ίn teΓll1S oflit), where ί = l, ... ,(n+ω)

Ρί: tl1e type of cargo. If Ρι = 1, the cargo is considered as refrigerated. Otherwise, Ρί = Ο, the

cargo is considered as dry.

QWk : the capacity ίn kg ofvehicle type k

QVk: tl1e capacity ίn lit of ve11icle type k

Fk : the fixed cost ίn € of the νehicle of type k. Usually, the daily wage of the driver is

considered as fixed cost.

ak: the rιιnning cost ίn Elkm of tl1e vehicle of type k

D i{ the distance ίn km between nodes ί and j, where ί, j = l, ... ,(n+ω). Therefore, D,,i

represents the distances from custoωer to custοωer and froω depot to custoIller.
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tij: the travel time between nodes ί and j.

M j : the total nLImber ofvehicles at depot ί, where ί = [(n+1 ), ... ,(n+m)]

M jk : the nLImber ofvehicles oftype k at depot ί, where ί = [(n+1), ... ,(n+m)], k = [1, ... ,Κ]

Inrt: tl1e lnaximLIm tilne that eacl1 vel1icle can daily travel.

Before proceeding to sets and decision variables a fundal11ental assLImption of the

formulation shoLIld be mentioned. The depots are the starting points of all vehicles and the

place where they are l0aded. Therefore, the depots have zero deInand and this is denoted by

Wj = Vj = Ο V ί = (n+l), ... ,(n+m).

[1, ... ,(n+m)]: the set ofnodes

[1, ... ,η]: the set of cLIstol11ers

[(n+ Ι ), ... ,(n+m)]: the set of depots

[1, ... ,Κ]: the set ofvehicle types

[Ι, ... ,k,-l]: the set of dry cargo vehicIes

[k" ... ,Κ]: the set ofrefrigel'ated cargo vehicles
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Decision Variables

Χjkd: binary variable. If Xijkd = Ι, then a vehicle of type k travelling along arc (i,j) and

originating froιη depot d iS selected, othelWise X ijkd = Ο. Where k = Ι, ... ,Κ, ί = j = I, ... ,(n+m)

and d = (η+ 1), ... ,(η+ιη).

Wij: non-negative continuous variable, which denotes the weight of !oad defined ίη terms

of kg remaining ίη the vehicle before reaching node j whi!e trave!ing a!ong arc (i,j).

Vi.j: non-negative continuous variable, which denotes the vo!ume of !oad defined ίη terrns

of lit remaining ίη the vehic!e before reaching node j while trave!ing a!ong arc (i,j).

3.2.1.1 Initia! Mathematica! Mode! of MDHFCVRP

Α mathematica! ιηοde! consists of the objective function and the constraints, which can be

equa!ities andl ΟΓ inequalities.

n+ln Κ n+m n n+ln Κ n+m n+ln

Minimize Ζ = Σ Σ Σ Σ FkXijkd + Σ Σ Σ Σ αkDijXijkd
d=n+l k=l ί=η+Ι j=l d=n+l k=l ί=l j=l

subject to

(3.2.1.1.1)

n+m Κ n+ln

Σ Σ Σ X ijkd = 1
d=n+l k=l ί=l
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n+m Κ n+m

Σ Σ Σ X ijkd = 1
d=n+1 k=l j=l

n+m n+m

Σ X ijkd = Σ Xjikd

ί=l ί=l

l1+m 11+ιη

Σ W ij - Σ V1ιjί = Wj

ί=l ί=l

n+l11 l1+m

Σ Vij - Σ ~ί = Vj

ί=l ί=l

η+ηι Κ

W ij ~ Σ Σ QWkXijkd

d=11+1 k=l

V ί = 1,0.0, n

V k = 1, "Κ;

j = l,,,,(n+ m);

d = (n + 1)'''0' (n + m)

V j = 1, ... ,n

V j = 1, ... ,n

V ί = 1'''0' (n + m);

j = 1, .. o,n
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n+m Κ

νί} ~ Σ Σ QVkXijkd

d=n+1 k=l

π+ιη Κ π+ιη

Σ Σ Σ X jikd = Ρί
d=n+1 k=k1 j=l

n+m k l -1 n+m

Σ Σ Σ Xjίkd = 1 - Ρί
d=n+1 k=l j=l

Κ n

ΣΣΧίjkί ~Mί
k=lj=l

n

Σ X ijki ~ M ik

j=l

n+m n+m n+m

Σ Σ Σ X ijkd tij ~ mrt

d=n+1 ί=l j=l

n+m n Κ

Σ ΣΣ X ijkd 2: 1
d=n+1 j=l k=l

V ί = 1, ... , (n + m);

j = 1, ... ,n

V ί = 1, ... ,n

V ί = 1, ... ,n

V ί = (n + 1), ... , (n + m)

V ί = (n + 1), ... , (n + m);

k=l, ... ,K

V k = 1, ... ,Κ

V ί = n + 1, ... , n + m
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V ί = Ι, ... , n;

Xdlikd2 = Ο k = Ι, ... ,Κ; (3.2.1.1.17)

d1 "* d2

V ί = Ι, ... , n;

Xίdlkd2 = Ο k = Ι, ... ,Κ; (3.2.1.1.18)

d1 "* d2

V ί = Ι, ... , (n + m);

X iikd = Ο k = Ι, ... ,Κ; (3.2.1.1.19)

d = (n + Ι), ... , (n + m)

V ί,} = Ι, ... , n;

Xijkd2 = Ο (3.2.1.1.20)

k Ε d1

V ί,} = Ι, ... , n;

Xijkdl = Ο (3.2.1.1.21)

k Ε d2
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τι ί ι } = Ι Ι "'ι (n + m);

Xijkd Ε {ΟιΙ}

w.. > Ο
Ι} -

γ. > Ο
Ι} -

k = Ι, ... ιΚ;

d = (n + Ι)ι "'ι (n + m)

ί ι }= l""I(n+m)

ί ι } = Ι, ... , (n + m)

(3.2.1.1.22)

(3.2.1.1.23)

(3.2.1.1.24)

3.2.1.2 Exp1anation ofthe Objectiye Function and Constraints of Initia1 Mode1

The objective function (3.2.1.1.1) represents the tota1 distribution cost, which consist of the

fixed cost Fkand the running cost akD II , The dai1y wage of the drίνer is considered as the fixed

cost of each νehίc1e. The coefficient ak of the ninning cost is detern1ined based οη the

consumption of each yehic1e type and is defined ίη € km. The objective of MDHFCVRP

mode1 is the minimization of tota1 tra\'el cost such that al Ι ctIstomers are seryiced.

Constraints (3.2. Ι .1.2) show that each custoιηer is \'isited exactly once. Specifically, t11e

transition from any node of the net\o\'ork - customer or depot - to a cιιstoιηer will be

accomplished exact1y once by a νehίcΙe type k which has originating depot d. Ιη ιηathematίca1

terms, for every ctIston1er j, where j = 1, ... ,η, an equation is formed, which gi\'es to exactly

one Χι,ι kd the value 1, where ί = 1, ....(ιη+η), k = 1. ...χ and d = (η+ 1), ... ,(n+m) . Hence, there

will be οηlΥ one Χι"kd for every j = 1, ... ,η ίη the optimal solution.
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Constraints (3.2.1.1.3) guarantee that from each customer exactly one depaI1ure is

accoInpIished. SpecifιcaIIy, from every customer a transition to another customer ΟΓ depot of

the network by a vehicle type k, which has originating depot d, will happen. In mathematical

terms, for every customer ί, where ί = I, ... ,n, aπ equation is foΓIned, which gives to exactIy

one ΧjkιJ the value Ι, where j = I, ... ,(m+n), k = Ι, ... ,Κ and d = (n+I), ... ,(n+m). ThLIs, οηΙΥ

one Χjkd for every ί = Ι, ... ,Ω will be added ίη the optimal solution.

Constraints (3.2.1.1.4) ensure the flow conservation. These constraints ensure that when a

vehicle type k witl1 originating depot d enters a location, it Inust Ieave from this location.

Analyzing tl1e constraints (3.2.1. 1.4), for every vehicle type k which has originating depot d

and every node j (customer ΟΓ depot), where k = Ι, ... ,Κ, d = (n+I), ... ,(n+m) and j =

I, ... ,(n+m), the total sum ofall ΧlkιJ, which indicates the transition froιn all nodes ί to a node

j, will be eqLlaI to the total sUlll of all Xjlkd, which denotes the transition froιn a node j to all

nodes ί, where ί = 1, ... ,(n+m). As it is obvious froιn the sets of ί and j, this equation

guarantees the flow conservation both for customers and depots. This leads to the fact that

every vehicle which depaI1s [1'0111 its originating depot shoLIld retιιrn to it.

1t should be mentioned that constraints (3.2.1.1.2), (3.2.1.1.3), and (3.2.1.1.4) are

fLIndamental for the mathematical l11odel, as they originate from TSP and deterιηine the

routing ofvehicles.

Constraints (3.2.1.1.5) show that the weight of total l0ad which Ieaves from all depots is

exactIy the total weight of customers' demand. Although decision variable W I.i indicates the
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weight of l0ad ίη kg reInaining ίη the vehicle before reaching node j while traveling along arc

(ij), ίη these constraints index ί denotes οηlΥ depots ( ί = (η+Ι), ... ,(η+ιη) ) andj denotes οηlΥ

customers (j = 1, ... ,η ), tl1erefore the total remaining weight departing from all depots before

reaching customers is equal to the total weight of custol11ers' demand. Sil11ilarly, constraints

(3.2.1.1.6) show that the volume of totalload which leaves &ΟΙ11 all depots is exactly the total

volume of customers' demand.

Constraints (3.2.1.1.7) guarantee that the weight ofthe remaining l0ad after visiting each

CιJstomer j, where j = 1, ... ,η, is exactly the weight of the remaining load before Yisiting this

custol11er minus tl1e weight of its demand. Ιη the sal11e way, constraints (3.2.1.1.8) guarantee

that the volLIme of the rel11aining l0ad after visiting each customer j, where j = 1, ... ,η, is

exactly the volume of the remaining l0ad before visiting this customer minus the volume of

its demand.

Constraints (3.2.1.1.9) guarantee that the capacity defιned ίη tem1S of kg of any vehicle

type is not violated. Especially, for every transition from every node ί to every customeI" j,

where ί = 1, ... ,(η+Ι11) and j = Ι, ... , η, the weight of the Γemaίηίηg l0ad before Γeachίηg

customer j while traveling along arc (i,j) is not exceed the total capacity of all vehicle types k.

