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ABSTRACT 

This study analyzes the production-logistics system of a manufacturing 

environment, where a manufacturer distributes its products to customers via multi-depots, 

withiri the framework of hierarchical· planning. The production-logistics system is 

decomposed into two levels; aggregate production~distribution decisions are handled in the 

first level while vehicle routing decisions are addressed in the second level. The first level 

problem is further decomposed into production and distribuiion subproblems by using 

Lagrangean relaxation. Exact and heuristic algorithms are developed· for these 

subproblems, and a sequential structure is designed to maintain consistency and feasibility 

between these solutions. Then the result of this level is downloaded to the vehicle routing 

level where a tabu search heuristic is developed and implemented. Results reveal the 

importance of coordination and information exchange in a hierarchical plan upon the. 

overall performance of the integrated production~logistics system. 
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6ZET 

Bu ~ah~ma, bir imalatlYlmn iiriinlerini birden IYok depo vasltaslyla mii~terilerine 

daglttIgl bir imalat ortammm iiretim-Iojistik sistemini hiyerar§ik bir planlama ~erIYevesinde 

inceler. Uretim-Iojistik sistemi iki seviyeye ayn~tmhr;· topla~lk iiretim-dagltIm kararlan ilk 

seviyede ele ahmrken araty rotalama kararlan ikinci seviyede tyoziiliir. ilk seviye problerni 

de Lagrange tyarpanlannm kullamldlgl bir ~oziim yontemiyle iiretirn ve dagltIrn alt 

problemlerine ayn~tmhr. Bu problemlerin ~oziimleri arasmda" tutarhhk ve fizibilite elde 

etmek ityin slrah bir yapl tasarlannl1~tIr. Bu seviyenin sonutylan bir yasakh arama rneta­

sezgiselinin geli~tirilip uygulandlgl araty rota belirleme seviyesine verilir. Sonu9Iar, 

hiyerar~ik bir plan i9indeki koordinasyon ve bilgi degi~iminin onemini, biitiinsel iiretirn­

lojistik sisteminin tiirn performansl iizerinde gosterir. 
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1. INTRODUCTION 

Today in a dynamic global economy and conipetitive market environment, it is 

becoming extremely critical to respond and adapt quickly to changes. The traditional roles 

of marketing, sales, logistics, manufacturing and. purchasing have already changed 

dramatically to organize the decomposed functions over an integrated database. This will 
, 

require organizations to undergo significant internal restructuring to breakdown internal 

functional barriers. Thus it is essential to automate and integrate the business functions at 

all levels of a production-logistics system by adapting an information technology over a 

common database. This is realized by advanced production planning and control 

techniques which also accelerate velocity of the flow of information and products across 

the industrial pipeline. 

Distribution Resource Planning (DRP) and Manufacturing Resource Planning 

(MRP II) generate quick information flow across the entire industrial pipeline, where as 

lust-in-Timeffotal Quality Management (JITffQM) generate quick material flow by 

driving responsive execution throughout the supply pipeline. Finally, Electronic Data 

Interchange (EDI) and bar coding enhance an efficient method to control information and 

material flow. Once the total channel integration is realized by each member of the 

marketing channel (manufacturer, wholesaler/distributors and retailers), customer 

connectivity links everything together. 

Logistics is the provision of goods and services from a supply point to a demand 

point. A complete logistics system covers the entire process of moving raw materials and 

input r~quirements from suppliers to plants, the conversion of the inputs into products at 

certain plants. the movement of the products to various warehouses or depots and the 

eventual delivery of these products to the final customers. So logistics planning is a 

complex process consisting of multiple tasks and requiring effective coordination 

throughout the organization. 
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Today, JIT manufacturing practice requires integrating production, distribution and 

marketing & sales decision processes, so. that inventory levels can be reduced along the 

whole production-distribution channel and customer-demand can be satisfied on time. So, 

these decisions should be optimized concurrently as well as their corresponding 

organizational units in a firm should be integrated. 

The integration of business applications over information technology infrastructure 

. is just one aspect in world-class manufacturing management. Integrating production-
r 

logistics system also requires optimizing the inherent decision problems of all business 

functions simultaneously to avoid conflicts resulting from local optima. Managing 

production and logistics functions independently, with little or no coordination between 

them, works acceptably well if there is sufficient finished goods inventory to buffer the 

production and logistics operations from each other. However, the cost of carrying 

inventory and the trend to JIT operations create pressure to reduce inventories in the 

marketing channel. As a result of this pressure, many companies are exploring closer 

coordination along this channel. An integrated view of the entire production-logistics 

system may generate significant savings by trading off the costs associated with the whole, 

rather than minimizing production and logistics costs separately. Thus the integration of 

optimization practices along the supply chain poses a crucial issue to be solved. 

Organizational structure is an important factor to support coordination of 

information flow in the supply chain management. In most companies, the organization 

structure is not designed to support the integration of business applications and 

optimization practices, and hence most efforts are directed at improvements within the 

existing designs. However, -these efforts are reaching the point of diminishing returns so the 

time is right to consider making the necessary organizational changes that will facilitate 

coordination of these business functions and develop an ability to make more complex 

decisions within this organizational structure. Clearly the organizational designs should be 

made as a response to satisfy integration and optimization requirements. 

As it is well-known, mathematical models provide a precise language and clear 

statement of the organizational structure and better understanding of the managerial 
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choices for the organizational design. Thus the first aim of this study is to describe the 

organizational structure of a production-logistics system within the framework of a single 

mathematical model from the decision processes a~d information systems point of view. 

This is in fact an attempt to describe the system with centralized decision-making. 

However, centralized planning naturally leads to a complex, large-scale model 

which is difficult to solve optimally. Hence it becomes a necessity to develop alternative 

approaches of optimization techniques which provide near optimal solutions for all the 

parties involved in the integrated model. Decomposition techniques such as hierarchical 

decomposition, Lagrangean relaxation, Dantzig-Wolve (price-directive) and Benders 

(resource-directive) decomposition techniques are widely used as tools to solve such large­

scale integrated models. 

Consequently the aim of this study is converted into an attempt to develop 

mathematically sound and robust procedures as tools for establishing decentralized 

structures without too much sacrifice of global integration and optimization. An underlying 

assumption of this study is that organizational designs should be made corresponding to the 

structure of information flow in an efficient mathematical modeL As it is well known, 

different decomposition and search methods imply different organizational designs. First a 

good solution procedure should be obtained and proven to be robust for a certain 

decomposition style, and only afte~wards a manufacturing company should be organized in 

the manner dictated by the decomposition method. This study first proposes a certain 

hierarchical decomposition scheme and develops efficient and fast solution methods using 

information technology advances, and it is required that the decomposition style implied by 

this decomposition should be clearly implemented in the organizational design of a 

company. 

This study decomposes the integrated model with centralized planning into two 

submodels. The first submodel tries to optimize the production and distribution functions 

simultaneously while the second model addresses the vehicle routing decisions based on 

the optimal production and distribution decisions. This hierarchical decomposition creates 

a partially decentralized organization. However in the process of solving the first-level 
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aggregate model by the Lagrangean relaxation method, it is realized that the model fur'ther 

decomposes into distribution and production subproblems naturally, and a decentralized 

organization arises in the management of the downstream supply chain. 

The second level of the hierarchical decomposition which corresponds to the 

vehicle routing is a combinatorial optimization problem. Recently, five metaheuristic 

approaches have emerged for handling complex decision problems which are genetic 

algorithms, neural networks, simulated annealing, tabu search and target analysis. This 

study proposes a tabu search algorithm for the second level problem which performs pretty 

well compared to the other tabu search algorithms. 

The study is organized as folIows: Literature survey about the related subjects is 

presented in Section 2. Section 3 defines the production-logistics problem in this study. 

Section 4 provides a mathematical formulation of the integrated production-logistics model 

and explains the hierarchical structure proposed for the integrated production-logistics 

system. Lagrangean relaxation technique used in the solution of the aggregate production- . 

distribution problem of the first level in the hierarchical decomposition, and solution 

procedures of the associated production and distribution subproblems are discussed in 

Section 5. Vehic1e routing problem which corresponds to the second level in the 

hierarchical decomposition, and the proposed solution procedure are explained in Section 

6. Section 7 gives the experimental design and computational results of the study. Finally, 

Section 8 states the conclusions and suggestions for future study. 
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2. LITERATURE SURVEY 

The research areas which inspired this study can be classified into hierarchical 

planning, integrated manufacturing-distribution systems, the vehicle routing problem and 

metaheuristics. 

Hierarchical planning: 

Hierarchical production planning provides an encouraging approach to overcome 

the impracticality and the complexity in applying a monolithic approach to a large-scale 

problem. The basic idea of this procedure is to reduce problem complexity by decomposing 

the planning process into isolated subproblems, each of which may be solved using 

appropriate models. 

Decomposition of the planning process is an important element in hierarchical 

planning, and the length of the decision horizon and level of the decisions are important 

aspects in the planning process. Hierarchical approach defines interdependencies in a great 

variety of ways. One approach is to define a hierarchical product structure as proposed by 

Hax and Meal [1] in terms of items, families and types and formulate the resulting decision 

problems accordingly. Another issue in defining subproblems is to consider the existing 

organizational structures adequately. In this respect, Schneeweiss [2] gives a general 

framework for hierarchical interdependencies within an organization. He presents a 

uniform conceptual framework to discuss the structure of hierarchical negotiations, 

principal-agent relationships, various kinds of hierarchical planning procedures, and 

hierarchical algorithms. 

Dempster et al. [3] provides a first survey of fields of application of hierarchical 

planning, and show that this type of problems may also he modeled as a multistage 

stochastic program. 
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Simchi-Levi [4] proposes a hierarchical approach to the design and control of 

probabilistic distribution systems where only a subset of all potential customers needs 

service on any given working. day. Three main subproblems corresponding to the three 

levels of decision - strategic, tactical and operational- are integrated .into a hierarchical 

design, and the total system cost is proven to be asymptotically optimal. 

In principal, hierarchical planning is based on a top-down control. However 

infeasibilities on the lower levels, or inconsistencies due tOr disaggregation may require 

some modifications. To solve these problems, Gunther [5] suggests that three types of 

decision making on the superior level have to be considered: fixed, frozen and tentative 

plans by using the rolling horizon approach with anticipation. 

Saad [6] extends the earlier hierarchical production planning approaches initiated 

by Hax and Meal into a hierarchical model for multi-plant, multi-product firms which 

incorporates both hierarchical and functional interface interacting simultaneously as in 

practice. He uses goal programming to solve the problem of feasibility which arises in 

disaggregating the aggregate production plan into detailed schedules at the product-family 

disaggregation level, and uses the branch and bound at the item-disaggregation level. 

Kistner and Steven [7] reviews applications of operations research to solve . 

planning problems which arise in subsystems of production control. They also consider 

some theoretical aspects of hierarchical production planning. They state that heuristic 

decomposition may be applied for tuning decisions on the tactical and operative levels of 

the planning process. 

Graves [8] decomposes a large scale production planning problem in the context of 

Hax and Meal's hierarchical framework. He proposes a hybrid approach by applying 

Lagrangean relaxation technique to reduce differences between targets set by aggregate 

production planning and lot sizes for articles: A similar approach based on Benders' cuts is 

used by Aardal and Larsson [9]. 

In hierarchical planning, data and decision variables have to be aggregated to 

reduce complexity. Initially aggregation theory has been developed in· the area of 
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macroeconomics. Axsater [10], [11] and Axsater et al. [12] recognize its importance for 

managerial planning on an aggregate level and applies its results to hierarchical production 

planning. As aggregation always involves loss of information, aggregation theory has to 

concentrate on infeasibilities caused by inevitable aggregation errors and their 

consequences on decisions and objectives. Erschler, Fontan and Merce [13] considers the 

consistency of aggregation in a ro11ing horizon environment. They show that the knapsack 

algorithm in connection with the look-ahead rule guarantees the consistency. 

A study by Tsubone, Matsuura and Tsutsu [14] verifies the validity of a hierarchical 

production planning system for a two-stage process. They clarify, through a simulation 

model, the relationship between the production planning rules and the buffer inventory role 

in terms of manufacturing performance in order to support the choice of an optimum 

production system. 