Similarly, constraints (3.2.1.1.10) guarantee that the capacity defιned ίη terms of l0t of any

yehicle type is not violated. Constraints (3.2.1.1.9) and (3.2.Ι.Ι.1Ο) are signifιcant for the

model, as they connect decision vaήables Χjkd with W ij and Vij respectively, and hence, the

routing with capacity constraints is accomplished.
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Constraints (3.2.1.1.11) and (3.2.1.1.12) connect the type ofthe ve11ic1e k with the type of

the demand of each customer. Conceming constraints (3.2.1.1.11), when a customer has a

del11and of type Ρί = 1, which indicates refrigerated cargo, the appropriate t)'pe of vehicle

should be used ίη order to satisfY its demand. Οη the other 11and, constraints (3.2.1.1.12)

ensure that when a custonler has a demand of type Ρί = Ο, which indicates dry cargo, the

appropriate type of vehicle should be used ίη order to satisf)ι its demand.

Constraints (3.2.1.1.13) guarantee that the number of vehicles, which leave from every

depot ί, wllere ί = (η+ 1), ... ,(n+m), ίη order to visit the customers of the network, shoLlld be

less ΟΓ equal to the total number of the vehicles, Wllich are available at this depot.

Οη step ahead and regarding vehicle types, constraints (3.2.1.1.14) guarantee that the

number ofvehicles oftype k, which leave from every depot ί, where ί = (n+1), ... ,(n+m), ίη

order to visit the customers of the network, should be less ΟΓ equal to the total number of

vehicles of type k, which are available at this depot.

Constraints (3.2.1.1.15) are time lil11it constraints and stem from the fact that a driver

should not work Ι11ΟΓe than 8 hours dail)'. Therefore, the travel til11e of each vehicle shoLIld 110t

exceed the maxil11uι11 allowed travel time, which is 8 hours pel" day.

Constrail1ts (3.2.1.1.16) show that at least one vehicle type departing frOl11 each depot ί =

(η+1), ... ,(η+Ι11) should visit a customer. These cOl1straints ίl1 cοωbίηatίοη with constrail1ts

(3.2.1.1.2), (3.2.1.1.3) and (3.2.1.1.4) ensure that there will 110t be subtours ίη the routing of

vehicles and that all vehicles depart frOl11 and arrive to their originating depot.
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Constraints (3.2.1.1.17) are assignn1ent constraints and gιιarantee that a vehic!e which

!eaves a depot cannot be Ι inked to a di fferent depot. Ιη re!ation to constraints (3.2.1.1.17),

constraints (3.2.1.1.18) gιlarantee that a vehic!e which retιιms to a depot cannot be !inked to a

different depot.

CοηstΓaίηts (3.2.1.1.19) are considered as νa!id eqιιa!ίtίes for the tnathematica! fοπηιι!atίοη

and they added ίη order to [educe the search space. These constraints impose that a vehic!e

type k, w!1ich has originating depot d, cannot !eaνe a node ί ίn order to νisit the salne node.

Constraints (3.2.1.1.20) and (3.2.1.1.21) show that specific type vehic!es haνe specifιc

originating depots. Ιη the sίmιι!atίοη of the model to a [eaI - Iife instance, there wiII be 4

different v·ehicIe types - k = 1,2,3,4 - and types k = 1,3 wiII originate from depot d t , thus

ΧJkd~=Ο, and types k = 2, 4 wiII originate ποιη depot d~, thus XIjkdl=O for every transition

from custoIneI" ί to j, where ί = j = Ι, ... ,η.

Finally, constraints (3.2.1.1.22), and (3.2.1.1.23) and (3.2.1.1.24) refer to the binary and

ηοη - negativity ofthe decision variabIes respectiveIy.

3.2.2 Proposed Model of MDHFCVRP

The proposed lnathematicaI lnodel of MDHFCVRP is based οη the initiaI mathematicaI

tnodel of MDHFCVRP of subsection 3.2.1. lt is a!so a mixed integer - Iinear ΡrοgΓanllnίηg
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model, as continuolIs and binary variables are lIsed ίη the formυlation, and is considered as a

f10w - based formυlation.

Ιη the proposed Illodel of MDHFCVRP, a three index binary variable Xjik is used instead of

the [ουr index variable of the initial model X j.ikd . X jik identifies the type of vehicle chosen to

travel along a given arc (i,j). Index d is eliminated from the binary decision ",ariable of the

formυlation as its lItility is the presentation of the originating depot and this is not essential for

tlle model as it can be expressed throlIgh indexes ί and j. Ιη slIbsection 3.2.2.1, wllere tlle

proposed mathematical Inodel is presented this change becoIlles clear. Meanwhile, it sholIld

be mentioned that lIsing a three index variable instead of a [ουr index variable, a better

solυtion vallIe for the same time limit of simlIlation is expected, as they size of the

mathematical model is reduced.

Concerning the two index continuous variables of the initial model, which denote the total

Γemaίnίng load of the vehicle ίη kg and Iit ΓeSΡectίveΙΥ, they are lIsed as they are, ίη the

proposed Illodel.

Ρrίοr presenting the eqlIations of the proposed Illodel, the parameters of it - indexes, data

and sets - and the decision variables aΓe defined.

Indexes

ί, j: the nodes of network

k: the type of vehicle
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η: the number of customers

m: the number of depots

Κ: the number ofvehicle types

Wj: the weight of demand of node ί (defined ίη tenns of kg), where ί = 1, ... ,(n+m)

vί: the volume of demand of node ί (defined ίη tenns of lίt), where ί = 1, ... ,(n+m)

Ρί: the type of cargo. If Ρί = 1, the cargo is considered as refrigerated. Otherwise, ρί = Ο, the

cargo is considered as dry.

QWk: the capacity ίη kg ofvehicle type k

QVk: the capacity ίη l0t of vehicle type k

Fk: the fixed cost ίη Ε of the vehicle of type k. Usually, the daily wage of the driver is

considered as fixed cost.

ak: the running cost ίη E/km ofthe vehicle oftype k

Dij : the distance ίη kll1 between nodes ί and j, wl1ere ί, j = 1, ... ,(n+m). Therefore, Οί.ί

represents the distances fro111 custOll1er to custo111er and fron1 depot to custo111er.

tij: the travel till1e between nodes ί and j.

Μί: the total number of vehicles at depot ί, where ί = [(η+ Ι), ... ,(η+111)]

M,k: the number ofvehicles oftype k at depot ί, where ί = [(η+ 1), ... ,(η+111)], k = [1, ... ,Κ]
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n1I1: the maximum time that each vehic!e can dai!y tra\"el.

Before proceeding to sets and decision variab!es the assumption of initia! model is aIso

\"aIid for proposed model. Thus, depots are the staI1ing points of aI! vehic!es, where they are

!oaded, and have zero demand and this is denoted by Wi = νί = Ο 't/ ί = (η+ 1), ... ,(n+m).

[l, ... ,(n+m)]: the set ofnodes

[1, ... ,η]: the set of customers

[(n+l), ... ,(n+m)]: the set ofdepots

[l, ... ,K]: the set ofvehicIe types

[ 1, ... ,k ,- Ι]: the set of dry cargo vehic!es

[k" ...Χ]: the set ofrefrigerated cargo vehicles

Decision Variab!es

Xιjk: binary variabIe. If X ljk = 1, then a yehic!e of type k trayeIIing aIong arc (ij) is

selected, otherwise Xι.Ik = Ο. Where k = 1, ... ,K and ί = j = l, ... ,(n+m).
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W i.i : non-negative continuous variable, which denotes the weight of load defιned ίn terms

of kg remaining ίn the vehicle before reaching node j while tra"eling along arc (ij).

V ij : non-negative continuous variable, which denotes the volume of load defιned ίn terms

of lit remaining ίn the vehicle before reaching node j while traveli ng along arc (i,j).

3.2.2.1 Proposed Mathematical Model ofMDHFCVRP

The objective functions and constraints of proposed tnathematical model are presented ίn

this subsection.

Κ n+m n Κ n+m n+m

Minimize Ζ = Σ Σ Σ FkXijk +Σ Σ Σ αkDίjXijk
k=l i=n+l j=l k=l ί=l j=l

subject to

Κ n+m

Σ Σ Xijk = 1
k=l ί=l

Κ n+m

Σ Σ X ijk = 1
k=l j=l

V j = 1' ... ' n

V ί = 1, ... , n

(3.2.2.1.1)

(32.2.1.2)

(3.2.2.1.3)

n+m n+I1Ι

Σ X ijk = Σ Xjik

ί=l ί=l
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11+111 n+m

Σ Wίj - Σ vt)i = Wj

ί=l ί=l

11+111 11+m

Σ Vίj - Σ V}i = Vj

ί=l ί=l

Κ

Wίj ~ Σ QWkXijk

k=l

Κ

Vij ~ Σ QVkXijk

k=l

Κ n+m

Σ Σ Xjik = Ρί
k=kl j=l

kt-l n+m

Σ Σ Xjik = 1 - Ρί
k=l j=l
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V j = 1, ... ,n

V j = 1, ... , n

V ί = 1, ... , (n + m);

j = 1, ... ,n

V ί = 1, ... , (n + m);

j = 1, ... , n

V ί = 1, ... , n

V ί = 1, ... , n

(3.2.2.1.5)

(3.2.2.1.6)

(3.2.2.1.7)

(3.2.2.1.8)

(3.2.2.1.9)

(3.2.2.1.10)

(3.2.2.1.11)

(3.2.2.1.12)
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Κ n

ΣΣΧίjk ::; Μί V ί = (n + Ι)ι '''ι (n + m) (3.2.2.1.13)

k=lj=l

n V ί = (n + Ι), "'ι (n + m);

Σ Xijk ::; Mik (3.2.2.1.14)

j=l k = Ιι ... ιΚ

n+m ΙΙ+11Ι

Σ Σ Xijk tij ::; mrt V k = Ιι ... ,Κ (3.2.2.1.15)

ί=l j=l

V ί = Ι, "'ι (n + m);

Xiik = Ο (3.2.2.1.16)

k = Ιι ... ιΚ;

ί = (n + m);

Xijk = Ο V j = Ι ι '''ι n; (3.2.2. Ι .17)

k ε (n + Ι)

ί = (n + 1);

Xijk = Ο V j = Ι ι "'ι n; (3.2.2. Ι .18)

k ε (n + m)

V iIj = Ι ι '''Ι (n + m);

X ijk ε {ΟιΙ} (3.2.2.1.19)

k = Ιι ... ιΚ;
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w.. > Ο
ι} -

v.. > Ο
ι) -

i,j= 1, ... ,(n+m)

i,j= 1, ... ,(n+m)

(3.2.2.1.20)

(3.2.2.1.21)

3.2.2.2 Explanation ofthe Objective Function and Constraints ofProposed Model

The objective function (3.2.2.1.1) represents the 10tal distribution cost, which consist of the

fixed cost Fk and the running cost akD i.i. The daily wage ofthe driver is considered as the fixed

cost of each vehicle. The coefficient ak of the running cost is detennined based οη the

consuιnption of each vehicle type and is defined ίη €/km. The objective of MDHFCVRP

model is the minimization of 10tal travel cost such that all cus10mers are serνiced.

Constraints (3.2.2.1.2) show that each customer is visited exactly once. Specifically, the

transition from any node of the network - cus10mer or depot - 10 a cus10mer will be

accomplished exactly once by a vehicle type k. Ιη mathematical terms, for every cus10mer j,

where j = Ι, ... ,η, an equation is formed, which giyes 10 exactly one Χjk the vaIue Ι, where ί =

l, ... ,(m+n) and k = Ι, ... ,κ. Hence, there will be οηlΥ one Xijk for every j = Ι, ... ,η ίη the

optimal solution.

Constraints (3.2.2.1.3) guarantee that from each custOlnel" exactly one departure is

accomplisl1ed. Specifically, from every cιιs1Οmer a transition 10 another cus10mer or depot of

the network by a vehicle type k will happen. Ιη tnathematical tenns, for every cus10Iner ί,
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where ί ::;: Ι, ... ,η, an equation is formed, which gives to exactly one Χjk the value 1, where j ::;:

Ι, ... ,(m+n) and k ::;: Ι, ... ,κ. ThtIs, οηlΥ one Χjk for every ί ::;: 1, ... ,η will be added ίη the

optimal solution.

Constraints (3.2.2.1.4) ensure the f10w conseryation. These constraints ensure that when a

vehicle type k with originating depot d enters a location, it must leave from this location.

Analyzing these constraints, for every vehicle type k which has originating depot d and every

node j (ctIstomer ΟΓ depot), where k ::;: Ι, ...,Κ and j ::;: Ι, ... ,(n+m), the total sum of all Χ.ik,

which indicates the transition from all nodes ί to a node j, will be equal to the total stIm of all

Xjik, which denotes the transition frolH a node j to all nodes ί, where ί ::;: Ι, ... ,(n+m). As it is

obviotIs fron1 the sets of ί and j, this eqtIation guarantees the f10w conservation both for

customers and depots. This leads to the fact that every vehicle which departs frOlll its

originating depot shotIld retιιm to ίι

It should be mentioned that constraints (3.2.2.1.2), (3.2.2.1.3) and (3.2.2.1.4) are aIso

fundamental for the proposed mathelnatical lnodel, as they originate from TSP and detennine

the routing of vehicles.

Constraints (3.2.2.1.5) show that the weight of total load which Ieaves from all depots is

exactly the total weight of customers' demand. Although decision variable W i.i indicates the

weight of load ίη kg relnaining ίn the vehicle before reaching node j while traveIing aIong arc

(i,j), ίη these constraints index ί denotes οηlΥ depots ( ί ::;: (η+ 1), ... ,(n+m) ) and j denotes οηlΥ

ctIstolllers (j ::;: 1, ....η ). tl1erefore the total relllaining weight departing frolll all depots before
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reaching customers is equal to the total weight of custotners' demand. Similarly, constraints

(3.2.2.1.6) show that the volutne of total load Wl1ich leaves from all depots is exactly the total

volume of customers' demand.

Constraints (3.2.2.1.7) guarantee that the weight ofthe remaining l0ad after visiting each

customer j, wherej = l, ... ,η, is exactly the weight ofthe remaining l0ad before visiting this

customer minus the weight of its demand. Ιη the same way, constraints (3.2.2.1.8) guarantee

that the volume of the remaining l0ad after visiting each customer j, where j = Ι, ... ,η, is

exactly the volume of the remaining l0ad before visiting this customer minus the voltlme of

its detnand.

Constraints (3.2.2.1.9) guarantee that the capacity defined ίη terms of kg of any vehicle

type is not violated. Especially, for every transition from every node ί to every Ctlstomer j,

where ί = 1, ... ,(η+ιη) and j = 1, ... , η, the weight of the remaining l0ad before reaching

ctlstomer j while traveling along arc (i,j) is not exceed the total capacity of all vehicle types k.

Similarly, constraints (3.2.2.1.10) guarantee that the capacity defined ίη tenns of l0t of any

vehicle type is not violated. Constraints (3.2.2.1.9) and (3.2.2.1.10) are significant fOl" the

model, as they connect decision variables Χjk with Wij and Vi.i respectively, and hence, the

routing with capacity constraints is accomplisl1ed.

Constraints (3.2.2.1.11) and (3.2.2.1.12) connect the type ofthe vel1icle k with the type of

the dernand of each customer. ConceΓlling constraints (3.2.2.1. Ι Ι), when a Ctlstomer has a

demand of type pi = 1, which indicates refrίgeΓated cargo, t11e appropriate type of vehicle
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shoυld be used ίη order to satisfy its demand. aη the other hand, constraints (3.2.2.1.12)

ensl1re that when a Cl1stomer has a demand of type Ρί == Ο, which indicates dry cargo, the

appropriate type of vehic!e shoυld be l1sed ίη order to satisfy its demand.

Constraints (3.2.2.1.13) gl1arantee that the lll1mber of vehicles, which !eave from every

depot ί, where ί == (n+l), ... ,(n+m), ίη order to visit the Cl1stomers ofthe network, shol1!d be

less or eql1a! to the tota! lll1mber of the vehic!es, which are avai!ab!e at this depot.

aη step ahead and regarding vehic!e types, constraints (3.2.2.1.14) gυarantee that the

lll1mber of vehic!es of type k, which !eave from every depot ί, where ί == (η+ 1), ... ,(n+m), ίη

order to visit the Cl1storners of the network, shou!d be less or eql1a! to the tota! lll1mber of

vehicles of type k, which are available at this depot.

Constraints (3.2.2.1.15) are time !irnit constraints and stem from the fact that a driver

shoυld not work more than 8 hours dai!y. Therefore, the trave! time of each vehic!e shoυld not

exceed the maximl1m allowed travel time, which is 8 hours per day.

Constraints (3.2.2.1.16) are considered as valid eql1a!ities for the proposed formυlation and

they added ίη order to reduce the search space. These constraints impose that a vehic!e type k,

cannot leave a node ί ίη order to visit the same node.

Constraints (3.2.2.1.17) and (3.2.2.1.18) are assignment constraints, showing that specific

types of vehic!e be!ong to specific depots from where they start their routes. Ιη the simu!ation

of the lnode! to a real - !ife instance, there will be 4 different vehicle types - k == 1, 2, 3, 4 -

and types k == 1, 3 will originate froIn depot d l == (η+ 1), thus Χjk == Ο for k == 1, 3 for ί == d2 ==
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(n+m), and types k = 2, 4 will originate from depot d2 = (n+m), thus X;jk = Ο for k = 2, 4 for ί

= d l = (η+1), for every transition from depots 10 CUS1οmeΓS, where j = 1, ... ,n.

Finally, constraints (3.2.2.1.19), (3.2.2.1.20) and (3.2.2.1.21) refer 10 the binary and ηοη -

negativity of the decision variables respectively.

3.2.3 Differences between InitiaI and Proposed ModeI

The basic difference between two formulations concems the binary decision vaΓίabΙe

which is used ίη order 10 define whether a vehicle of type k which travels along aΓC (i,j) is

selected οτ nοΙ Ιη initial formulation the four index variable Χίkd is used, but ίη proposed

formulation the thIee index vaΓίabΙe X;jk is used. Ιη the initial model, the four index variable

ensures that a vehicle will return 10 its ΟΓίgίnatίοn depot according 10 S. Salhi et al. (112).

However, this could be accomplished even with the elimination of index d and by including ίη

index ί the set of depots ίn constraints (3.2.2.1.17) and (3.2.2.1.18), which are assignment

constraints and show that specific type vehicles belong to specific depots. Tllis fact will be

proved ίη Chapters 4 and 5 where the results and the comparison of theιη are presented

respectively.

Concerning the objective function of two models, tlleir difference lies 10 the fact that index

d is eliminated. Therefore, the summations which concern index d are written off from the

objective function of proposed lllodel, as they are unnecessary.
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Ιη addition and regarding constraints of two models, all constraints of initial model are

changed due to the elimination of index d. Ιη constraints (3.2.1.1.2), (3.2.1.1.3), (3.2.1.1.9),

(3.2.1.1.10), (3.2.1.1.11), (3.2.1.1.12), (3.2.1.1.15) and (3.2.1.1.16) of initial model, tlle

sU1111nations wl1ίch concern index d are unnecessary and tllus are elinlinated. Constraints

(3.2.1.1.17) and (3.2.1.1.18) of initial lnodel, which guarantee tlle departure and the return of

the νehicle types from and to their originating depot, are not included ίη the proposed nlodel.

This is accomplished through constraints (3.2.2.1.2), (3.2.2.1.3) and (3.2.2.1.4), which ensure

the flow ίη the routing of each νehicle and because ίη indexes ί and j the set of depots is

included. Moreoνer, constraints (3.2.1.1.16) of initial model, which show that at least one

νehicle departing from each depot should νisit a customer, could be considered as additional

and unnecessary, as this fact is accomplished through the constraints which ensure that the

transition from any node of the network - customer ΟΓ depot - to a ctIstomer and from each

customer to any node will be accomplished exactly once by a νehicle k ((3.2.2.1.2),

(3.2.2.1.3)) ίη combination with the assignment constraints ((3.2.2.1.17) and (3.2.2.1.18)). Ιη

constraints (3.2.2.1.17) and (3.2.2.1.18), which are assignment constraints and show tllat

specific types of νehicles belong to specific depots, index ί represents the depots due to tlle

elimination of index d.