Integrated Manufacturing-Distribution Systems: 

Most companies manage production and distribution functions independently with 

little or no coordination between production scheduling and distribution planning. This 

decoupled approach works acceptably well if there is sufficient finished goods inventory to 

buffer the production and distribution operations from each other. However the cost of 

carrying inventory and the trend to just-in-time operations is forcing to reduce inventories 

in the distribution channel. So companies need to coordinate production and distribution 

planning. 

Glover et al. [15] develops a network flow model of the production scheduling, 

inventory and distribution decisions of Agrico Chemical. They embed this model in a 

decisiQn support system that is used to analyze both short-run planning decisions and long­

range strategic decisions. 

Bloemhof-Ruwaard, Salomon and Wasse'1hove [16] proposes and analyses 

alternative model formulations for the problem of coordinating product and by-product 

flows in a two-level distribution network. Their problem is an extension of the classical 

facility location problem in which they consider a variant of the two-level location 
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problem. They analyze lower bounding procedures, based on linear programming and 

Lagrangean relaxation. Although the quality of the linear programming based lower bounds 

is on the average better than the quality of the Lagrangean lower bounds, the Lagrangean 

lower bounds are computed faster for larger sized problem instances. They also propose 

and compare a number of new upper bounding heuristics for their problem. The way they 

design their computational experiments is similar to the one prepared .in this study. 

Matta [17] deals with the problem of scheduling the production of several products 

on a single production line where product changeovers incur setup cost and/or time. This 

kind of problem has a trade-off between changeover and inventory carrying costs. This is a 

difficult problem since the number of possible schedules grows exponentially with the 

number of products and periods. He develops an iterative procedure that uses the 

Lagrangean technique to find lower bounds, and an efficient heuristic procedure to obtain 

feasible schedules from Lagrangean solutions. He eliminates the inventory variables in the 

model by substitution as it is done in this study. 

Traditionally, the economic lot size problem of raw materials and finished products 

is treated separately which may result in suboptimization. Integrated optimization of these 

decision subsytems that complement each other are more preferable. This means 

subsystems should be linked together and corresponding decisions should be taken in a 
coordinated manner. Hence the degree of suboptimality is reduced. A study by Goyal and 

Deshmukh [18] reviews the literature on integrated procurement-production (IPP) systems 

by classifying IPP models into several categories. 

Rangan and J aikumar [19] shows that there is a close link between strategic 

decisions (i.e., ithe number of levels between the producer and the customer) and tactical 

deci~ions (i.e., channel management policies such as trade discounts and rebates) in the 

design of distribution systems by applying an integrated model that solves the strategic 

issue of channel levels and the tactical issue of price rebates simultaneously in C. C. Korns 

Company. The goal is to structure the optimal buying arrangement such that customers 

mInImIZe their procurement costs simultaneously while the manufacturer maximizes 

profits. 
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Pyke and Cohen [20] develops a model of an integrated production and distribution 

system comprised of a single station model of a factory, a stockpile of finished goods (FG), 

and a single retailer. Multiple products with stocbastic, independent demand are produced 

at the factory stored at FG which may also order an expedite batch of a particular product, 

and distributed to the retailer where demand is met or backlogged. They impose no 

capacity constraint onFG or the retailer while the factory is capacity constrained. They 

propose an algorithm which is proved to be near-optimal for limited tests. 

Federgruen and Zheng [21] develops a model for a capacitated production I 

distribution network of general (but acyclic) topology with a general biB of materials, as 

considered in MRP or DRP systems which assumes stationary, deterministic demand rates 

and a standard stationary cost structure. There exist capacity constraints which consist of 

bounds on the frequency with which individual items can or need to be replenished. A pair 

of simple and efficient algorithms capable of determining an optimal power-Of-two policy 

is derived by the researchers. 

Soumis, Sauve and Beau [22] deals with the origin-destination assignment and the 

vehicle routing problem simultaneously. They present a two phase solution method for this 

problem using a minimum cost flow model followed by heuristic tour construction and 

improvement procedures. The first phase corresponds to strategic planning while the 

second phase corresponds to operational planning. 

Both inventory allocation and vehicle routing decisions are closely interrelated 

logistical problems. Chien, Balakrishnan and Wong [23] addresses the problem of 

distributing a limited amount of inventory among customers using a fleet of vehicles so as 

to maximize profit. They formulate the integrated problem as a mixed integer program and 

develop a Lagrangean relaxation based solution procedure which exploits the underlying 

special structure of the problem to produce good upper bounds and heuristic solutions. 

Chandra and Fisher [24] investigates the value of coordinating production and 

distribution planning by considering a plant that produces a number of products over time 

and maintains an inventory of finished goods at the plant. They compare two approaches, 
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one in which the production scheduling and vehicle routing problems are solved separately, 

and another in which they are coordinated within a single model. 

Iyogun [25] desc~ibes an algorithm for a distribution problem involving several 

retailers and several warehouses and multiple items where external demands for items are 

constant, continuous and deterministic and each facility has a fixed setup cost and incurs 

echelon holding cost for any unused stock. 

Iyogun and Atkins [26] presents an algorithm for obtaining a stationary product­

nested policy for the multistage and multifacility pure distribution network where a facility 

at the end of the distribution network experiences a deterministic and continuous demand, 

and each facility has an echelon holding cost rate for each item it distributes and a facility 

dependent setup cost. 

Axsater [27] deals with an inventory system which consists of one warehouse and 

N retai1ers with constant lead times and Poisson demand. He provides simple recursive 

procedures for determining the holding and shortage costs of different control policies. 

The vehicle routing problem: 

The Vehicle R.ollting Problem (VRP) can be described as the problem of designing 

optimal delivery or coI1ection of routes from one or several depots to a number of 

customers subject to side constraints. There exists a wide variety of VRPs and a broad 

literature on this c1ass of problems. The variants of VRP inc1ude VRP with time windows, 

stochastic VRP, multi-depot VRP and others. There are a large variety of exact and 

approximate solutions developed for the VRP. 
\ 

Laporte [28] provides an extensive overview of exact and approximate algorithms 

for VRP. He also summarizes some of the most representative or significant work 

published since 1985 on VRPand its variants in [29]. 
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Exact algorithms for the VRP cim be classified into three broad categories 'which 

are direct tree search methods, dynamic programming and integer linear programming. 

Some of the related studies are given below: 

Laporte et al. [30] develops a branch-and-cut algorithm for the VRP with capacity 

and distance restrictions. The algorithm uses a two-index vehicle flow formulation 

including generalized subtour elimination constraints. Computational results for randomly 

generated instances up to 60 customers are presented. 

Labbe et al. [31] proposes an exact branch-and bound algorithm for the capacitated 

VRP on trees. Lower bounds are based on the solution of bin packing problems and a 

heuristic with worst-case performance ratio of two is described. 

Laporte, Mercure and Nobert [32] describe a branch-and bound algorithm for a 

class of asymmetrical VRP which solves instances up to 40 vertices. Fischetti, Toth and 

Vigo [33] presents a branch-and-bound algorithm which embeds two newer bounding 

procedures. 

Fischer [34] proposes an exact branch-and-cut algorithm for the vehicle routing 

with capacities in which single customer trees are disallowed. The problem is modeled as 

that of determining a minimum cost K-tree with two edges incident to the depot. Lower 

bounds are obtained by duaJizing the side constraints in a Lagrangean fashion. 

Christofides, Mingozzi and Toth [35] studies the dynamic programming of VRP. 

They introduce a state-space relaxation procedure to reduce the number of states which 

provides a longer bound on the cost of the optimal solution. The optimum can then be 

reached by emBedding the bounding procedure inan enumerative scheme. 

Balinski and Quandt [36] is among the first to propose a set partitioning 

formulation for VRPs. To overcome the difficulties encountered with this formulation, the 

column generation algorithm is used which has been applied by Rao and Zionts [37], 

Foster and Ryan [38], Orloff [39], Desrosiers et al. [40], and Agarwal et al. [41]. 
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.Fischer and laikumar [42] has developed a three-index vehicle flow formulation for 

VRPs with capacity restrictions, time windows and no stopping .times. They have also 

developed an algorithm based on this formulations. A two-index vehicle flow formulation 

in symmetrical capacitated VRPs, and time or distance constrained VRPs has been 

proposed by Laporte et al. [43]. 

As for the approximate algorithms, some of rhe many studies are given below: 

Gillett and Miller [44] introduces and illustrates the slveep algorithm for solving the 

VRP with load and distance constraints for each vehicle. The locations that are used to 

make up each route are determined according to the polar-coordinate angle for each 

location. An iterative procedure is then used to improve the total distance traveled over all 

routes. 

Paessens [45] sets criteria for the application of several heuristics (sweep method,. 

two-phase method and savings method which has been first proposed by Clarke and Wright 

[46]) for solving the VRP. Since in practice, it is more comfortable to use microcomputers, 

he presents modifications of the savings method which takes less' CPU time and reduced 

storage requirements, so that the savings method can be implemented on microcomputers. 

Christofides and Eilon [47] considers three solution methods for the VRP which are 

a branch-and-bound approach, the "savings" approach and the three-optimal tour 

method. The excessive computation time and computer storage required for the first 

method renders it impracticable for large problems. They examine ten problems and the 

results suggest that the last method is superior to the other two methods. 

I 

Gaudioso and Paletta [48] deals with the optimal management of periodic deliveries 

of a given commodity. Their goal is to assign, over a planning period, a feasible 

combination of delivery days to each customer and to determine the scheduling and routing 

of the vehicles, minimizing the fleet size. They propose heuristic algorithms and report 

computational experience. 
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Dell' Amico, Fischetti and Toth [49] deals with the multiple depot vehicle 

scheduling problem in which the aim is to minimize the number of vehicles used and the 

overall operational cost. They design a new po}ynomial-time heuristic algorithm and 

propose several effective rdining procedures. 

Metaheuristics: 

Recently, five approaches have emerged for handling complex decision problems: 

genetic algorithms, neural networks, simulated annealing, tabu search, and target analysis. 

The first two -genetic algorithms and neural networks- are inspired by principles derived 

from biological sciences, and simulated annealing derives from physical science, notably 

the second law of thermodynamics. Tabu search and target analysis stem from the general 

tenets of intelligent problem-solving. 

Artificial intelligence is a revived approach to problem-solving that requires 

heuristic search intrinsically in knowledge-base operations, especially for logical and 

anological reasoning mechanisms. So, one bilateral linkage between operations research 

and artificial intelligence is their common interest in solving hard problems with heuristic 

search. Glover and Greenberg [50] considers the above five approaches of heuristic search 

for solutions to combinatorially complex problems in artificial inte11igence. 

Osman [51] reviews, classifies, analyzes and reports brief descriptions of the 

recently emerging heuristic approaches for combinatorial optimization problems. "He first 

defines combinatorial optimization problems and their complexity. Since exact algorithms 

can only solve small-sized problems of this type, approximate algorithms are needed to 

provide near optimal solutions in reasonable amount of computation time. He focuses on 
\ 

recent approaches derived by analogical reasoning from artificial inte11igence and natural 

science. He also describes the basic local search methods and shows how the metastrategy 

simulated annealing and the tabu search algorithms can guide and continue the search 

beyond the point of local optimality obtained by an embedded local search helJristic, so that 

improved solutions can be obtained. 
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Since the VRP is an NP-hard combinatorial optimization problem, most researchers 

have concentrated on the development of heuristics. Many of the latest developments have 

occurred in the area of metaheuristics. Gendreau, Laporte and Potvin [52] surveys recent 

applications of metaheuristics to the VRP. 

Alfa et al. [53] applies the Simulated Annealing to the capacitated version of the 

VRP, while Osman [54] considers. maximum route durations as well. The latter 

implementation is more involved in several respects. 

The literature on genetic algorithms for VRPs is scarce. Gendreau, Laporte and 

Potvin [52] describes three known approaches to this problem. The work of Blanton and 

Wainwright to solve VRP with time windows is a hybridization of a genetic algorithm 

based on the GENITOR package with a greedy insertion heuristic. GIDEON is a genetic 

algorithm for VRPs with time windows, based on a "cluster-first, route-second" strategy. 

Finally, GENEROUS is the genetic routing system for VRPs with time windows, which 

eliminates the difficulties related to the encoding of a solution into a chromosome by 

applying the crossover and mutation operators on the solutions themselves. 