Finally, it should be highlighted that by eliminating index d a miniInization to the size of

the model is achieνed. This fact is proνed by adding counter structιιres ίη the source code of

mathematical models. The number of decisions νariables and the nuιllber of constraints'

equations created ίη each Inodel are presented ίη section 5.1.
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Chapter 4 Application of the MDHFCVRP MathematίcaI

ModeIs

4.1 Α Real- Life Instance

The initial and the proposed MDHFCVRP mathematical model were applied ίn a real - life

instance of a Third Party Logistics company which has two distribLItion centers ίη the

prefecture of Attica. The first depot is located ίn Aspropyrgos and the second one ίη Magoula.

The instance concerns tl1e one day horizon service of 55 customers which haνe known

demands and they are located scattered ίη tl1e prefecture of Attica. 1η Figure Ι the map with

the locations of customers and depots is presented. The depots are displayed with the orange

indicators and the customers are displayed witl1 the blue stars.

For this instance, there are 4 different types of yehicle, regarding the capacity and the type

of the cargo, and there is Ι yehicle of eacl1 type ayailable, the different types of yehicles

represented by index k, \\'here k = Ι, 2, 3, 4. The characteristics of eacl1 type are:

• k = Ι: SιηaΙΙ \'an for dry cargo
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• k = 2: Medium duty truck for dry cargo

• k = 3: Refrigerated small van

• k = 4: Refrigerated medium duty truck

Vehicles k = 1, 3 are located ίη Aspropyrgos' depot (d 1) and k = 2, 4 are located ίη MagOLIla' s

depot (d2 ),
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Figure 1: Map of custoIners and depots
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Dip/o/IIιI 0.(MeclIιIIIicα/ EIIgiIIea

4.2 Simulation and Results

4.2.1 SίΠ1ulatίοn

The Π1atheΠ1atίcal Π10dels of MDHFCVRP were sίΠ1uΙated ίη C++ ΡrοgraΠ1Π1ίηg language

by using the CPLEX ΟΡtίΠ1ίΖatίοη Studio. The source codes are available ίη Annex.

Additionaliy, the essential data for the source code, such as deΠ1aηd of custoΠ1ers,

characteήstίcs of vehicles and, distances and traveling tίΠ1e between nodes of network are

included ίη Annex.

The characteristics of the progralll and the software and 11ardware of t11e CΟΠ1Ρuter whic11

were used for the sίΠ1uΙatίοη of Π10dels are:

ΡrοgraΠ1 edition

ΙΒΜ CPLEX Optilllization Studio 12.6

Windows edition

Windows 10 Pro

SγsteΠ1

Processor: AMD FΧ(tΠ1) - 8320 Eight - Core Processor 3.50 GHz

Installed lllelllory (RAM): 8.00 GB
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DEVELOPMENT OFΑ MATHEMATICAL MODEL ANDΑ SOURCE CODE FOR ΤΗΕ

MULTI -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

.)'IIbJIIilled 10 /ιιφ// ριιn οι ιΙι(' I·eCfIIil"eIJIeIIls }Ol" ιΙΙι! aCCfIIiIϊ.'JIIeJIIΟΟ/Ιι!

Dιp/ollIa ο.fΛfecΙιαιιίca/EJIgllII.'IlI"

System type: 64 - bit Operating System, χ64 - based processor

4.2.2 Results

The instance of seryice of 55 cus10mers v.'ere tested both for Euclidean and real distaηces

between the nodes of network for each model. The results of these tests wiIl be compared ίη

Chapter 5 ConcltIsions ίη order 10 come 10 conclusions regarding the difference between

routings aηd consequently between 10tal distribution cost.

Due 10 the size of the problem aηd for reasons of meIllory space aηd \vaiting time of

siIllulation, a time lίιηίt of 900 seconds was set ίη the source code. This limitation leads 10 the

fact that the solutions provided are ηο! optimal, but feasible. Ιη addition, this simulation has

two process parts. The fίrst part is a pre-calculation part, ίη wl1ich the siIlltIlation happens

with the time limit of 900 sec and a feasible solution with an optimal gap are found. Then, ίη

the second part the simulation happens again with the time limit of 900 sec beginning fron1

the feasible solution which was estimated ίη the first part.

Μοreονer, ίι shoLIld be Illentioned that ίη C,+ tl1e counting of aIl indexes begins from ο.

Therefore, a shift back 10 the enumeration of nodes and yehicles is done (e.g. 1'1 cus1On1er is

denoted with number Ο and, l'Ι and 2nd depot are denoted with nLIn1ber 55 and 56

respectively).
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DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

Μυιτι - DEPOT CAPACITA TED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

.~Ίιbιιιί"ed ro ./ίι{/ί11 ΡΙΙΙ" οΙ,lιΙ! l'eφιίl'ellιell'S.!ΟΓ ,lle acqιIil'elllell, ol,l,e

Dip/o/l/(/ ο(Meclianica/ ElIginea

4.2.3 ResuIts of Initial MDHFCVRP Model

4,2.3.1 Service of 55 Customers - Euclidean Distances

Ιη the case of Euclidean distances, the final solution is feasible with value 305,6820 € with

optimal gap 25,92%. The total calculation time was 1811,97 sec, from which the time of

909,73 sec is tlle calculation time of the first part and the time of 902,24 sec is the calculation

time of second part.

Subsequently, the route of each vehicle and the display of it οη map are given.
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DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI -DEPOTCAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

.~Ίιbιιιίιfed fO jιt1ji/l ριπ( οjΊlle ΓeqlιίΓeιιιell(sΙοΓ (I,e acqlliI'eIIIell( οjΊlιe

Dip!oIlla οΙMecllal1ica! El1gilleeι-

• Vehicle Ο - Small van for dry cargo with originating depot do=55

55 ~ 10 ~ 49 ~ 35 ~ 44 ~ 15 ~ 43 ~ 32 ~ 27 ~ 47 ~o ~ 55

(' - 2" Oeρo!

" 'Ο

.. ,
οΙ

..

"

rn

Ρ ,n

Figure 2: Rοιιtίng ofvehicle k = Ο with ΕιιcΙίdean distances
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DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

5Ίιbιιιίrιed ro jί ΙIji11 ΡΟΙ" οjΊ11e ι·eφιίι'eιιιeιιιs./Ίπ I1te αcqllίΓelιιel1Ι οjΊΙ1e

Dip10lIIa 0/Mechal1ica1 El1giIIeeι-

• Vehicle 1 - Medium duty truck for dry cargo with originating depot d,=56

56 -. 28 -. 33 -. 51 -. 6 -. 53 -. 8 -. 26 -. 22 -. 39 -.40 -. 41 -. 20 -. 18 -. 54 -.

9 -. 16 -. 21 -. 3 -. Ι -. 12 -. 56

r - 2"' Depot , t

CJ
: ,

lJ! Oepot
Ι> * rn

*
'1 ιοια

~ f,
* .. Mα~σι.,r ιΑ

"υ .. .,

I~, .. 1:
α ~'oι

.. ' ,. fti'
1trΊ4Pισπρ ι .~ r ~ ..... ,- CJ

** *~~ i\. * *
AC" ~α '.ερa ~ ~

., EU

~~ ... *
Πει ....~Σ ρ.

'*
-::

\ ),α;, η'.λ '*
Φαληuu*

~...* ' . r

'*
~'

<,

, ,.....,.,

Figure 3: Routing ofvehicle k = Ι with Euclidean distances
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICALMODEL ANDΑ SOURCE CODE FOR ΤΗΕ

MULTI -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

SΊιblιιίffed ro fιtlfill ραι" ofrlIe I·eqιIi,.eIl1el1r.lIo"(Ιιε acqIIiI'el1Ienr o/rlIe

DiplOll1a 0/MeclIanicαlEngil1ee,.

• Vehicle 2 - Refrigerated small van with originating depot do=55

55 - 14 - 29 - 48 - 30 - 38 - 13 - 17 - 11 - 4 - 55

ιv,

J.

Figure 4: Routing ofvehicle k = 2 with Euclidean distances
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DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

Μυιτι - DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

SΊιbιιιίrred10 jιι!fι11 ριΠI οjΊlιe I'eqIIiIoeIIIenlsfoIollIe acqιIiIoeIIlenl 0f'11e

DiploIIICI 0/Mechαl1icα!Engil1eeι-

• Vehic1e 3 - Refrigerated medium duty truck with originating depot d,=56

56 --+ 7 - 2 --+ 5 --+ 19 --+ 42 --+ 50 --+ 34 --+ 46 --+ 36 --+ 37 - 45 --+ 25 - 52 - 24 --+

31 --+ 23 --+ 56

r - 2" Οορο!

,ο.'

..

*Α αρνες *'~",ιoιc
MαιtJuσι

Κ \1'

, , .

,t ."

'ο'

..

".
ι::ι

Figure 5: Routing ofvehic1e k = 3 with Euc1idean distances
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DEVELOPMENT OFΑ MATHEMATJCAL MODEL AND Α 5ΌURCΕCODE FOR ΤΗΕ

MULTJ -DEPOT CAPACITATED VEHICLE ROUTJNG PROBLEM WITH

HETEROGENEOU.5 FLEET

5'ιιbιιιί11edτο ,(ιιφl!ΡΟΝ ο/ τlιε ι'εqιιίι'ειιιεΙΙT,IIoΓτlιε aCCj1ιίΓeιιιeιιrο/rlIe

DiploIIιcι ο(MeclIoIIical EIIgiIIeeI'

The remaining weight and volume ίn each transition are presented ίn the following table:

Transition Remaining Weight (kg) Remaining Volume (1it)

Ο --t 55 Ο Ο

1 --t 12 125,67 754,02

2 --t 5 1602,37 9614,22

3--tl 191,02 1146,12

4 --t 55 Ο Ο

5--t19 1507,31 9043,86

6 --t 53 1642,54 9855,24

7--t2 1765,05 10590,3

8 --t 26 1384,95 8309,7

9 --t 16 591,39 3548,34

10 --t 49 859,15 5154,9

l1--t4 107,45 644,7

12 --t 56 Ο Ο

13 --t 17 392,24 2353,44

14 --t 29 876,01 5256,06
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DEVELOPMENT OFΑ MATHEMATlCAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTl-DEPOT CAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGENEOUS FLEET

.S'ιιbιιιίιred10 jιIIjiII PΙlΓ! οjΊΙιe ΓeqιιίΓelιιelll.I'/ΟΓ IIIe (/ajlIil'elllell! ο/ΊΙιe

DipIOIlla ο(ΜecΙιαιιίcιιΙ ElIgiIIeeΓ

15 -43 432,26 2593,56

16 - 21 456,19 2737,14

17- 11 246,24 1477,44

18 - 54 765,99 4595,94

19 - 42 1349,09 8094,54

20 - 18 918,15 5508,9

21 - 3 326,69 1960,14

22 - 39 1281,3 7687,8

23 - 56 Ο Ο

24 - 31 260,5 1563

25 - 52 468,3 2809,8

26 - 22 1319,05 7914,3

27 -47 234,02 1404,12

28 - 33 1860,47 Ι Ι 162,8

29-48 798,72 4792,32

30 - 38 642,89 3857,34

31 - 23 131,8 790,8
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DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

Μυιτι -DEPOTCAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

8IIlJlIlirred 10 jιιl/ιll pOl'1 o/II/e /'eΨIiI'ell/eIlIS)'rJl'II/e acΨIiI'eIllell1 ο./ΊΙ/Ι!

Diploll/a oj'MeclIGniccιlElIgiIll!eΓ

32 --+ 27 297,26 1783,56

33 --+ 51 1811,75 10870,5

34 --+ 46 1027,34 6164,04

35 --+ 44 672,891 4037,34

36 --+ 37 784,58 4707,48

37 --+ 45 656,82 3940,92

38--+13 511,14 3066,84

39 --+ 40 1110,52 6663,12

40 --+ 41 1045,17 6271,02

41 --+ 20 982,49 5894,94

42 --+ 50 1263,86 7583,16

43 --+ 32 353,61 2121,66

44 --+ 15 575,6 3453,6

45 --+ 25 541,04 3246,24

46 --+ 36 898,64 5391,84

47 --+ Ο 170,78 1024,68

48 --+ 30 708,67 4252,02
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI -DEPOTCAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

.s-IIbllIiIIed 10 /ιι/Ιι// ΡCΠ{ οjΊ/ιl! l'eCjIIiI·I!IIlf!IIf5.!OI· {IΙι! acCjIIiI'eIlIf!II{ οIΊ/ι!!

Dip/oIlla ο(MeclIcιιIica/ElIgillel!Γ

49 ~ 35 740,34 4442,04

50 ~ 34 1163,0 Ι 6978,06

51 ~ 6 1729,3 10375,8

52 ~ 24 389,28 2335,68

53 ~ 8 1523,74 9142,44

54~9 722,89 4337,34

55 ~ 10 967,45 5804,7

55 ~ 14 999,01 5994,06

56 ~ 7 1896,8 11380,8

56 ~ 28 1899,18 11395,1

Table 9: Remaining \veigl1t and volume ίn each transition concen1ing Euclidean distances

According to Table 9, \"ehicle k = Ο is loaded with 967,45 kg of dry cargo at its originating

depot do = 55, to serve the customers ofits route. Also, the voluιne ofthe initial load is 5804,7

Ιίι Hence, the capacity of the vehicle is not exceeded both ίη terιns of kg and lot, as its

capacity is 1000 kg and 6000 lit respecti\'ely. 1η addition, ,,"ehicle k = Ι is loaded with 1899,18

kg of refrigerated cargo at its originating depot d, = 56 and the \'olUlne of tl1e initial load is
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTlCAL MODEL AND Α SOURCE (~ODEFOR ΤΗΕ

MULTl-DEPOTCAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGE EOLS FLEET

.S'ιιbιιιί"eιi10 /ιι//ι// ΡΙΙ,.Ι 0/ Ι/Ιι! ,.eφιί,,!ιιιelll.ι'/Ο,.Ι/Ιι! (/cιjlIiI"eιιIeIIIΟ/Ι/Ιι!

Dip/01IIlI o/.Vec/ιaIIica/ EIIgiIIeeI'

11395,1 Ιίι Vehicle k = 2 is loaded \vith 999,01 kg and 5994,06 Ιίι of dry cargo at do= 55 and

vel1icle k=3 is loaded with 1896,8 kg and 11380,8 lίι of refrigerated cargo at d t = 56.

Additionalty, neither of vehicles k = Ι, k = 2 and k = 3 has nοΙ violation of its capacity both ίn

terrns ofkg and lίι

4.2.3.2 SerYice of 55 Customers - Real Distances

Ιn the case of real distances, the finat solution is feasible with yalue 370,42 € v.'ith optimai

gap 30,92%. The total caIculation time \\'as 1812.39 sec. from which the time of 911 ,23 sec is

the calculation time of the first part and the time of 901,16 sec is the calcuIation time of

second part.

Subsequentty, the route of each vehicIe and the dispIay of ίι are presented.
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICALMODEL AND Α SOURCE CODE FOR ΤΗΕ

Μυιτι -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

S'IIbllIiffed ro jiIljill ρα!"( ΟΙ(IIe !"eqIIiI'eIJIen(s10!" (IIe acqlliI'ellIen( ο.fΊlιe

DiplollIa ΟΙMeclIanical EngineeΓ

• Vehicle 0- SΠ1aΙΙ van for dry cargo with originating depot do=55

55 - 16 - 18 - 54 - 51 - 39 - 40 - 35 - 44 - 15 - 55

'ι

....
2"' Depot

r

l Jt Deρot

: .
*Αχαρνες

..
*Ο( c

"

..

" .

"

J F φ'

Figure 6: Rouιing ofvehicle k = Ο with real distances
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTlCAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTl- DEPOT CAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGENEOUS FLEET

8IIbIIIitred (ο jιI!jiI!ραη οι(Ιιε ι'εφιίι'ειιιειι(,ιΙοι' (Ιιε acqIIiI'eIIIen( οι (Ιιε

DipIoIIIa οιMecIIanicaI EngiIIeel'

• Vehicle 1- Medium duty truck for dry cargo with originating depot dI=56

56 ----+ 12 ----+ Ο ----+ 1 ----+ 43 ----+ 6 ----+ 9 ----+ 26 ----+ 28 ----+ 41 ----+ 49 ----+ 10 ----+ 20 ----+ 32 ----+ 33----+

27 ----+ 8 ----+ 21 ----+ 3 ----+ 47 ----+ 53 ----+ 22 ----+ 56

.. *"""'"

'.'

2" Depot

Υ 1.\ μ \-0

1" Depot

w'

Πι.ι

*

: λ [, .
ηφι ,α

Μα σι...

".....
Ι'

. .

• λ

'; κ

C1

> '

Τ ~ τη

Figure 7: Routing ofvehicle k = 1 with real distances
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI -DEPOTCAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

5l1bIIIiffed (ο jιI1ji1l ρω'( ο/ (Ιιε ι'εqιιίι'ειιιειι(,IIoι' (Ιιε αcqlliI'eIllell( ο/ (IIe

Dip!oIllα o/MecIIGl1icα! EIIgilleeJ'

• Vehicle 2 - Refrigerated sInall van with originating depot do=55

55 -+ 7 -+ 11 -+ 42 -+ 36 -+ 24 -+ 4 -+ 48 -+ 30 -+ 23 -+ 55

f -

"

ιι><

2" Depot

'.
[]

. ..
Ι ••

1" Depot

n ι

*Αχο τες

1:

Β ;.

η .. ισια

..

, Ι·,.

. , .

• μ

r •

Figure 8: Routing of\'ehicle k = 2 with real distances
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

5Ίιbιιιίrted fO jιIlji/l paN ο/(Ιιε I'eqιIiI'eIllellfs'/oI'flIe acqιIiI'ellIellf 0/ flIe

DiploIlla ο/MeclIallical ElIgilleeι-

• Vehicle 3 - Refrigerated medium duty truck with originating depot d I =56

56 ~ 13 ~ 17 ~ 52 ~ 14 ~ 25 ~ 45 ~ 34 ~ 50 ~ 19 ~ 5 ~ 29 ~ 37 ~ 38 ~ 46

~ 31 ~ 2~ 56

r -

, ρο

"1t1

D

2': D.ρo!

, "

......

• r- r

.. ,
'Ι

• λ

Figure 9: Routing ofvehicle k = 3 with real distances

J:T F rn

D

The remaining weight and volume ίη each transition are presented ίη the following table:

Transition

O~l

Remaining Weight (kg)

1613,06

Page 115

Remaining Volume (lit)

9678,36



DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI - DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

.5'IIbIIIilled lO .(ιι1ji1l ΡΟΝ o/tlie n!CJlIiI·eIIIeIIl.s/ot· tlIe acqιtit·eIIIent 0.( tlIe

DiploIIIG 0.(Mecltoιtical Engineet·

1 - 43 1547,71 9286,26

2 - 56 Ο Ο

3 -47 219,79 1318,74

4-48 287,63 1725,78

5 -29 756,88 4541,28

6-9 1382,3 8293,8

7 - 11 861,94 5171,64

8 - 21 484,96 2909,76

9- 26 1250,8 7504.8

10-20 856,4 5138,4

11 -42 723,15 4338,9

12 - Ο
1783,84 10703

13 - 17 1783,22 10699,3

14 - 25 1435,2 8611,2

15 - 55 Ο Ο

16 - 18 821,92 4931,52

17 - 52 1673,22 9823,32

Page 116



DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

Μυιτι -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

.s'ιιbιιιίrιed 10jiI!fι1l ΡΟΝ ο/IΙιι? I·eCjIIiI·eIIIeIII5IOI· ιΙιΙ? αCΙjlιίι·ι?ιιιι?ιιι οlΊΙιΙ?