Two early TS algorithms applied to VRP due to Willard, and Pureza and Franc;a are 

described in Gendreau, Laporte and Potvin [52]. Osman [54] also uses TS to solve VRP. In 

one version of his algorithm called BA (best-admissible), the whole neighbourhood is 

explored and the best non-tabu feasible move is selected; in the other version, FBA (first­

best-admissible), the first admissible improving move is selected if one exists; otherwise 

the best admissible move is implemented; 

T ABU~OUTE algorithm of Gendreau, Hertz and Laporte [55] is a new tabu search 

heuri.stic for the vehicle routing problem with capacity and route length restrictions. 

T ABUROUTE al10ws infeasible solutions by adding penalty terms in the objective 

function if the solution is infeasible. It considers a sequence of adjacent solutions obtained 

by repeatedly removing a vertex from its current route and reinserting it into another route 

using GENI, a generalized insertion procedure developed by Gendreau, Hertz and Laporte 

[56] for the traveling salesman problem. The GENI procedure consists of inserting a vertex 
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Taillard [57] presents two partition methods that speed up iterative search methods 

applied to VRPs including a large number of vehicles. He shows that it is possible to 

decompose VRP into subproblems that may be solved independently. He uses a simple 

implementation of TS as an iterative search method .. Rather than executing the insertions 

with GENI, he uses standard insertions, thus enabling each insertion to be carried out in 

less time, and feasibility is always maintained. A neighborhood search procedure similar to 

the above methods in some aspects is developed in this study .. 
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3. PROBLEM DEFINITION 

Most producers do not sell their goods directly to the final users. They work with 

marketing intermediaries to bring their products to "market. The marketing intermediaries 

make up a marketing channel (also caJled a trade channel or distribution channel). 

Intermediaries smooth the flow of goods and services, reduce the number of contacts and 

the amount of work that must be done, and bridge the discrepancy between the assortment 

of goods and services generated by the producer and the assortment demanded by the 

consumer. 

Some intermediaries -such as wholesalers and retailers- buy, take title to, and resell 

the merchandise; they are called merchants. Others -such as brokers, manufacturers' 

representatives and sales agents- search for customers and may negotiate on the producer's 

behalf but do not take title to the goods; they are called agents. Still others -such as / 

transportation companies, independent warehouses, banks and advertising agencies- assist 

in the distribution process but neither take title to goods nor negotiate purchases or sales; 

they are called facilitators. 

A supply chain model includes the suppliers of the manufacturer into the same 

framework and aims to coordinate the activities of suppliers, manufacturers, wholesalers 

and retailers. This study addresses only the downstream supply chain activities, which is 

traditionally known as the distribution channel. A conventional distribution channel 
\ . 

comprises an independent producer, wholesaler(s), and retailer(s). Each is a separate 

business entity seeking to maximize its own profits, even if this goal reduces profit for the 

system as a whole. No channel member has complete or substantial control over the other 

members. Recently new distribution systems have developed under the pressure of 

integration challenges. A vertical distribution system comprises the producer, 

wholesaler(s), and retailer(s) acting as an integrated system. One channel member owns the 

others or franchises them or has so much power that they all cooperate. The vertical 
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distribution system can be dominated by the producer, the wholesaler or the retailer. In 

horizontal distribution system, two or more unrelated companies put together resources or 

programs to exploit an emerging marketing opportunity. Each company lacks the capital, 

know-how, production or marketing resources to venture alone, or it i.s afraid of the risk. 

Multichannel distribution occurs when a single firm uses two or more distribution channels 

to reach one or more customer segments. 

This study will analyze the production-logistics system of a manufacturing 

environment which is shown in Figure 3.1. The model consists of a plant which is faced 

with a capacitated lot-sizing problem in manufacturing a number of products over time. 

The products are distributed from the plant inventory to several wholesalers which are 

assumed to be independent from each other and each of which maintains an inventory of 

their own. Then the products are distributed from depots to a number of customers with 

deterministic time-varying demand requirements. The wholesalers may be owned by the 

sister company or may be operated as distinct companies. In the latter case the 

manufacturer is assumed to possess the freedom to ship any quantity to any wholesaler 

considering the customer demand requirements. Throughout the study the wholesalers will 

be called "depots". In this study, customers are not necessarily the end users. Although the 

plant and the depots possess the inventory holding capability, customers require lIT . 

delivery of products, and backlogging is not permitted. 

The aim of this study is to solve the above mentioned problem by optimizing the 

marketing & sales, production and logistics decisions concurrently. The following 

decisions are considered in the production-logistics system: The manufacturer should 

decide the production quantity, inventory level and shipment quantity to each depot for , . 

each of its product in each period. Each depot should decide upon its inventory level for 

each product in each period, and the quantity it should ship to each customer for each 

product so that customer demand is satisfied in all times and for all products. The depots 

should also decide upon the required number of vehicles and their corresponding routes so 

that overall production-logistics cost is minimized. 
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. Depots Customers 

Manufacturer 

FIGURE 3.1. The production-logistics system of a manufacturing environment 

In the hierarchical decomposition with partially decentralized planning the manufacturer is 

implicitly faced with an assignment problem of assigning customers to depots and 

coordinating the inventory and shipment decisions of all depots. However the Lagrangean 

relaxation further. decomposes the aggregate model such that there is a central agent above 

all units which collects independent production and distribution subproblem solutions 

given by the manufacturer and the depots re~pectively, and updates and dictates new price 

data to these subunits. Figure 3.2 shows the information flow in the Lagrangean relaxation 

procedure. 



production 
subproblem 
solution 

-

... -,. 

., 

Manufacturer 

Central Agent ~ ... 
new price data 

,r 

Depots -

distribution 
subproblem 
solution 

FIGURE 3.2. The Lagrangean relaxation information flow 
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Furthermore, in Lagrangean heuristic, the assignment decisions are first made by 

the depots in the distribution submode1. These decisions which are feasible with respect to 

manufacturer capacity are given to the manufacturer which solves the production problem 

to satisfy depot requirements. Both manufacturer and depots give their feasible decisions to 

the central agent. Figure 3.3 shows the information flow in the Lagrangean heuristic .. 

procedure. 

feasible 
p'roduction 
decision 

... ... Central Agent ~ 

Depots f--

feasible 
distribution 

"solution 

Manufacturer 

feasible 
distribution 
solution 

FIGURE 3.3. The Lagrangean heuristic information flow 
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Integrating production-logistics system involves synchronized planning of 

manufacturing, distribution and vehicle routing decisions ,corresponding to the model 

illustrated in Figure 3.1. 

As it is well known, mathematical models provide a precise language and clear 

statement of the organizational structure and better understanding of the managerial 

choices for the organizational design. Thus the first aim of this study is to describe the 

organizational structure of a production-logistics system within the framework of a single 

mathematical model from the decision processes and information systems point of view. 

This model is described in Section 4.1. This in fact an attempt to describe the system with 

centralized decision-making. However centralized planning leads to a complex, large scale / 

model which is difficult to solve. Thus decomposition is needed to decentralize the 

decision process. 

This study proposes to decompose the integrated model with centralized planning 

into two submodels: The first submodel tries to optimize the production and distribution 

functions simultaneously while the second submodel addresses the vehicle routing 

decisions based on the optimal production and distribution decisions. This hierarchical 

decomposition creates a partially decentralized organization. However in the process of 

solving the first-level aggregate model by the Lagrangean relaxation method, it is realized 

that the model has some internal structure which facilitates further decomposition, so that a 

decentralized organization arises. Decentralization is discussed in Section 4.2. 
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4.1. Integrated Production-Logistics Model 

In this study, a mixed integer mathematical model is developed to address 

production, distribution and vehicle routing deci~ions in a typical manufacturing­

distribution organization. This integrated model represents centralized planning since all 

the three problems are solved synchronizedly in a monolythic way. The objective of the 

model is to schedule all the decisions so as to minimize the total cost of production, 

distribution and vehicle routing. 

Assumptions: 

(a) The customer demand is known and time-variant. Backlogging of demand is not 

planned; 

(b) Although setup time is assumed to be negligible, thus not included in the model, 

there exists considerable setup cost in manufacturing which is sequence-independent; 

(c) There is a fixed cost and variable cost associated with transporting material from 

the manufacturer to the depots and from the depots to the customers. Variable costs are 

proportional to the transported amount of material; 

(d) All the cost figures are time and item variant; furthermore fixed and variable 

costs of distribution depend both on the source and the destination; 

(e) The manufacturer has a limited production capacity while there is no limitation 

upon stock holding capability of the depots; 

(f) Distribution, manufacturing, and vehicle routing lead-times are negligible 

compared to the time-bucket, so they are not included in the formulation; 

'(g) The holding cost of customers is assumed to be very large, so that customer 

demand be satisfied exactly in the required period on a JIT basis. 

Indices: 

ie { L.1}= set of product 

je {L.rn}= set of depots 

ke { 1 ... n}= set of customers 



22 

tE { ] ... T}= set of periods in the planning horizon 

VE {] ... V}= set of vehicles 

p, qE Cj={j, ] , ... n}= set of probable nodes that can be visited by a vehicle leaving depot j 

Decision Variables: 

X it = production amount of product i in period.t 

lOit = ending inventory of product i in the plant in period t 

k 
YOijt = amount of product i transported from the plant to the depot j in period t intended 

for customer k 

k 
I ijt = amount of product i kept in the stock of depot k in period t 

Yi~t = amount of product i shipped from depot j to customer k in period t 

Qg~tv = quantity of product i shipped in vehicle v from depot j at time t destined for 

customer k over the arc (p,q) 

k {I WOijt = 0 

k Wijt ={~ 

Rijktv _ {I 
pq -

o 

Parameters: 

if X it > 0 

otherwise 

if YO\ > 0 IJ 

otherwise 

if Yi~ > 0 

otherwise 

if a vehicle v leaving depot j at time t transports producti for customer k 

traverses arc (p, q) 

otherwise 

Sit = setup cost of producing product i in period t 

Pit = unit variable cost of producing product i in period t 

hOit = unit holding cost of product i in the plant in period t 

fOijt = fixed cost of transporting product i from plant to depot j in period t 

cO"t = unit variable cost of transporting product i from the plant to depot j in period t IJ 
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hijt = unit holding cost of product i in depot j in period t 

fi~t = fixed cost of transporting product i from depotj to customer k in period t 

dispq = distance between vertices p and q 

ai = processing time of product i (in hours) 

At = total available production capacity in period t (in hours) 

Bv = capacity of vehicle v 

ex =a scalar used to convert distance data to cost data 

. The integrated multi-item 2-stage production-logistics problem (PL) can be 

formulated as a mixed integer linear model: 

subject to 

I 
IaiXit ~At 
i=l 

(4.1.1) 

'it (4.1.2) 



\ii, t 

m n 

IOi,t-1 + Xit - L L yott - IOit"= 0 
j=l k=l 

\ii, t 

\ii, j, k, t 

k k k k 
Iij,t-l + YOijt - Yijt - Iijt = 0 \7'i,j,k, t 

k (T I n k}k 
Yijt ~ L L Ldit ijt 

t=Ii=Ik=I 
\7'i,j,k, t 

m k k 
LYijt = d it \ii,k,t 
j=I 

'" QpijrktV _ '" Qrijqktv = 0 \7" t . k· ~ k ok ok j, ,1, ,V, r r 

pE Cj qeCii 
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(4:1.3) 

(4.1.4) 

(4.1.5) 

(4.1.6) 

(4.1.7) 

(4.1.8) . 