DipIoIIIα ο(MecIIaιIicαI EIIgil1eeι-

18 ~54 669,76 4018,56

19 ~ 5 851,94 5111,64

20 ~ 32 792,06 4752,36

21 ~ 3 355,46 2132,76

22 ~ 56 Ο Ο

23 ~ 55 Ο Ο

24~4 395,08 2370,48

25 ~45 1362,46 8174,76

26 ~28 1184,9 7 ΙΟ9,4

27 ~ 8 623,75 3742,5

28 ~ 41 1146,19 6877,14

29 ~ 37 679,59 4077,54

30 ~ 23 131,8 790,8

31 ~ 2 162,68 976,08

32 ~ 33 735,71 4414,26

33 ~27 686,99 4121,94

34 ~ 50 1111,01 6666,06
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DEVELOPMENT OFΑ MATHEMATlCAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTl-DEPOTCAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGENEOUS FLEET

.)'IIbl1IirrecI ιο /ιιφ/l ριιι'Ι οjΊΙιe ΓeCjιιίι'el1ιeI1Ι.IΙοι' IIIe (fcCjιιίΓel1ιel1Ι o.(IIIe

DipIoII1(f ο(MecIIGl1icaI El1gil1eeι-

35 -44 240,63 1443,78

36 - 24 523,86 3143,16

37 - 38 551,83 3310,98

38 -46 420,08 2520,48

39 -40 373,43 2240,58

40 - 35 308,08 1848,48

41 - 49 1083,51 6501,06

42 - 36 637,92 3827,52

43 -6 1469,06 8814,36

44-15 143,34 860,04

45 -34 1246,68 7480,08

46 - 31 291,38 1748,28

47 - 53 156,55 939,3

48 -30 197,58 1185,48

49 -10 964,7 5788,2

50 - 19 1010,16 6060,96

51 -39 544,21 3265,26
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTJCAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTJ -DEPOTCAPACITATED VEHICLE ROUTJNG PROBLEM WITH

HETEROGENEOUS FLEET

.5'ιιbιι/ίιιed,ο/ιιφιιριπ( ο/'Ιιε ι'εqιιί,.ειιιειι(.I.!o,.(Ιιε acqιI;I'eII/el1(0/ ,Ι/ε

DipIoII/a 0/MecIIal1icaI El1gil1ea

52 - 14 1558,2 9349,2

53 - 22 37,7505 226,501

54 - 51 626,66 3759,96

55 -7 993,69 5962,14

55 - 16 957,12 5742,72

56 - 12 1909,51 11457,1

56 - 13 1902,12 11412,7

Table Ι Ο: Remaining weight and volume ίη each transition concerning real distances

According to Table 10, vehic!e k = Ο is !oaded with 957,12 kg of dry cargo at its originating

depot do = 55, to seΙΎe the customers of its route, A!so, the vo!un1e of the initia! !oad is

5742,72 Ιίι Hence, the capacity of the vehic!e is not exceeded both ίn terms of kg and !ot, as

its capacity is 1000 kg and 6000 !it respective!y. Ιη addition, vehic!e k = Ι is !oaded with

1909,51 kg of refrigerated cargo at its originating depot d, = 56 and the vo!ume of the initia!

!oad is 11457,1 !ίι Vehic!e k = 2 is !oaded with 993,69 kg and 5962,14 !it of dry cargo at do=

55 and vehicle k=3 is loaded with 1902, Ι 2 kg and 11412,7 !it of refrigerated cargo at d, = 56.

Additionally, neither of vehic!es k = Ι, k = 2 and k = 3 has not vio!ation of its capacity both ίη

terms of kg and !ίι
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICALMODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI -DEPOTCAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

8I/bllIirred ro .(ι/!fι// Ρ(/ΓΙ οΙ llIe ΓeφιίΙ'elιιeIl15'/ΟΓ llIe ((cφιίΓelιιeιιι ο( IIIe

Dίp/ollIa ο/Ίvfeclιαιιίcα/ ElIginea

4.2.4 Results of Proposed MDHFCVRP Model

4.2.4.1 Service of 55 Customers - Euc!idean Distances

Ιη tl1e case of Euclidean distances, the fina! so!ution is feasible with va!ue 281,2358 € with

optitna! gap 19,81 %. The total ca!cu!ation time was 1807,56 sec, from wl1ich the time of

906,28 sec is the calcu!ation time of the first part and the time of 90 1,28 sec is the ca!clI!ation

time of second part.

SlIbsequent!y, the route of each vehic!e and the disp!ay of it οη tnap are presented.
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI - DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

$IIbllIifled 10!ιιφ!! ρα,., οι ιΙιε ,.eCJlIi,.eIlIeI1IS/01' IIIe acqιIiI'eIl1eIII 0/IfIe

DipIoIl1o οΙMecIIol1icαIEl1gil1eel'

• Vehic1e 0- Small van for dry cargo with originating depot do=55

55 -. 3 -.47 -. 39 -. 40 -. 41 -.49 -. 54 -. 18 -.6-.55

ημ ,

..

I~

" .

Α • μ

Figure 10: Routing ofvehic1e k = Ο with Euclidean distances
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑT/CAL MODEL AND Α 5ΌURCΕCODE FOR ΤΗΕ

Μυιτι -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

$IIbIJIilled lO ,(ιιlji// pol'f ο!Ι/ιε l'eljIIiI'eIJIenls jol' I/Ie ocCJIIiI'eIJIenl ο.fΊJιe

Dip/oιna ofΜec/ιαιιίca/Engineeι-

• Vehicle 1- Medium duty tnIck for dry cargo with originating depot d I =56

56 ~ Ο ~ 1~ 43 ~ 28 ~ 27 ~ 22 ~ 16 ~ 21 ~ 32 ~ 26 ~ 33 ~ 8 ~ 10 ~ 9 ~

20 ~ 53 ~ 51 ~ 35 ~ 44 ~ 15 ~ 12 ~ 56

( 2" Depot

. ..,""

, ~ ι

1" Depot

..
Πει

1:

1 σlΩ

'.. ~ ... ,η

. *
Figure 1 Ι: Routing of "ehicle k = 1 with Euclidean distances
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DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTI - DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

.s'llbIl1itted to jιI1ji1l ραιγ ΟΙ(Ιιε I'eCjlliI'ell1eIιt5IoI' tlIe acCjlIiI'el1lel1t ΟΙ tlIe

Diplolllα 0/MeclIGIlical ElIgilleeI'

• Vehicle 2 - Refrigerated sInall van with originating depot do=55

55 - 5 - 7 - 17 - 11 - 42 - 50 - 37 - 48 - 29 - 55

( 2" D.ρo!

"'*

"~

l lt
Oeρot

[] .'

'Ίει

-::

..

.. .
"

..

, .

σ.

• λ

Figure 12: Routing of vehicle k = 2 with Euclidean distances

Page 123



DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTlCALMODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTl-DEPOTCAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGENEOUS FLEET

SΊ,bιlιίffed το jι,/fιllpoι'r ο/τΙιε Γeqιιίι'eιιιeιιrs/ΟΓ rIIe acqιιίΓeιιιelιr οι τΙιε

DipIOIlla ο/MecIIallicaI ElIgineer'

• Vehicle 3 - Refrigerated medium duty truck with originating depot d I =56

56 - 23 - 13 - 24 - 19 - 31 - 52 - 25 - 45 - 36 - 38 - 46 - 34 - 30 - 14

-4-2-56

r -

[]

2': Depot

·, ..
Ι.'

Figure 13: Routing ofvehicle k = 3 with Euclidean distances

• u

ο '"

The remaining weight and volume ίn each transition are presented ίn tl1e following table:

Transition

Ο-Ι

Remaining Weight (kg)

1797,3

Page 124

Remaining Volume (lit)
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTlCAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTl-DEPOTCAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGENEOUS FLEET

.5'ιιbιιιίffed roβι(fιllριπl ο/llιε ι·εψιίι·ειιιειιl.~Ioι·llιεacCjlIiI'eIIIeIII ο./Ίlιe

DiploIIIa 0.(MeclIaIIicαl EIIgil7eeI'

1- 43 1731,95 10391,7

2 - 56 Ο Ο

3 -47 762,88 4577,28

4-2 162.68 976,08

5-7 897,72 5386,32

6-55 Ο Ο

7 - 17 765,97 4595,82

8 -10 939,14 5634,84

9-20 699,34 4196,04

10-9 830,84 4985,04

11 - 42 481,18 2887,08

12 - 56 Ο Ο

13 -24 1652,33 9913,98

14 -4 270,13 1620,78

15 - 12 125,67 754,02

16 - 21 1378,4 8270,4

17 - 11 619,97 3719,82
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DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α 80URCE CODE FOR ΤΗΕ

Μυιτι -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOU8 FLEET

5l1bIIIirred ro !ι/φΙ! ρα,., o/rIie I"eCfI/iI"eIIIellr.5.f(JI" rIIe cιcCfIIil'eIllellr o/rIie

Dip/oιllcι ο(MecIIcιllica/ElIgilleel'

18 - 6 86,76 520,56

19 - 31 1365,33 8191,98

20 - 53 635 3810

21 - 32 1248,9 7493,4

22 - 16 1513,6 9081,6

23 - 13 1771,23 10627,4

24 -19 1523,55 9141,3

25 -45 1084,87 6509,22

26 - 33 1126,65 6759,9

27 -22 1551,35 9308,1

28 - 27 1614,59 9687,54

29 - 55 Ο Ο

30 - 14 393,13 2358,78

31 - 52 1236,63 7419,78

32 - 26 1192,55 7155,3

33 - 8 1077,93 6467,58

34-30 458,91 2753,46
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑT/CAL MODEL AND Α 80URCE CODE FOR ΤΗΕ

MULT/ -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOU8 FLEET

$IIbllIiffed ro fιιUι// ρα,., 0.( Ι/Ιι! ι·eqιιίι·eIlΙi!lιιs.!Ίχ Ι/Ιι! acqιIiI'cllIellI 0.( Ι/Ιι!

Dip/OIlIC1 ο(Mec/Iallica/ El1gillCC,.

35 -.44 366,3 2197,8

36 -. 38 855,03 5130,18

37 -.48 167,34 1004,04

38 -.46 723,28 4339,68

39 -. 40 528,86 3173,16

40 -. 41 463,51 2781,06

41 -.49 400,83 2404,98

42 -. 50 395,95 2375,7

43 -.28 1653,3 9919,8

44 -. 15 269,01 1614,06

45 -.36 969,09 5814,54

46 -. 34 594,58 3567,48

47 -. 39 699,64 4197,84

48 -. 29 77,29 463,74

49 -. 54 282,02 1692,12

50 -. 37 295,1 1770,6

51 -.35 433,75 2602,5
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DEVELOPMENT OFΑ MATHEMATlCAL MODEL ΑΝυ Α SOURCE CODE FOR ΤΗΕ

MULTI -DEPOTCAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGENEOUS FLEET

.sΊ,blιιίflec/ ro ,(ι,φll ριπ( 0./ (Ι/ι! Iϊ!cjIIiI'eIlIel1(s'/OI" (IΙI! I/cCJI,il"('Illel1( Ι?!(IΙI!