(4.1.9) 



I n 
L L Qijktv < B 
i=lk=l pq - v 

Q ijktv < Q R ijktv 
pq - v pq 

v 

Vj,t,i,k 

Vj, t , v, p, q, P ::f. q 

Vj, t,i,k, v,p, q,p::f. q 

~ ~ Rpijqktv <_ 1 \-I' t . k L.. L.. vj, ,1, ,q 
PEC j v=l 

~ ~ Rpijkqtv <_ 1 \-I' t . k L.. L.. vj, ,1, ,p 
qEC j v=l 

~ Rijktv _ ~ Rijktv - 0 \-I' t . k v r 
L.. pr L.. rq - v j, ,1, , , 

peCj qECj 

Rijktv E S 
pq Vi, j,k, t, v, p, q 

Vi,t 

BOGAZICI UNIVERSITESI KOTOPHANES~ 
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(4.1:10) 

(4.1.11) 

(4.1.12) 

(4.1.13) 

. (4.1.14) 

(4.1.15) 

(4.1.16) 

(4.1.17) 
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k k { } WOijt , Wijt EO,] , \ti,j,k,t (4.1.18) 

Rijktv E {O I} Qijktv > 0 
pq ". pq - \ti,j,k,t, v,p,q (4: 1.19) 

The objective function (4.1.1) aims to minimize the total fixed and variable costs 

associated with production, inventory holding and 2-stage distribution. Capacity restriction 

in the plant is expressed by (4.1.2). The technical constraints (4.1.3) guarantee that setup be 

done prior to production. Constraints (4.1.4) express the material balance in the plant while 

constraints (4.1.6) on the other hand express the material balance in each depot. The 

technical constraints (4.1.5) and (4.1.7) ensure that distribution from the plant to the depots 

and distribution from depots to customers both generate fixed costs, respectively.· 

Constraints (4.1.8) state that customer demand in period t be met exactly in period t on a 

lIT basis. With constraints (4.1.9) accumulation of product i at the vertice r destined for 

another customer is avoided. Constraints (4.1.10) assure that the planned quantity is sent to 

customer k. Capacity restriction of any vehicle is expressed by (4.1.11). Constraints 

(4.1.12) are technical constraints to ensure that if there exists a shipment using an arc by a 

vehicle, then this creates a cost to the objective function. Constraints (4.1.13) and (4.1.14) 

ensure that at most one vehicle is assigned to carry product i to customer k from depot j in 

period t. It is guaranteed in (4.1.15) that a vehicle leaves the demand vertex it has already 

entered. The subtour elimination constraints are defined in (4.1.16) where S can be defined 

in anyone of the ways found very frequently in literature. 

The integrated production-logistics problem is a combinatorial optimization 

problem which is large in terms of variables and constraints even with a reasonable number 

of products, depots, customers and time periods. This model can not be solved numerically 

with reasonable efforts of time and computer capacity. Hence alternative approaches 

should be required to be developed to solve the problem. 
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4.2. Hierarchical Decomposition of the Production-Logistics System 

Hierarchical decomposition partitions a problem into a hierarchy of subproblems. In 

any planning period, the subproblems are solved sequentially with the solutions of 

subproblems from the upper hierarchy imposing constraints on the lower hierarchy 

subproblems. Hence, the approach considers interdependencies appropriately and at the 

same time reduces problem complexity. In the design of an hierarchical planning system, 

the partitioning of the planning process, the selection of adequate submodels at each level 

and their coordination are the most essential aspects. 

In this study, the integrated production-logistics system represented by (PL) is 

decomposed into two levels within the framework of hierarchical decomposition. The first 

level deals with production-distribution system while the second level deals with the 

vehicle routing problem. In the first level, aggregate production-distribution problem is 

solved to obtain the related decisions, and in the second level vehicle routing decisions will 

be addressed based on the top level decisions. Hierarchical decomposition of the whole 

system is given in Figure 4.2.1. 

-. Aggregate 
Level 1 

1 Productioll-Distribution 

Bottom-up 1 Top-down 
Feedback Instruction 

1 ~r 

I. _ Vehicle Routing Problem Level 2 

FIGURE 4.2.1. Hierarchical decomposition of the production-logistics system 
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Since hierarchical decomposition partitions the problem into two levels which are 

solved separately, it ends up with partial1y decentralized planning. The first'level considers 

solving production and distribution problems simuJianeously while incorporating some 

cost information from the lower level into its solution procedure. 

4.2.1. Aggregate Production-Distribution Model 

The aggregate production-distribution model in this study involves the related parts 

of the integrated production-logistics model plus some information from the vehicle 

routing problem. All the related assumptions, index set, parameters and decision variables 

given in section 4.1 are also valid here with the foIlowing parameter included: 

CUt =unit variable cost of transporting product i from depot j to customer k in period t. 

It is computed by multiplying dispq with the scalar a.. 

The aggregate production-distribution (PD) can be formulated as a mixed integer 

model by taking the related parts of (PL) described in section 4.1 with the following 

modifications: 

TIm n k k] 
+ L L L L CijtYijt 

t=li=l j=l k=l 
(4:2.1) 
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subject to constraints (4.1.2)-(4.1.8),(4.1.17) and (4.1.18). 

--
To eliminate {JOjl } variables in (PD), constraints (4) can be written as: 

, t' tmn k 
JOit = JO iO + LXir - L L L YOijr 

r=1 r=lj=1 k=1 
Vi, t (4.2.2) 

Substituting this expression into (PD), the following formulation ( PD' ) is obtained. 

Tlmn
kk 

Tlmn
kk 

TI 1 
+ L L L L fijtWijt + L L L L CijtYijt + L .LhO itJOiOJ(4.2.3) 

t=1 i=lj=1 k=1 t=1 i=lj=1 k=1 t=11=1 

subject to 

I 
L aiXit ::;; At \7't (4.2.4) 
i=1 

(4.2.5) 
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t t m n 

LXir ~ L L L yotr - IOjQ 
r=l r=lj=1 k=l 

\:Ii, t (4.2.6) 

k (T Ink} k YOijt ~ L L Ldit OUt 
t=li=lk=l . 

\:Ii, j, k, t (4.2.7) 

k . k k k 
Iij,t-l + YOijt - Yijt - Iijt = 0 \:Ii, j, k, t (4.2.8) 

\ii, j, k, t (4.2.9) 

\ii,k, t (4.2.10) 

\ii, t (4.2.11 ) 

\ii, j, k, t (4.2.12) 
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For a typical production-distribution model with three products, four depots, six 

customers and 12 time periods, the problem (PD') consists of 1764 binary variables, 2628 
-

real variables and 2892 constraints. Certainly this problem is again too large to be solved 

by anyone of the available software. So the Lagrangean relaxation is implemented to solve 

(PD') and the problem naturally decomposes itself into two subproblems, namely 

production and distribution subproblems. Here decoupled production and distribution 

decisions exchange information via the Lagrange multipliers. In Dantzig-Wolve (price­

directive) and Benders (resource-directive) decomposition techniques, there is always a 

central agent (master problem) transmitting information between the subunits. In case of 

Lagrangean relaxation, there also exists a central agent in the form of generating Lagrange 

multipliers using the results of the decoupled subunits and dictating them to the production 

and distribution subunits. In every iteration, the central agent gathers information between 

production and distribution subunits about the current degree of inconsistency between 

them and revises its decision by updating Lagrange multipliers and finally dictates the 

information transmitted by the value of Lagrange multipliers to the two subunits for the . 

next iteration. The technical details are provided in Section 5. 

4.2.2. Vehicle Routing Problem 

After solving aggregate production-distribution problem in the first level, 

disaggregation occurs in the second level based on the upper level decisions. In other 

words, the VRP is solved based on Y\t values obtained in the first level. 

Since cus~omer-product pairs (i,k) are already assigned to the depots in each period 

which are denoted by Y\t and W\b a decentralized logistics management suffices to solve 

a single-depot VRP for each depot in each period. So for each depot j in any period t, 

corresponding customer vertices (i,k) are formed such that Y\t>O for all i and k. 

The information exchange between the VRP and the upper level decisions is done 

in the form of "top-down" and "bottom-up" manner as given in Schneeweiss [2]. the VRP 

and proposed solution procedures to solve it are discussed in details in Section 6. 
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4.3. Organizational Design 

In hierarchical planning, either existing organizational structures may be used to 

define subproblems or business functions in the hierarchical decomposition are matched to 

the organizational units in a company. In this way, interdependencies and relations 

. between the subproblems in the hierarchical structure and also between the organizations 

are defined appropriately. 

Another aim of this study is to develop mathematically sound and robust 

procedures as t601s for establishing decentralized structures. In fact an underlying 

assumption of this study is that organizational designs should be made corresponding to the 

structure of information flow in an efficient mathematical model. As it is well known, 

different decomposition and search methods imply different organizational designs. first a 

good solution procedure should be obtained and proven to be robust, for a certain 

decomposition style, and only afterwards a manufacturing company should be organized in 

the manner dictated by the decomposition method. 

This study proposes a certain hierarchical decomposition scheme and develops . 

efficient and fast solution methods using information technology advances. Thus the 

decomposition style can be clearly implemented in the organizational design of a company. 

The implications of hierarchical decomposition proposed in this. study corresponds 

to a decentralized organizational structure in a company. The first level in the 

decomposition \ which is the aggregate production-distribution problem naturally 

deco~poses into distribution and production planning by applying Lagrangean relaxation 

technique although there is a high information exchange between them through the use of 

the Lagrange multipliers. Hence there becomes totally three levels of business functions in 

the whole system which have interactions and feedback among them. The first and s~cond 

levels correspond to marketing & sales and production planning units in a company 

respectively. Since JIT philosophy exists over the whole system, distribution decisions pull 

manufacturing decisions, but when infeasibility occurs, this is provided as a natural 



33 

feedback from the production planning unit to the marketing & sales unit and the overall 

optimality is tried to be reached interactively. The third level which is the vehicle routing 

problem corresponds to the logistics unit in a company. The vehicle routing problem is 

considered in the first and second levels as an input to the cost function of the aggregate 

production-distribution problem. So there is a hidden feedback from the logistics unit to 

the upper units. Marketing & sales and production planning give their integrated decisions 

to the logistics unit as an input to its own problem. Feedback from the logistics unit to the 

upper level units is provided when necessary. By this !way conflicts among critical 

departments in a company are tried to be minimized with the feedbacks provided in the 

hierarchical structure. Parallelism between business functions and organizational units is 

given in Figure 4.3.1 

Business Functions Oreanization 

Distribution ~ 
_. 

Marketing&Sales ,.. .. 

,-:>0-
jl' 

,It 

I Manufacturing .. .. Production Planning ,.. .. 

I 
Jl 

I 
" 

l ___ i Vehicle Routing Problem ~ 
_. 

Logistics I ~ .. 

FIGURE 4.3.1. Parallelism between business functions and organizational units 
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As it is mentioned before, the mixed integer mathematical model given by (4.2.3) -

(4.2.12) is developed to address production and two-echelon distribution decisions 

simultaneously. Since the problem is an NP-hard combinatorial optimization problem, it is 

often hard to solve it optimally in polynomial time for real-life problems which are by 

nature large in terms of variables and constraints. 

As described in [58], one of the most computationally useful ideas of 1970s is the 

observation that many hard integer programming problems can be viewed as easy problems 

complicated by a relatively small set of side constraints. Dualizing the side constraints 

produces a Lagrangean problem that is easy to solve and whose optimal value is a lower. 

bound for minimization problems on the optimal value of the original problem. So, 

Lagrangean relaxation approach is used to decouple the imbedded distribution and 

production decision subproblems and the subgradient optimization method is implemented 

to coordinate the information flow between these subproblems in a hierarchical manner. 

In this section, first the construction of the Lagrangean relaxation technique will be 

described. Then, solution procedures for the two subproblems, the Lagrangean heuristic 

and computational results will be explained in detail. 

5.1. Construction of the Lagrangean Relaxation Technique 

The following is a combinatorial optimization problem formulated as the integer 

program given in [58]. 



3S 

(P) min ex 

subject to Ax=b 

Dx ::;;e (S.1.1) . 

x ~ 0 and integra1. 

Here x is n x ], b is m x ], e is k x ], and an other matrices have conformable 

dimensions. It is assumed that the constraints of (P) have been partitioned into the two sets 

Ax = band Dx ::;; e so as to make it relatively easy to sol\'e the Lagrangean problem 

ZD(U) = min cx + u (Ax-b) 

subject to Dx ::;;e (S.1.2) 

x ~ 0 and integral, 

where u = (u} , ... , urn) is a vector of Lagrange multipliers. 

It is well known that Zo(u) ::;; Z. By using this fact, (LRu) can be used to provide 

lower bounds for (P). Furthermore, good feasible solutions to (P) can frequently be 

obtained by perturbing nearly feasible solutions to (LRu). 

It is an important issue to determine u in Lagrangean relaxation applications. The 

be~t choice for u would be an optimal solution to the dual problem (D): 

(D) Zo = max Zo(u) 
u 

(S.L3) 
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The function ZD(U) has all the nice properties, like continuity and concavity, except 

differentiability .. Although it is differentiable almost everywhere, it generally is 

nondifferentiable at an optimum point. Three most popular approaches for 

nondifferantiable optimization in Lagrangean relaxation applications are the subgradient 

method, two versions of the simplex method implemented using column generation 

techniques and multiplier adjustment methods. Among these, the subgradient method is 

easy to program and has worked well on many practical problems. So, in this study the 

subgradient method where gradients are replaced by subgradients is used to determine u 
I 

values. Given an initial value UO a sequence {Uk} is generated by the rule 

(5.1.4) 

where Xk is an optimum solution to (LRuk), Uk is a positive scalar step size and (Ax
k 

-b) 

which corresponds to the dualized constraint set is the subgradient. The step size used most 

commonly in practice is 

(5.1.5) 

where 'A,k is a scalar satisfying 0 < 'A,k:5: 2 and Z* is an upper bound on Zo, frequently 

obtained by applying a heuristic to (P). 
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5.2. Relaxed Production and Distribution Problem 

Selecting between different constraint sets to be relaxed is an important issue in the 

Lagrangean relaxation method, because each constraint set requires different lengths of 

time for the solution of the problem with varying sharpness of bounds. Usual1y selecting a 

relaxation involves a tradeoff between these two properties; sharper bounds require more 

time to compute. In this study constraint (4.2.6) is chosen to be relaxed since it links the 

production and distribution problems. After arranging the terms in the objective function, 

the Lagrangean problem becomes as fo]]ows: 

subject to constraints (4.2.4), (4.2.5), (4.2.7)- (4.2.12). 

Here {Uit: Uit~ o} is the set of Lagrangean multipliers corresponding to (4.2.6), and 

the last two terms in the objective function can be disregarded in optimizing (L). Since this 
t 

rel~xation decouples the link between production and distribution decisions, it is easy to 

show that (L) decomposes into the subproblems (Ll) and (L2) as given below: 



38 

Production Sub11lodel Ll: 

[
T 1 TIT T·] 

Z(Ll)=min I IsitZ it + I I(p·t+ Iho· - Iu· )X't 
I. 1 . I Ir Ir I 

t= 1= t=II=1 r=t r=t 
(5.2.2) 

subject to constraints (4.2.4), (4.2.5) and (4.2.11). 

Distribution Submodel L2: 

[

T I m n k TIm n T T 
Z(L2) = min I I I I fO ijt WO ijt + I I I I (COijt + I Uir - I hOir )YO\ 

t=li=Ij=lk=l t=li=lj=lk=l r=t r=t IJ 

(5.2.3) 

subject to constraints (4.2.7)-(4.2.10) and (4.2.12). 

5.2.1. Solution Procedure for Production Submodel 

As it can be seen easily, the production submodel (LI) is further decomposable into 

T knapsack problems, each of which attempts to determine the capacitated production 

decision in each period. Thus the problem becomes solving T independent knapsack 

problems (LIt) fort=1...T given by: 



39 

. [lIT T ] Z(LI.) = mm LSitZit+ L (p. + Lho· - LU' )X' . . 1 • 1 II Ir Ir. II 
1= 1= r=1 r=1 

(5.2.1.1) 

subject to constraints (4.2.4), (4.2.5) and (4.2.11) 

LIt can be optimalIy solved by using the folIowing simple production rule. The 

proof is given below. 

Production Rule (PR): 

(5.2.1.2) 

~ . .* lor 1 = 1 
(5.2.~.3) 

otherwise 

\ 

where argmin{bj\ iEI} is defined as the argument of the smalIest bj for all iEI. 

In any period, at most one item satisfying (5.2.1.2) is to be produced such that it 

uses all capacity. Production quantities of other items are set to zero. So Z(Ll,) is either 

negative in which case production occurs in that period, or zero if there exists no item 

satisfying the condition given by (5.2.] .2). 
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Theorem: Production rule (PR) given by (5.2.] .2) and (5.2.] .3) solves the production 

problem (Ll,) optimally. 

Proof: Let Ai' be the amount of production capacity dedicated to produce product i in 

I 

period 1. So LAit = At. Let S be a production schedule such that all products are produced 
i=] 

with some amount and let ViI be the variable cost coefficient in production problem (L] ,). 

T T 
Vit = Pit + Ihoir - LUir (5.2.1.4) 

r=t r=t 

Then there exists i and j such that 

(5.2.1.5) 

Let S' be the production schedule obtained by dedicating Aj of product j to product i and 

setting the production quantity of j to zero. It is required to show that total production cost 

of production schedule S which is denoted by C(S) is bigger than the total cost of 

production schedule S' which is denoted by C(S'). 
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(5.2.1.7) 

Let ~c be the cost difference between C(S) and C(S'). 

, Vjt vlt ~C = C(S) -C(S) = Ajt--A jt-. +Sjt 
aj aj 

(5.2.1.8) 

By (5.2.1.5) it is known that 

(5.2.1.9) 

Multiplying both sides by Ajl gives the following expression: 

(5.2.1.10) 

Hence it is required to show that 



42 

(5.2.1.11) 

(5.2.1.12) 

By (5.2.1.12), (5.2.1.11) is shown. Thus S' has less cost than S and is also possible to 

reduce the cost of the new schedule S' further if there exists i and j satisfying (5.2.1.5). This 

improvement continues until there exists one product in the production schedule. If 

producing this product leads to negative production cost, then it is decided to produce this " 

item. If its cost is positive, then it is decided not to produce any product in period t. 

Interpretation of Production Rule 

T 
The only expression to make the whole expression in (5.2.1.2) is L uir' The bigger 

r=t 

the Uir values, the smaller are the ViI values. This is reasonable since. Uir is related with 

cumulative shortage of product i until period t. Hence the production problem has 

information fr~m the distribution problem in the values of Uir. If the sum of cumulative 

sho~age from period t to T is large enough to make ViI negative, the distribution 

subproblem signals "production" of that product to the production subproblem within the 

values of Uir. 
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5.2.2. Solution Procedure for Distribution Problem 

The distribution submodel (L2) is also decomposable into (i.k) subproblems, each 

of which represents the distribution problem of (i,k)th item-customer pair and for i=l...I, 

k= 1...n is given by 

rT m k T m T T 
Z(L2jk ) = min l I I fOijt WOijt + I I (coijt + I Ujr - I hOjr )YO\ 

t=1 j=1 t=1 j=1 r=t r=t IJ 

(5.2.2.1) 

subject to constraints (4.2.7)-(4.2.10) and (4.2.12). 

For each (i,k) pair, a forward algorithm (DISTAL), whose flow chart is given in 

Figure 5.2.2.1, is applied to solve the related distribution problem (L2ik). This algorithm 

based on the shortest path theory finds the optimal solution in most cases with very little 

computational effort; even when it can't find the optimal, it provides a tight upper bound. 

At each period, the temporary decision of "when" and "to which depot" the plant should 

ship the demand of that period and those of the preceeding periods is made. Let Ft be the 

minimum cost of satisfying demands of periods 1,2 ... ,t, and fit be the minimum cost of 

satisfying the demands of I, 1+1 , ... ,t by sending from the manufacturer in period I. Hence 

there are t possible alternatives of "when to ship" for period 1. The alternative with the 

minimum cost is found by the recursive relationship given by (5.2.2.2). 



Append the eligible depot to the 
existing depot sequences in 11,t-l 

and form Jlt 

Compute the cost of each depot 
sequence in J It 

Select the depot sequence 

J;t with min. cost fit 

. k k 
Fmd Y01jt and· Y1jt by 

tracing backward 

Compute Ft Select 1* of Ft 

Generate the new depot 
sequence set 

Jtt ={ {) },{2}, ... {m}} 

j 
Compute LlF2 tt for each 

depot sequence 

Select ~he best depot sequence 
J tt withmin'~F2It . 

FIGURE 5.2.2.1. Flow chart of DISTAL 
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(5.2.2.2) 

where Fo = O. At each possible alternative I, we use the previous decision and the 

information available on the set of alternative depo~ sequenc~s formed in period t-1 for 

shipping demands of 1,1+1, ... , t-l in period I (I~I~t-l) respectively, which is denoted by 

JI,t_l. Here the cost of each depot sequence in J I,t-I is deno~ed by fl~t-l. Let ~Fltt be the 

cost of shipping d ~ in period I from the depot j whiCh is in the' existing depot sequence. So 

(5.2.2.3) 

Let .1F2/
t 

be the cost of shipping d~ in period I from the depot j which is not in the 

existing depot sequence. So 

llF2it = llFl/t + fOijl (5.2.2.4) 

J;t is defined to be the best depot sequence of shipping demands of 1,1+ 1 , ... ,t in I, Lit be 

* e h Ih d dd . the set of depot sequences other than J It, and LIt be tee or. ere epot sequence In LIt· 

The new set of depot sequences J It is formed by appending the "eligible depot" to each 

depot sequence of J l,t-I' "Eligible depot" is defined to be the depot which satisfies the 

minimum cost among an possible alternatives of depots which are in Ll,t-1 but not in 
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* e . 
11,t-1 for each LI,t_l· If such a depot does not exist, then we delete that sequence from lit· 

* . 
For 11,t-l, the "eligible depot" includes all m depots. In this manner, the number of depot 

sequences to be kept in J It is reduced. 

If I is equal to t, which implies that shipping d~ is being considered in period t. 

since distribution decision in t arises in t for the first time, there is n~ previous information 

available to reduce the depot domain. Hence 1 It is fomled such that it covers all of the m 

depots in the model. For this case (I=t), fit and l;t are determined by: 

(5.2.2.5) 

(5.2.2.6) 

If I is not equal to t, the following three cases may occur in the calculation of fit: 

Casel: fit may belong to a depot sequence generated by a depot sequence of 11,t-1 other 

* than 1 I,t-I. Then 

(5.2.2.7) 
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Case2: fIt may belong to a depot sequence generated by J~,t_1 and the newly appended 

depot is already in J~ t-I. Then , 

(5.2.2.8) 

Case3: fIt may belong to depot sequence generated by J~ t-I and the newly appended depot , 

. . * 
IS not In J 1 t-I. Then, , 

(5.2.2.9) 

In short, fit is determined by: 

(5.2.2.10) 



48 

L)~t-] +{arg min{LWl/t \jE L)~H,je: J~,t-] }},ifcasel detenninesthemin. 

J~t = J~,t-] +{argmin{LWltt \jE J~,t-d}, ifcase2 detennines the min. (5.2.2.11) 

J;,t-] +{ argmin{LW2/t \ j e: J;,t-1> j E {l, .. ~ m}}}, if case3 detennines the min . 

• 
where LJ,t-l is the depot sequence of Lt,t-l generating the depot sequence of J It with the 

minimum cost. 

5.3. Sub gradient Optimization Procedure 

The next issue is to solve the dual problem of (L) which is denoted by LR with the 

Lagrangean dual value as . 

Z(LR)=sup Z(u), (5.3.1) 
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where u~O. As it is indicated before, subgradient optimization is implemented to optimize 

the Lagrangean dual value. The overall subgradient procedure given in Figure 53.1 is 

explained as follows: 

Step 1: Set un, initial Lagrange multipliers, r, the measure which counts the number 

of iterations without any improvement of Z(LR), and Zlowcr to zero, and 

Zuppcr to A, a value which can be deter-mined easily by applying a heuristic 

approach to (PD'). 

Step 2: If the maxirilUm number of iterations has been reached, stop. Otherwise, go 

to Step 3. 

Step 3: Solve the decomposed two-level distribution problem (L2ik) for each (i,k) 

. d . k k k paIr to etermme YO ijt , Yijt and I ijt values. 

Step 4: Solve the decomposed production problem (LI I ) for each period to' 

determine XiI and IOil values. 

Step 5: Compute Zk(LR) as given below: 

(5.3.2) 

Step 6: If Z(LR) has improved, go to Step 8. Otherwise, go to Step 7. 

Step 7: Increase r by one. If r is equal to RI, let r equal to zero and reduce A. 