DiplollIcι o.f.\feclIC1IIicαl ElIgilleel"

52 ~ 25 1157,61 6945,66

53 ~ 51 516,2 3097,2

54 ~ 18 238,92 1433,52

55 ~ 3 898,55 5391,3

55 ~5 992,78 5956,68

56 ~O 1968,08 11808,5

56 ~ 23 1903,03 11418,2

Table 11: Remaining weight and volume ίn each transition concerning EtIclidean distances

According 10 Table 11, vehicle k = Ο is loaded with 898,55 kg of dry cargo at its

originating depot do = 55. to serve the custOll1ers of its rotIte, Also, tl1e ",oltIn1e of the initial

load is 5391,3 lit. Hence, the capacity of the yehicle is not exceeded bOtl1 ίn terms of kg and

lit, as its capacity is 1000 kg and 6000 lit respectively. Ιn addition, vehicle k = 1 is loaded

~'ith 1968,08 kg of refrigerated cargo at its originating depot d l = 56 and the volume of the

initial l0ad is 11808,5 Ιίι Vehicle k = 2 is l0aded \\'ith 992,78 kg and 5956,68 lίt ofdry cargo

at do= 55 and vehicle k=3 is loaded with 1903,03 kg and 11418,2 lίt of refrigerated cargo at

d l = 56. Additionally, neither of vehicles k = 1, k = 2 and k = 3 has not violation of its

capacity bOtl1 ίn tem1S of kg and lίι
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DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

ΜυιΤΙ - DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

8IIbllIirred το jiI1jillΡΟΝ Ο/ΤΙΙI! Γeφιiι"eιιιeιιrs/οι' ΤΙΙι! οcqιιίΓl!lΙΙI!Ιιr ο(τΙι!!

Dip/OΙ110 οΙ'MeclIαιIicalElIgillel!l'

4.2.4.2 Service of 55 CustoIners - Real Distances

Ιη the case of real distances, the final solution is feasible with value 323,81 € with optitnal

gap 21,98%. The total calculation titne was 1801,62, from which tl1e titne of 900,42 sec is the

calculation time of the first part and the time of 901,20 sec is tl1e calculation tillle of second

part.

Subsequently, the route of each vehicle and the display of it οη lllap are presented.
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICALMODEL ANDΑ SOURCE CODE FOR ΤΗΕ

Μυιτι -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

S'lIbllIirred lO fιtljill ρω'l οjΊ/ιe l'eCjlIiI'eIllellls /01' IIIe Gcqιtil'elllelll o/IIIe

DiplolIlG 0/Mec/IGllical ElIg;lIeel'

• Vehicle 0- Small van for dry cargo with originating depot do=55

55 -+ 18 -+ 40 -+ 41 -+ 49 -+ 39 -+ 26 -+ 47 -+ 28 -+ 44 -+ 27 -+ 22 -+ 55

• 'Γ

, '

., ... ι.,.

1"' Ο"ρο! ..
Ι" Ο"ρο! *... 0(11 -

Ι
&.

Οι

"

~ " .
.. *.

* ,. .
"

1 ' • .

Figure 14: Routing ofvehicle k = Ο with real distances
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DEVELOPMENT OFΑ MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

Μυιτι - DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

5ΊιbιιιίffedΤΟjιιφl1ΡΟΝ Of11Ie ι'eqιιίΓeιιιeΙl1s/οΙ'1lιe acqIIiI'eIIIeII1 0/11Ie

DiploIIIG 0/MeclιaIIίcαΙEIIgiIIeeI'

• Vehicle 1- Medium duty truck for dry cargo with originating depot d I ==56

56-12-0-1-53-32-51-33-35-43-8-10-54-9-20-6

- 3 - 21 - 16 - 15 - 56

2" D"ρo!

" '*

. 1j

..

ρ

, .
.. ~ οτ

Πει

1:

: .

Β*

a σι...

ι

α'

.,.

" • r...

, .

rn

'Ι

Figure 15: Routing of vehicle k == 1 with real distances
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

Μυιτι -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

.S'lIbl1liffed 10 ,(ιιφl! pa1'f ο/ΙΙΙι! l'eqllil'el1lellls /01' ΙΙΙι! aCCJIl11'eI1le1l1 ο/ΙΙΙι!

DipIOIIIG 0/MecIIGlIiCΑIElIgillea

• Vehicle 2 - Refrigerated small van with originating depot do=55

55 ~ 17 ~ 7 ~ 11 ~ 19 ~ 42 ~ 50 ~ 38 ~ 30 ~ 55

(' -

• Ι

'. *
..

Υ' Ο.ρο!

fλ' •

1" Ο.ρο!

: .
11:

Αχαρ.τc

Ό,

.. .

. ,

Figure 16: Routing ofV'ehicle k = 2 with real distances
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTJCAL MODEL AND Α 5ΌURCΕCODE FOR ΤΗΕ

MULTJ - DEPOT CAPACITATED VEHICLE ROUTJNG PROBLEM WITH

HETEROGENEOUS FLEET

$IIbIIIirrecl το jιI1ji1l ρcπτ ofrlIe I·efjIIiI·eIIIeIIr.lIoI· rlIe acqιIil"eIIIellr 0(r11e

DiploIIIa ο(Mecll0nical ElIgiIIeel"

• Vehicle 3 - Refrigerated medium duty truck with originating depot d I=56

56 - 14 - 25 - 52 - 34 - 45 - 46 - 36 - 37 - 29 - 48 - 31 - 24 - 5 - 4-

2 - 23 - 13 -56

r -

. ι

'ι *

" [

'"

2" Depot

D ι β.α

Figure 17: Routing ofvehicle k = 3 with real distances
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTlCAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTl- DEPOT CAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGENEOUS FLEET

5Ίιbιιιίffed10 ,(ιιφll ριπι ofllIe ΓCΙjιιίΓeιιιι'ΙΙIS)CJ/'Ilιι> aCCjlIiI'CIIIClI1 ο(llιι>

DiploIIIo 0.(Λ1cclIC1lIical EIIgillce1'

The remaiηing weight and volume ίη eacI1 transitiol1 are presented ίη the following table:

Transitiol1 Remaining Weight (kg) Remaining Vo!un1e (lit)

0-+1 1634,27 9805,62

1 -+ 53 1568,92 9413,52

2 -+ 23 250,7 1504,2

3 -+ 21 408,04 2448,24

4-+2 413,38 2480,28

5-+4 520,83 3124,98

6-+3 543,71 2448,24

7 -+ II 680,62 4083,72

8 -+ lO 977,71 5866,26

9 -+ 20 694,81 4168,86

10 -+ 54 869,41 5216,46

11-+19 541,83 3250,98

12 -+ Ο 1805,05 10830,3

13 -+ 56 Ο Ο

14 -+ 25 1814,44 10886,6

Page 134



DEVELOPMENT OFΑ MATHEMATlCAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTl-DEPOT CAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGENEOUS FLEET

.\Ίιbιιιίrred(o(ιι(lΙIlριπ, o{rIIe I·eCjIIiI·eIlIellr5.!oI· rIIe (/cCjIIiI·eIlIellr o.(rIIe

DipIOl1IιI ο(.\.fecΙιαιιίcιιΙ EII,f!,ίllceI"

15 --+ 56 Ο Ο

16--+15 143,34 860,04

17--+7 812,37 4874,22

18 --+ 40 783,75 4702,5

19 --+ 42 383,61 2301,66

20 --+ 6 630,47 3782,82

21--+16 278,54 1671,24

22 --+ 55 Ο Ο

23--+13 118,9 713,4

24 --+ 5 615,89 3695,34

25 --+ 52 1741,7 10450,2

26--+47 300,23 1801,38

27 --+ 22 37,75 226.5

28 --+ 44 198,28 1189,68

29 --+ 48 963,42 5780,52

30 --+ 55 Ο Ο

31 --+ 24 744,67 4468,02
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DEVELOPMENT OFΑ ΜΑTHEMATICAL MODEL ΑΝυ Α SOURCE CODE FOR ΤΗΕ

Μυιτι -DEPOTCAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

.5"lIbIIIiffed 10 /III(iII ρ(πΙ 0.( rIIe Γeqιlίπ!lιιeΙΙΙ,S/ΟΓ r!Ie αcqιlίΓeιι/el1Ι ο( r!Ie

DipIO/l1α ο.(Μec!ιαlιίcaΙ El1gil1eeI"

32 - 51 1393,77 8362,62

33 - 35 1262,6 7575,6

34 -45 1527,01 9162,06

35 -43 1195,15 7170,9

36 - 37 1168,47 7010,82

37 - 29 1040,71 6244,26

38 - 30 65,78 394,68

39-26 366,13 2196,78

40 - 41 718,4 4310,4

41 -49 655,72 3934,32

42 - 50 298,38 1790,28

43 - 8 1116,5 6699

44-27 100,99 605,94

45 -46 1411,23 8467,38

46- 36 1282,53 7695,18

47 - 28 236,99 1421,94

48 - 31 873,37 5240,22
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICAL MODEL ΑΝυ Α SOURCE CODE FOR ΤΗΕ

Μυιτι - υΕΡΟΤ CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOUS FLEET

8IIbllIiIIed 10 /ιι/(ι/! PCΙΙ"I οjΊΙιl! Γl!φιίι"ellΙl!lΙ15ΙΟΓ IΙΙI! (/cqιIiI'eιllelll 0.( IΙΙι!

DipIoIllo ο(MecIIaιIicαIEIIgilleeΓ

49 -39 536,91 3221,46

50 - 38 197,53 1185,18

51 - 33 1311,32 8700,72

52 - 34 1662,68 9976,08

53 - 32 1450,12 8700,72

54-9 826,31 4957,86

55 - 17 958,37 5750,22

55 - 18 935,91 5615,46

56 - 12 1930,72 11584,3

56 - 14 1937,44 11624,6

Table 12: Remaining weight and volume ίη each transition conceming real distances

According to Table 12, vehicle k = Ο is loaded with 935,91 kg of dry cargo at its

originating depot do = 55, 10 serve tl1e cus10mers of its route. Also, the volume of the initial

load is 5615,46 Ιίι Hence, the capacity of tl1e vehicle is not exceeded both ίη terms of kg and

lit, as its capacity is 1000 kg and 6000 lit respectively. Ιη addition, vehicle k = 1 is loaded

with 1930,72 kg of refήgerated cargo at its originating depot d ι = 56 and tlle volume of the
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

Μυιτι -DEPOT CAPACITATED VEHICLE ROUTING PROBLEM WITH

HETEROGENEOU8 FLEET

.S'ιιbιιιίιιeιIΙΟ.fιι({ιllΡΙΙΙ'Ι 0/ IIIe I'eCjIIiI'ellIeI1l5/oI' IIIe acCjIIiI'ellIeIII ο{ IIIe

DiploιIIa o.{.\fecIIaIIical Ειψ)ιιeeΓ

initialload is 11584,3 Ιίι Vehicle k = 2 is loaded with 958,37 kg and 5750,22 lit of dry cargo

at do= 55 and vehicle k=3 is loaded with 1937,44 kg and 11624,6 lit of refrigerated cargo at

d t = 56, Additionally, neither of vehicles k = Ι, k = 2 and k = 3 has not Yiolation of its

capacity both ίη tenηs ofkg and lίι
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DEVELOPMENT OF Α ΜΑΤΗΕΜΑT/CAL MODEL AND Α SOURCE CODE FOR ΤΗΕ ΜυιΤ/- DEPOT CAPACITATED

VEHICLE ROUT/NG ΡΗΟΒΙΕΜWITH HETEROGENEOUS FLEET

5,ιι!)lιιίll('(llο/ίιl/ιllρ(πl ι4Ί/ιl! ι·l!φιίι·I!IιII!IιI.I'./()/"Ι/ΙΙ! (/('(f/Iirl!lIl('1I1 ο/Ί/ιι>

ΟίμlΟΙ110 οΙ' Α!Ι!Ι'/ιωιίω! /;Ίψ,ίlll!l!l'

111 ordcr to verify tllat tlle totaI remaining weigllt al1d voILIIllc 01' l0ad before visiting cach CLISΙOl11er is enoLIgh to satisfy its demal1cl, tI1C

casc 01' roιιtil1g 01' vehiclc k = 2 WitIl ELIclidcan disLal1ces οΙ' proposed Jllodcl is prcscl1ted ίη Table Ι 3:

ROlIting 55 -> 5 -> 7 17 -> Ι Ι 42 -> 50 -> 37 -> 48 -> 29 -> 55

CllsΙOmcr's Ο 95,06 J 31 ,75 146 13Χ,79 Χ5,23 100,Χ5 127,76 90,05 77,29

dctlland (kg)

RCIllainil1g 992,7Χ Χ97,72 765,97 619,97 481,18 395,95 295,1 167,34 77,29 Ο

wCigllt (k/:Ω

Table 13: Vcriticatiol1 oftI1C sCI'vice οΙ' cusLonlers Witll VClliCIC k = 2



DEVELOPMENTOF Α MATHEMATICAL MODEL AND Α SOURCE CODE FOR ΤΗΕ Μυιτι- DEPOTCAPACITATED

VEHICLE ROUTING PROBLEM WITH HETEROGENEOUS FLEET

.)IIIJI/Iilfl'lllo/iII/ill /7(/1,1 (~I"IIIe I'elfIIiι-eIlleIII,1 /iJl' Ilte ιιιψιίΙ'elιιelllo/llte

lJίμlοlιιιι οι" ΛfΙ'ι'lιιιllίωlΙΊιgίl1eeι'

SLIbtractillg Lhe dCI11alld 01' eacll custol11cr prcselltcd ίll "CuStOI11Cr'S dClllalld (kg)" row ΓΓΟI11 LllC rClllHillillg weight beΓοre reacllillg 11ίl11/

hcr prcscllLcd ίll "Rclllaillillg wcigl1L (kg)" row, wc cstil11atc LllC rCI11aillillg wcight οΙ' cach IlCXL trallsitioll. Thc cross clleck rcsults alld tllC

rcsults ot' sil11ulatiolls are the saI11C ΓΟΓ all cascs ot' all illstallccs.
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DEVELOPMENT OFΑ ΜΑΤΗΕΜΑTlCAL MODEL AND Α SOURCE CODE FOR ΤΗΕ

MULTl-DEPOT CAPACITATED VEHICLE ROUTlNG PROBLEM WITH

HETEROGENEOL S FLEET

.5Ίιbιιιίf1eιllO/ιι({ι"ρα,-' ο/,Ιιι> I·eCJIIi,-eIIIeII'.5IιJI"'IΙι' αcφιίι·eιιιeΙ/fΟ!'IΙι!

DiploιIIa o.f.\fecIIaIIIcιιlEIIgiIIea

Chapter 5 Conclusions

5.1 Comparison of the results

Comparing the results pro"ided by CPLEX for initial and proposed l110del ίη Euclidean

and real distances, we come to the conclusion that for the same tinle limit - 900 sec - tlle

proposed model provides better "alues ίη the objecti"e function botll for Euclidean and real

distances as ίι conyerges faster ίη the optimal solution. With the term of"better solution", we

defιne the solution witll the minimum total distribution cost and with smaller optimal gap.

This is due to the elimination of index d, which leads to a model witll a sl11aller size. Thus, ίη

proposed l11odel, the number of decision "ariables Χ created is fe\ver ίη proposed model than

ίη initial l11odel. 1η addition, the number of constraints' equations created ίη proposed model

is fe\ver than initial l11odel. 111 Tables μ and 15, the difference ίη the solution value and ίη

optil11al gap between two models is presented respectively. ln addition, ίη Tables 16 and 17

the difference between the size of two l110dels regarding the nuι11ber of decision ",ariables Χ

and the number of constraints' eqnations created is presented respectively.
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Solution value ίη objective function

Initial model

Euclidean Distances 305,6820 ε

Real Distances 370,42 ε

Proposed model

281,2358 ε

323,81 ε

Percentage of difference

7,99%

12,58%

Table 14: Percentage of difference between solution values ίη objective fιιnction

OptiInal gap

Initial model

Euclidean Distances 25,92%

Real Distances 30,92%

Proposed model

19,81%

21,98%

Difference

6,11%

8,94%

Table 15: Difference between percentages of optimal gap

Concerning the decision variables Χ created. in proposed Inodel 50% less decision

variables are being created than ίη the initialInodel. This is showη ίη Table 16.
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Νuιηber of decision

yariabIes Χ created

Initial Iηodel

25992

Proposed Iηodel

12996

Percentage of difference

50%

Table 16: Percentage of difference of the nuιηber of decision \"ariables created

Constraints (3.2.1.1.16), (3.2.1.1.17), (3.2.1.1.18) of initial Iηodel are not included ίη

proposed ιηοdel, as they considered unnecessary as it is ιηentίοned ίn subsection 3.2.2.2,

where the objecti\'e function and tl1e constraints of proposed IηatheIηatical Iηodel are

explained. Ιn addition, constraints (3.2.1.1.20) and (3.2.1.1.21) of initial Iηodel are replaced

with (3.2.2.1.17) and (3.2.2.1.18) ofproposed Iηodel. Initial Iηodel 11as 20510 equations ίn

total and proposed n10del has 13218 less equations, thus 7292 ίη total. Ιn Table 17 tl1e

percentage difference of the nuIηber of constraints' equations created is presented.

NuIηber of constraints' equations created

Constraints

(3.2.1.1.2) -+ (3.2.2.1.2)

Initial Iηodel Proposed model Percentage of difference

55 55 0%
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(3.2.1.1.3) ~ (3.2.2.1.3) 55 55 0%

(3.2.1.1.4) ~ (3.2.2.1.4) 456 228 50%

(3.2.1.1.5) ~ (3.2.2.1.5) 1 1 0%

(3.2.1.1.6) ~ (3.2.2.1.6) 1 1 0%

(3.2.1.1.7) ~ (3.2.2.1.7) 55 55 0%

(3.2.1.1.8) ~ (3.2.2.1.8) 55 55 0%

(3.2.1.1.9) ~ (3.2.2.1.9) 3135 3135 0%

(3.2.1.1.10) ~ (3.2.2.1.10) 3135 3135 0%

(3.2.1.1.11) ~ (3.2.2.1.11) 55 55 0%

(3.2.1.1.12) ~ (3.2.2.1.12) 55 55 0%

(3.2.1.1.13) ~ (3.2.2.1.13) 2 2 0%

(3.2.1.1.14) ~ (3.2.2.1.14) 8 8 0%

(3.2.1.1.15) ~ (3.2.2.1.15) 4 4 0%

(3.2.1.1.16) 2 - 100%
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(3.2.1.1.17) 440 100%

(3.2.1.1.18) 440 50%

(3.2.1.1.19) --+ (3.2.2.1.16) 456 228 50%

(3.2.1.1.20 & 21)--+ 12100 220 98,18%

(3.2.2.1.17 & 18)

Table 17: Percentage difference ofthe nuιllberof constraints' eqLIations created

Furthermore, we converted the solutions of Euclidean distances to real distances. The

proposed Ω10deΙ provides better solution V"alue than the initial n1odel. The percentage

difference of tl1e converted solution of initial and proposed n10del is presented ίη Table 18.

InitialIllodel

Value of convel1ed 372,65

solutions ( € )

Proposed Ω10deΙ

348,42

Percentage of difference

6,502%

Table 18: Difference of con"erted solutions
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5.2 Eνaluation of Proposed MDHFCVRP Model

The proposed MDHFCVRP model can be a tIseful toοl for logistics based companies andJ

or enterprises, which perform οη theil" own the distribιιtion of theil" prodtIcts, and have more

than one distribtItion center. The ιιtίlίΙy of this tnodel ίη real - life applications based οη the

fact of heterogeneity of vehicles' capacity and type of cargo. ThtIs, ctIstoIners with different

size and type of demand can be served at a minitntlln distribιιtion cost. Moreover, the tnodel

can be applied ίη cases with one dίstΓίbιιtίοη center by setting οηlΥ one valtIe ίη the set of

depots.

AlthotIgh applications with large ntImber of ctIstomers increase the complexity and the

soltItion tίωe, setting tίωe Ιίιηίι to the sotIrce code of the ωοdel, regarding the allowed

waiting tίωe and the cοωΡιιtatίοηal ability of otIr operating systetn, the solιιtions provided are

ηοι optitna! but feasible and better than a raηdοω roιιting.

Ιη a future research, ωοre constraints based οη rea! - life restrictions can be added to this

ωοdel ίη order to extent ίι Α basic constraint that could be added concen1S the fact t11at tnany

custoωers have specific tίωe windows ίη w11ich their service should be accoιnplished. This

leads Ιο the fact that a vehicle ωίght arrive earlier than the earliest Ρerωίtted tίωe of service

and thus shotIld wait υηιίΙ the custoωer is available for service, bιιt is prohibited to arrive later

than the latest pennitted titne of service.
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Annex

Ιη this section of the thesis, the source code of tI,e initial and proposed model and al1

necessary data needed to simulate these tnodel ίη ΡΙΕΧ are given. However, dtte 10 the

large size of models and data, all tl1ίs infi Γιηβιί η ha bccn aved ίη a CD. This CD is

provided to the members ofthe cχaιηίnaΙί 11 111ηίιι willl I11 hal<d ΡΥ ftl1e thesis.
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