Otherwise, go to Step 8. 
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Set 0 rand Zlow to zero, and 
u Zup to A 

A}-----~ 

Reduce A ~~ 

FIGURE 5.3.1. Subgradient optimization procedure to solve problem L 



no 

no 

Apply the 
Lagrangean 

heuristic 

FIGURE 5.3.1. Subgradient optimization procedure to solve problem L (continued) 
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Step 8: If the number of iterations is divisible by a predetermined number R2, 

reduce A. Otherwise, go to Step 9. 

Step 9: Compute a.k as shown below: 

(5.3.3) 

where \I . \I denotes the Euclidean norm and 

(5.3.4) 

Step 10: Compute Uk+1 as shown below: 

k+l k k k 
Uit = Uit +0. 'Yit 'Vi, t (5.3.5) 

where 'Yft is the subgradient of (LR) belonging to the (i,t) pair and it is 

computed as follows: 
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._tmn k t 
Ylt - L L L YO" t - LX· -10'0 . IJ Ir I 

r=IJ=lk=1 r=1 
\;,Ii, t (5.3.6) 

Step II: If.Zk(LR»Zlower, set Zlowcr = Zk(LR) and go to Step 12. Otherwise, go to 

Step 2. 

Step 12: Check if the current solutionis feasible to the original problem. If it is not 

feasible, apply the Lagrangean heuristic to make jt feasible. Go to Step 13. 

Step 13: Compute the feasible solution Z·. 

Step 14: If Z* < Zupper, let Zupper = Z* and go to Step 15. Otherwise, go to Step2. 

Step 15: If Diff < E, then stop. Otherwise, go to Step 2. Here DO is a sufficient. 

percentage of closure of Zupper to Zlower and Diff is the dualIty gap and is 

computed as in (5.3.7). 

'ff (Zupper - Z!ower) 
DI =--~-------­

Zupper 
(5.3.7) 

There arel some important issues to be mentioned in the subgradient optimization 

procedure: 

(a) In this study, the initial value of Zupper denoted by A is calculated by executing 

the subgradient optimization once. In other words, it is equal to Z· found in the first 

iteration of the subgradient optimization procedure where Uit=O 'di,t. This is similar to the 

situation where production and distribution problems are decomposed hierarchically into 
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two subproblems such that the distribution problem is solved first and then the production 

subproblem is solved based on the solution of the distribution problem. 

(b) Rl and R2 mentioned in the procedure are the two control parameters used to 

reduce the step size whenever it is necessary and are taken to be both ten. Initially 1..° is 

two, and reducing A is done by halving it. So in this study, A k is halved if the objective 

function does not improve in ten iterations and every t~n iterations regularly. 

(c) The algorithm is terminated either when a given number of iterations is reached 

or whenever Diff < E for some E>O whichever occurs first. In this study, the procedure is 

run for at most 100 iterations and E is taken to be 0.01. 

5.4. The Lagrangean Heuristic 

In this procedure there is no guarantee that the solution of the dual problem (LR) 

generates a solution feasible to the original problem (PD'). In fact, it is a rare situation that 

the dual solution is feasible to (PD'). This is the result of the duality gap phenomenon 

which is just capable of providing a lower bound for the optimal value of (PD'). However 

the dual solutions are near-feasible, and one can easily generate a feasible solution out of it. 

Thus the dual solution is input into a Lagrangean heuristic to provide a feasible solution 

with an objective function value which can be used as the upper bound for the original 
I . 

problem. 

The infeasibility in this problem may arise from the inconsistency between the 

solution of (LI) and the solution of (L2). Since dualizing constraints (4.2.5) decouples the 

production and distribution decisions and the respective production and distribution 

decisions are made independently, the production quantities may not be sufficient to meet 
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distribution requirement of product i in period t determined by r f YO tt . Then it will 
_ j=U:=1 

be necessary to shift production and/or distribution decisions so as to restore consistency. 

Here it is intended to preserve the distribution decisions as long as production capacity 

permits, so a hierarchical interdependency is imposed by placing the distribution 

subproblem in the top level and transmitting the instr.uctions to the production subproblem. 

In fact the heuristic is designed to enhance a "pull" nature in the system. 
r 

The Lagrangean heuristic developed in this study specifically consists of two 

procedures. In the first procedure (DISTFEAS), it is checked out whether there is sufficient 

production capacity to meet the distribution requirements, 

t t I[m n k] 
LAr ~ L L L L YOijr ai 
r=l r=l i=I j=I k=l 

\7't (5.4.1) 

If (5.4.1) is not satisfied at some period t, then some distribution requirement should be 

shifted to a later period. To achieve this, it is required to decide which YOnl' IE [1, t], 

should be decreased and how the shifted quantity should be redistributed over [t+l, T]. The 

algorithm first determines a particular (i,k) pair from which shifting future demand 

requirements is possible, by ranking all possibilities and choosing the combination which 

results in the maximum saving given by Wik' Then the distribution problem is resolved for 

the r~duced problem of (i,k) pair over [t+ 1, T]. This procedure is repeated recursively by 

eliminating infeasibilities step-by-step for smaller problems. The procedure (DISTFEAS) 

whose flow chart is presented in Figure 5.4.1 is given below: 



For t=] to T. do 

begin 

t I K J k t 
if L .L L ~YOijrai > L A r for some t then 

r=II=lk=I.F1 r=1 

begin 

set Wik = 0 and q ik = 0 for all i,k 

D~k={t/\ }~,~t,t'>t},foralli,k 

Et ={(i,k)\D~k *0,iE I,kE K} 
For each (i,k) in Et , do 

begin 

o }k ~ 11 Dik t= ir' lor arE t 

M j=]' for allj 

For each t' such that t 0 ~ t' ~ t, do 

begin 

. bk 
J= it' 

set M j=O 

end 

For each r in D~k , do 

begin 

J·=b~ . 
Itr 

\ 

set M j=O 

k 
qik = qik +dir 

end 

Wik = Wik I (qikaj) 

end 

t I K m k t 
\Vhile L L L LYOijraj > L Ar do 

r=li=lk=lj=1 r=1 
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begin 

(i',k')=argmax{Wik \(i,k)e E
t

} 

o k' .'k' 
t = li'f' for all r e D~ 

For each r in Dfk', do 

begin 

. k' 
J= b·, 

If 

k' k'·· k' 
YO.,. 0 = YO .. 0 - d·, 

1ft ~t If 

For each t' such that to ::; t' ::; t , do 

begin 

k' k' k' 
I ijt' = I ijt' - d i'f 

end 

end 

k' k' k' 
set YOijt' = Yijt, = Iijt' = 0, for all t' ~ t + 1 

run DISTAL for (i', k') starting from t+ I 

E t =Et -{(i',k')} 

end 

end 

end 

Here the parameters are defined as follows: 
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Wik = a pessimistic measure of savings which can be obtained by shifting the planned 

shipmenf of future demand requirements of (i,k)th product-customer pair to a 

later period. 

qik = total quantity of (i,k)th product-customer pair which can be shifted to l~ter 

periods. 

= the set of future periods of (i,k)th product-customer pair whose demand 

requirements are to be shipped from the manufacturer before or equal to the 

current period 1. 

l~ = the shipment time of demand d~ from the manufacturer. 
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E t = the set of product-customer pairs whose future demand is shipped before or equal 

to the current peri()d t. 

t
o 

= the period before or equal to the current period t where there is an early shipment 

of demand because of the lotsizing effect. 

M· J = a binary variable indicating if total cost can be reduced by shifting some future 

demand from depot j. 

bh = the depot to which the manufacturer ships the deman'd d ~. 
\ 

(i', k') =product-customer pair which has the maximum Wik at a. particular period t, 

(i,k)E Et . 

Once it is guaranteed that the solution of the distribution problem satisfies the 

production capacity constraints, the second part of the algorithm aims to match the 

production decisions to distribution solution. If an inconsistency arises in period t for the 

first time, first it is attempted to resolve the inconsistency in the same period; however if 

capacities do not permit, some free capacity is sought by searching previous periods in the 

order (t-l, t-2, .. ,1). Here the main idea is to allocate the closest free capacity to a product 

with the minimum cost increase measured by Vi. The second procedure (PROFEAS) whose 

flow chart is given in Figure 5.4.2 is summarized as follows: 

For t=1 to T, do 

begin 

t t m n k . 
IOit = IOiO + L Xir - L ~ L YOijr' for aliI 

r=1 r=1.Flk=1 

St ={ i\IOjt <O} 

'·Vhile St is not empty do 

begin 

For each i in St, do 

begin 

deficit j =-IOit 

l=t 

While (deficitj>O) do 



end 

end 

I 

end 

. begin 

if excess 1 ~a j then 

begin 

q~min{ excess1/aj, deficitj} 

T 
Vj=Vj+q(Pii + L hOir )7-(l-Zjdsil 

. . r=1 

deficitj=deficit i-q 

end 

if loadl ~a j and deficit j >0 then 

begin 

q=min{loadl/aj, deficitd 

d= item 1 

q d =r q{ai/ad)l 
T 

Vj=Vi+q(PjJ + Lhojr)+(I-ZjJ)sjJ 
r=1 

T 
Vj = Vi -qd(Pdl + L hodr ) 

r=1 

if q d = X dl then 

Vi =Vi -sdl 

deficit i =deficit i-q 

end 

1=1-1 

end 

Vi= V/CC -10 it)ai) 

i' = arg m in {V j \ i E S tl 

Update all required X it, 10 it, excesst, load t, item t 

\ 
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Set t=t+1 

Detennine the 
Set Et 

Compute Wik for each (i, k) E E t 

Select (i', k') pair with max. Wik from E t 

k' k' 
Update YOiJt ,I iJt of previous periods 

k' k' k' Set YOijr = Yijr = Iijr = 0 for r > t 

Run DISTAL for (i',k') starting from t+ 1 

Set E t = E t - {(i' ,k')} 

FIGURE 5.4.1. Flow chart of DISTFEAS 
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Initialize t=) 

Compute the Deficit Set St 

Compute Vi for each JESt 

Select i' from St with min. Vi 

Update XiI' IOit 

Set St =St - {i} 

yes no 

FIGURE 5.4.2. Flow chart of PROFEAS 
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Here the parameters are defined as follows: 

S t = the set of products with shortages in 1. 

deficit i = the shortage of product i. 

excess t = unused capacity in 1.. 

q = quantity of any product having shortage which is no more shortage. 

Vi = added cost per capacity usage of product i, i.E St. 

load t . = capacity used for over-production in t. 

item t = product over-produced in t. 

qd = reduced amount of an over-produced product for another product having shortage. 

= product which has the minimum Vi ,iE St 

5.5. Interpretation of Dual Variables 

The Lagrange mUltipJiers pJay an important role in the information exchange 

between the production and distribution decisions. After applying Lagrangean relaxation to 

the constraint (4.2.5) in the aggregate model (PD') which couples production and 

distribution, the problem naturally decomposes into production and distribution decision 

subproblems. 

The sum of Lagrange mUltipliers from t to T, {!Uir} split the production cost 
r=t 

'T 
Pit + Ihoir between the production submodel LI and the distribution submodel L2. So, 

r=t 

the determination of the appropriate multipliers, which causes the appropriate allocation of 

the production cost between the production submodel and distribution submodel may be 

interpreted as a feedback process between the two subproblems. During the determination 
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stage of the Lagrange multipliers {Uit}, the subgradient optimization is implemented to 

coordinate the information flow between the two su~problems. 

The dual problem of L is solved iteratively, where at each iteration, the Lagrange 

multipliers {ui.}are updated. The revision of the Lagrangean multipliers depends upon the 

current degree of inconsistency between the two subproblems. For a given value of Uil in 

iteration k, both the production subproblem L1 and distribution subproblem L2 are solved; 

based on these solutions the set of Lagrange multipliers is revised and the next iteration 

k+ 1 is performed with the modified values of Uit. 

In this manner, the solutions of the production and distribution subproblems are 

continually revised based on the information from the other subproblem which is carried by 

Lagrange multipliers {Uil}, until a solution is obtained which matches the production 

decisions with the distribution decisions. 

So, the Lagrange mUltipliers coordinate the information flow between the two 

subproblems at each iteration and it is tried to determine the appropriate values for the / 

Lagrange multipliers by trying to maximize the dual problem and also reach the feasible 

solution where no inconsisteny exists between the subproblems. 
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6. A TABU SEARCH ALGORITHM FOR THE VEHICLE ROUTING 

PROBLEM 

After solving the aggregate production-distri.bution problem of, upper level in the 

hierarchical decomposition, vehicle routing problem will be addressed based on the upper 

level decisions. A new tabu search heuris'tic is developed to solve the vehicle routing 

problem with both capacity and tour length constraints. The heuristic generates a set of 

neighbours by exchanging a set of vertices between their respective current routes and 

moving to the feasible non-tabu neighbour with the best objective function value. In fact 

during the neighbourhood construction' procedure, a combination of traditional 

improvement techniques are used simultaneously. 

6.1. Problem Formulation 

The Vehicle Routing Problem (VRP) can be simply stated as the problem of 

determining optimal routes through a set of locations and defined on a directed graph 

G=(V,A) where V=( Vo, VI, ...... ,vn) is a vertex set and A=((v,v): Vi, Vj eV, i:f: j) is an arc 

set.Vertex Vo represents a depot where a fleet of Nv vehicles of the same capacity are 

located. The value ofNv can be either prespecified or free, i.e. bounded above by a constant 

N 5.n-1. All remaining vertices represent customers. A nonnegative (distance/time/cost) 

matrix C=(cij) is defined on A. Here since Cij=Cji for all ( Vj,Vj), the problem is said to be 

symmetric and arcs are represented by undirected edges. A nonnegative weight di is 

associated with each vertex to represent the customer demand at Vi, and naturally the 

weight assigned,to any route may not exceed the vehicle capacity Qv. In some problems a 

further limitation is imposed on the total route duration in addition to the vehicle capacity 

constraint. In such a case tij is defined to represent the travel time for each (vj,Vj) and ti 
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represents the service time at any vertex Vi and it is required that the total duration of any 

route not exceed a" preset bound Tv. Thus VRP aims at determining Nv vehicle routes of 

minimal total cost, each starting and ending at the depot, so that every customer is visited 

exactly once subject to the above mentioned constraints. 

A typical mathematical formulation for the single depot VRP is provided below: 

Minimize IIIc··xx 
.. IJ IJ (6.1.1) 
1 J v 

subject to 

IIxx = 1 'Vj . IJ 
(6.1.2) 

1 V 

IIxx = 1 'Vi . IJ 
(6.1.3) 

J v 

IxY -IXv·=O 'Vp,v . Ip . PJ 
1 J 

(6.1.4) 

(6.1.5) 
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~tP:Xij±~~tijXij ~ Tv 
I J I J 

\Iv (6.1.6) 

n 

L XOj~ 1 \Iv 
J=I 

(6.1.7) 

n 

L XrO~ 1 \Iv 
i=l 

(6.1.8) 

Xij E S . \li,j, v (6.1.9) 

In this fonnulation the decision variables Xij are binary variables indicating if 

arc(i,j) is traversed by vehicle v. The objective function of distance/cost/time minimization 

is expressed by (6.1.11). In this study the locations of the vertices are specified b~ their 

respective coordinates and Euclidean distances are used without loss of generality. 

Constraints (6.1.2) and (6.1.3) together state that each demand vertex be served by exactly 

one vehicle. It is guaranteed in (6.1.4) that a vehicle leaves the demand vertex it has 

already entered. Vehicle capacity constraints are expressed by (6.1.5) whereas the 
I 

limitation on the maximum route duration is given by (6.1.6). Constraints (6.1.7) and 

(6.1.8) express that vehicle availability not be exceeded. The subtour elimination 

constraints are defined in (6.1.9) where S can be defined in anyone of the ways found very 

frequently in literature. 

Over the last decade, there have been important advances in the development of 

exact and approximate algorithms for the VRP which is an NP- hard combinatorial 
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optimization ~roblem in nature. As far as the exact approaches are concerned, the most 

significant progress has been· made in the design of branch-and-cut and of column 

generation algorithms. Moreover major advances have taken place in the area of 

metaheuristics, including simulated annealing, tabu search, genetic search and neural 

ne~works. In this study a tabu search algorithm is developed to solve the single-depot VRP 

arising after the solution of the integrated produc.tion-distribution problem discussed in 

Section 4. Since customer-product· pairs (i,k) are already assigned to the depots, a 

decentralized logistics management suffices to solve a single-depot VRP for each depot in 

each period. The details of the tabu search are provided in th~ next section. 

6.2. Tabu Search Algorithm 

Tabu search is a metastrategy iterative procedure for building extended 

neighborhood with particular emphasis on avoiding being caught in a local optimum. This 

global optimization metaheuristic was initially proposed by Glover [50]. It consists of 

exploring the search space by moving from a solution to its best neighbour even if this 

results in a deterioration of the objective function value. This way the likelihood of moving 

out of local optima is increased. The successive neighbours of a solution are generated and 

their objective function values are examined. To avoid cycling, solutions that were recently 

examined are forbidden or declared tabu for a certain number of iterations. A move made 

in iteration t ~s called tabu Until iteration (t+8) where 8 is the tabu duration randomly 

cho~en on a prespecified interval. Thus the tabu list is an ordered queue containing 

forbidden moves; whenever a move is made, it is inserted to the end of the tabu list and the 

first element from the list is removed. The best admissible move is then chosen as the 

highest evaluation move in the neighbourhood of the current solution in terms Qf the 

objective function value and the tabu restrictions. In some studies the whole neighbourhood 

is explored and the best non-tabu move is selected; however in some other studies the first 

feasible non-tabu improving move is selected. Since tabu search permits the disiniproving 
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moves as well, it is necessary to restrain the search only to non-tabu moves. Even an 

improving move is not accepted if it is forbidden in the tabu list unless it satisfies the 

aspiration criterion. The aspiration criterion is a measure solely designed to override the 

tabu status of a move if this move leads to a solution better than the best found by the 

search so far. Intensification strategies can be applied to accentuate the search in a 

promising region of the solution space, so that the moves to the local optimum are 

intensified. Diversification on the other hand can be used to broaden the search into less 

explored regions by forcing the moves out of the local optimum. 

All these concepts are extensively used in the tabu search DETABA developed in 

this study to solve the above mentioned VRP. Generally in the VRP context, it is a 

common practice to define a neighbour by either the exchange of vertices between different 

routes,the replacement of vertices into a different route or within its own route, the creation 

of a new route or the· deletion of an existing route. The neighbourhood construction 

heuristic T ANE which attempts to improve upon a given solution S is naturally the main 

heuristic in the tabu search DETABA designed in this research and defines the 

neighbourhoods by means of interchange mechanisms which includes a combination of 2-

Opt moves, vertex reassignments to different routes and vertex interchanges between two 

routes. Here a given number of neighbours around the current solution are explored and the 

best non-tabu move is implemented. TANE is characterized by a vector of parameters 

(Nmax, CXmax, ~max ,P, Smin, Smax ) (6.2.1) 

where 

Nmax = maximum number of iterations without any improvement 

Umax = maximum number of neighbours to be generated in the neighbourhood 

~max . = maximum number of 2-0pt exchanges 

(M,P) = maximum number of vertices to interchanged between the routes in S 

(Smin, Smax) = bounds on the tabu duration 
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The algorithm TANE whose flow chart is given in figure 6.2.1 is as follows: 

Step 1: Execute the following steps to generate a I1eighbour. 

Step 1.1: Randomly choose a route and call it Rl 

Step 1.2: Randomly choose another route and call it R2 

Step 1.3: Randomly choose Jl ~ min (M, I Rl I) vertices out ofRl. 

Step 1.4: Randomly choose 7t ~ min ( P, I R21 ) vertices out of R2. 

Step 1.5: Try to insert the chosen 7t vertices into .RI and Jl vertices into R2 by 

using the insertion procedure. 

Step 1.6: If constraints are violated after insertion, go to step 1.3 to generate new 

Jl and 7t vertices. Otherwise, continue. 

Step 1.7: Apply the 2-0pt procedure to RI and R2 independently for ~ma'\ times. 

Step 1.8: Compute the objective function value of the final situation. 

Step 2: Repeat the above steps for <Xmax times. 

Step 3: Implement the non-tabu move with the best objective function value. 

In DET ABA, the tabu restriction is defined so as to avoid the reassignment of 
\ 

previously moved vertices to the original routes they have already moved from. If at 

iteration k vertex vlERI and V2ER2 are exchanged (i.e. VI: RI--7R2 and V2: R2--7RI), it is 

forbidden to put both VI in R 1 and V2 in R2 again during iterations (k+ 1 , ...... ,k+8) where 8 

is the tabu duration chosen randomly from (8min, 8max). If all the moves in the whole 

neighbourhood becomes tabu and none satisfies the aspiration criterion, the algorithm 

chooses the oldest tabu move and proceeds accordingly. In the solution improvement phase 
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Randomly choose ~ vertices out of R1 

Randomly choose 1t vertices out of R1 

no 

Insert 1t vertices into R1 

Insert ~ vertices into R2 

Apply 2-opt to R1 

Apply 2-opt to R2 

Compute Fh 

FIGURE 6.2.1. Flow chart of T ANE 
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periodically, in fact every 5n moves the algorithm DET ABA checks if a new best solution 

has been found. Ifnot, it goes back to the last best solution. 

The other key issues to be specified in DET ABA are the methods used to construct 

the initial solutions, the insertion procedure, the 2-0pt improvement procedure and the 

intensification strategy,each of which will be discussed in detail. 

6.2.1. Construction of an initial solution· 

It is necessary to generate .In/2 solutions to initialize the main search process in 

DET ABA. Thus two methods are proposed to construct these in a rather random manner 

without much emphasis on the optimality. These solutions will then be improved by the 

main algorithm and the best among them will be chosen as the initial solution to the main 

body of the search itself. 

:Method 1: 

Step 1. Generate a random vertex (Vi) and form the vertex sequence 

(vo, Vi,Vi+\, ••••••... ,vn, v\, V2, ••.•••••• ,Vi-l ) (6.2.1.1) 

Step 2. Starting with vo, create routes by following the above vertex sequence such that the 

first vehicle contains all cities starting from the first city in the sequence :5 Qv , and repeat 

this process until all vertices have been included into the routes. 

:Method 2: 

Step 1: Generate a subroute consisting of only vertex Vi chosen randomly. 
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Step 2: Find Vk such that Cik is minimal and fonn the subroute (v V· Vk v) 0, h " 0 

Step 3: Find some Vk not already in the subroute c1o~sest to any node in the subroute which 

will not violate Qv. If there is no such a vertex, generate another route by another random 

vertex chosen from among the remaining ones. 

Step 4: Find the arc(ij) in the subroute which minimizes (Cik + Ckj - cij), and insert Vk 

between Vj and Vi. 

6.2.2. The Insertion Procedure 

In Steps 1.5 and 1.6 of the neighbour search procedure T ANE, it becomes 

necessary to insert several vertices into a given route simultaneously; thus a simple 

insertion rule is required to place {Vi: ViEVP} into the route R where VP is a proper subset 

ofV. 

Step 1: Find the vertex VkE VP with minimum Cik value to any vertex already in the route 

R. 

Step 2: Find the arc (ij) in the route R which minimizes (Cik+ Ckj - cij) and insert vertex k 

between i andj. 

Step 3: Repeat Steps 1 and 2 until all the vertices in VR are placed in the route 

6.2.3. The 2-0pt Improvement Procedure 

A 2-0pt procedure is employed in Step 1.7 of T ANE in order to intensifY the 

solution improvement in each route locally. Suppose a subtour consists of the following 

set of S vertices in the given order S={Vo,Vl,V2, ........ ,Vk,Vo}, and let X={(Vj,Vj+l);(Vj,Vj+l)} 
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be a set of two edges in S which are to be replaced with edges Y={(vj,Vj);(Vi+J,Vj+l)} if this 

replacement will lead to an improvement. Here it is required that all the vertices under 

consideration be different from each other. Once the set X has been chosen, the set Y is 

directly determined. In a subtour consisting of k customer vertices and a depot, there are 

[(k+ 1 )(k-2)/2] possible edge combinations given by the set E. The 2-0pt algorithm can be 

summarized as follows: 

Step 1: For each XEE, calculate the improvement bx obtained by replacing X by the 

associated Y and given by 

bx=( Ci,l+ 1 +Cjj+ I )-( Cij+Ci+ I j+ I) (6.2.3.1) 

Step 2: Calculate 8max by 

(6.2.3.2) 

Step 3: If 8max > 0, replace the two edges asociated with 8max and repeat this for all Xin E 

6.2.4. Intensification Strategy 

Since the search methods possess the risk of being trapped in a local minimum and 

the possibility of overlooking a global optimum hidden iri a deep valley of the objective 

function the intensification efforts in DET ABA are mainly directed as an attempt to , 
characterize the unexplored regions. To do so, during the execution of the solution 

improvement stage, the solutions which are suspected to indicate such a search direction 
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are identified as good candidates to initialize the intensification stage and included in the 

set INS. At the erid of the solution improvement step, .In. m solutions with the minimum 

objective function value among those are selected f~r intensification. Suppose in iteration k 

a solution Sk with an objective function value C(Sd is obtained and in iteration k+ 1 a 

neighbour of this solution Sk+1 is found to be the best admissible move in the 

neighbourhood generated around the solution Sk, so that the search will move to Sk+l. The 

change in the objective function values, ~k=C(Sk+l) - C(Sk), is calculated. If ~k $ 0, then it 

is obvious that the search is improving towards a local minimum; however if ~k > 0, then 

the search is hill-climbing. Keeping track of ~k will provide valuable information as to 

which solutions worth the intensification efforts. Thus if ~k.1 $ 0 and ~k> 0, then Sk is 

identified as the indicator of a promising region which may worth further exploration. 

At this point it is possible to summarize the modules of the main tabu search 

DETABA: 

Step 0 (Initialization): Generate../n12 initial solutions by using one of the methods 

discussed in the initial solution generation procedure. 

Step 1 (First Improvement): Apply the search algorithm to each of the initial solutions 

with Nmax=n, Clmax=5, ~max=alI, M=2, P=2, Smin=5, Smax=lO. 

Step 2 (Solution Improvement): Starting with the best solution obtained in Step 1, apply 

the search algorithm with Nmax=50n, Clmax=n.ml2, ~max=all, M=2, P=2,9min= 1 0, 9max=20. 

Step 3 (Intensification): Apply the search algorithm to .In. m solutions ,vith the minimum 

objective function value from among the solutions determined in Step 2 and included in the 

set INS with Nmax=n, Clmax=n.ml2, ~max=all, M=2, P=2, 9min=5, Smax= 1 0 .. 

A lower bound on the number of vehicles m = Ldi / Q is used as a measure of the 

minimum number of routes that can be obtained in any iteration and used in the 
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detemlination of CXmax. It is also used as a nonnalizing factor in the computation of the 

number of solutions to be improved in the intensification stage. 

To simplify DETABA, subprocedures for neighbourhood search and solution 

improvement are formed. Flow charts of solution improvement, neighbourhood search and 

DETABA are provided in figures 6.2.2-6.2.4. 

Initialize it=1. Fopt= co 

NEIGHBOUR. Set it=it+1 

SEARCH 

Set Fin=Fopt. Rin=Ropt 

FIGURE 6.2.2. Flow chart of solution improvement 
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Initialize h=1, Fmin= 00 

TANE 

Set Fopt=Fmin, Ropt=Rmin 

FIGURE 6.2.3. Flow chart of neighbourhood search 



Generate a random initial 

Set it=1 ,Fopt=Fin, Ropt=Rin, Fc=Fin, 
Rc=Rin,Fp=O, i=O, Smin= 00 

solution Ri -

NEIGHBOUR. 
SEARCH 

Set R=Rin 
F=Fin 

Seti=i+1 

FIGURE 6.2.4. Flow chart of DETABA 

77 



78 

6.4. Computational Results 

DET ABA was tested on the 7 test problems (problems ] -5 and 11-12) given in 

Christofides,Mingozzi and Toth [59]. These problems contain between 50 and 199 vertices 

as well as the depot. Without loss of generality, th'e selected problems have only capacity 

restrictions, but do not have route length constraints. However, the experiments can be 

directly extended to the later case. In the problems 1-5, the locations of the vertices are 

randomly generated over the plane while in the problems 11-12 vertices appear in clusters 

while Euclidean distances are used in all these cases. The travel time matrix coincides with 

the distance matrix and there are no service times at the. vertices. All computations were 

performed with full real precision and the solutions were reported as rounded up or down 

after the second decimal. The results are provided in Table 6.4.1 in terms of the objective 

function values after the first improvement, solution improvement and intensification 

phases, and the computational time in CPU(sec). As it can be seen easily, the 

intensification phase proposed in this study brings considerable improvement especially as / 

the problem size gets larger. 

TABLE 6.4.1. Objective function values in each DET ABA phase for the test problems 

First Solution Intensification 

Problem n Improvement Improvement CPU(sec) 

\ Best Solution Best Solution Best Solution 

. 1 50 810.00 530.75 524.6] 695.61 

2 75 1344.85 836.71 836.7] 3900.93 

3 100 1387.47 836.50 836.02 2039.72 

4 150 2008.72 1047.62 ]043.89 ] 1227.63 

5 ]99 2538.74 133]048 1325.99 22595.05 

11 120 ]343.41 1074.90 1072.76 52]2.4] 

12 100 1159.30 823.45 820.23 2277.25 



79 ' 

Furthermore, comparisons were made between DET ABA and the other heuristics 

for which computational results are already available in literature. It is realized that all 

classical algorithms are clearly dominated by DET ABA as it is generally the situation 

when tabu search algorithms are applied to VRP. The fact that metaheuristics such as 

simulated annealing and tabu search performs far better in VRP than the classical 

approximate approaches due to their extensive search process is discussed in Gendreau, 

Hertz and Laporte [55]. Thus only the solution· values for the tabu search algorithms 

developed by Willard, and Pureza and Fran~a which are described in [52], Osman [54], 

Gendreau, Hertz and Laporte [55], and Taillard [57] are reported in Table 6.4.2. As it can 

be seen, the best known solutions are always obtained by Taillard's tabu search followed 

by TABUROUTE. The novel performance of Taillard's algorithm is mainly due to the fact 

that Taillard first decomposes the main problem into subproblems and carries out a more 

intensified search over each subproblem. The objective function value for Problem I is 

found to be optimal in Christofides,Hadjiconstantinou and Mingozzi [60], and DETABA 

obtains the same optimal solution C*=524.6. For all the other problems the solutions of 

DETABA are worse than the results obtained by Taillard's algorithm and TABUROUTE; 

however, in Problems 2-5 the solutions of DET ABA are better than those of other' 

algorithms which are compatible with DETABA in terms of the main characteristics of the 

neighbourhood construction manner by considering only the feasible moves. In Problems 

11-12, the performance of DE TAB A declines since the effect of clustering has a negative 

effect on the neighborhood search algorithm T ANE. In the process of determining the 

vertices to be exchanged between routes in a random manner, the relative distances are not 

considered in DETABA. Since only a given number of neighbours are generated, the 

random generation of vertices may result in the violation of distance optimization and can 

not be corrected in a limited number of neighbours. Either by increasing the number of 
i 

neighbours generated in each iteration or by simply modifying the vertex selection rule and 

inc~rporating the distance information, it is possible to improve the performance of T ANE 

and consequently DET ABA •. However since this leads to a considerable increase iIi. the 

computational effort, the general framework of the algorithm which works pretty well in 

case of random locations with a reasonable CPU time is not altered. In the comparison of 

run times, one should be very careful about making equitable comparisons. It is observed 

that the run times are extremely sensitive to parameters and the seeds of random number 
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generators used in the various procedures of the algorithm. The hardware configuration is 

of course another very important factor affecting t~e run time. Since the full details of the 

above mentioned algorithms are not available and furthermore since the hardwares used in 

each case possess different capabilities, comparison of run times are not included across 

the algorithms. 

TABLE 6.4.2. Computational comparison of various TS algorithms 

Problem Willard Pureza& Osman Osman TABUROUTE Taillard DETABA 

Franra (BA) (FBA) 

1 588 536 524.61 524.61 524.61 524.61 524.61 

2 893 842 844 844 835.77 835.26 836.71 

3 906 851 835 838 829.45 826.14 836.02 

4 - 1081 1052 1044.35 1036.16 1028.42 1043.89 

5 - - 1354 1334.55 1322.65 1298.79 1325.99 

11 - 1049 1042.11 1043 1073.47 1042.11 1072.76 

12 - 829 819.59 819.59 819.56 819.56 820.23 
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7. EXPERI1\lENTAL DESIGN AND C01\lPUTATIONAL RESULTS 

The experimental design is carried out in a manner that will cover all parameters 

which might affect the performance of the heuristics described in previous chapters. The 

algorithms were applied to ] 20 problems which are categorized into ten data sets. Each 

data set is uniquely characterized by the n~mber of customers, number of products, number 

of depots and planning horizon which are randomly generated from U(2, I 0), U(2,5), 

U(2,1O) and U( 4,] 2), respectively. The main characteristics of data sets are provided in 

Table 7.1. 

TABLE 7. ]. Characteristics of data sets. 

Data Data Data Data Data Data Data Data Data Data 
Set 1 Set2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9 Set 10 

No. ·of customers 3 2 6 6 9 4 5 8 10 7 

No. of products 2 4 3 3 5 5 5 2 4 4 

No. of depots 5 8 6 3 9 10 2 4 6 7 

Planning horizon 4 4 6 6 5 7 8 9 11 12 

In order to assess the interrelated impact of problem attributes on the perfC'rmance 

of the algorithms, twelve problems within each data set are designed to differ by the 
I 

behavior of customer demand, the availability of manufacturing capacity and the relative 

magnitude of setup and holding costs. Two demand scenarios are developed: Uniform 

demand (DD) and seasonal demand (dd). In case of uniform demand (DD), d~ is randomly 

generated from U(3500, 5500). In case of seasonal demand (dd), d ~ is determined by 

(7.1) 
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where a~ is chosen from U(3500, 5500), bh is chosen from U(25, 100) and fi~ is chosen 

from U(O,1). Next the processing times are generated randomly from U(5, ] 5) in terms of 

hours. Based on the demand and processing time figures, the capacity available in the 

manufacturer At is randomly generated from a uniform distribution on (AL, AU). Here AL 

is determined recursively as the minimum capacity required in time t and AU is the uppe"r 

bound selected to control the tightness of capacity r~spectively given by 

" {t Ink t-I " } 
AL= max L L L ditai - LAp 0 

" r=1 i=1 k=1 r=1 

TIn 
AU=aL L L d~ai 

t=1 i=1 k=] 

(7.2) 

(7.3) 

Two different capacity schemes are assumed for each problem especially in order to 

analyze the sensitivity of the Lagrangean heuristic to the capacity availability, and a is a 

parameter used for this purpose. In case of "relaxed" capacity (Ce), a is chosen to be 0.75 

while in case of "tight" capacity (cc) a is chosen to be 0.30. Holding costs and unit variable 

transportation costs are also chosen randomly from uniform distributions on (5, 8) and (50,. 

80) respectively. 

The relative magnitude of setup cost of production and setup cost of transporting 

material from the manufacturer to the depots is presumed to be another problem attribute 

that wiII r.ffect the solution procedure. Since setup costs influence lotsizing directly, 

different lotsizing policies in production and distribution stages may generate conflicting 

trends in the solution of the relaxed problem. This wiII of course affect the communication 

between production and distribution and, consequently, the whole algorithm. To reveal this 
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interrel~ltion, three different setup cost structures are designed. First a "randomly uniform" 

cost structure (ss) is developed by choosing Sit, randomly from a uniform distribution on 

(7.4) 

and fo ijt and· fi~t from 

(7.5) 

In the second scenario (sS), the distribution setup cost· is designed to dominate the 

production setup cost by enforcing the condition that the ratio of Sit / hOit to fo ijt / h ijt be 

1 :5. In the final scenario (Ss), it is required to maintain a ratio of 5: 1 for the same ratio. The 

combination of these scenarios results in 12 test problems in each data set. 

The locations of customers are also randomly generated from U(5,70) in terms of 

miles, and a sCflling factor a of 100,000 per mile is used to convert distances to costs. 

Customer location is invariate within each data set. For each data set, the same customer . . 

locations are preserved in an the 12 scenarios. A general procedure of generating test 

problems is provided in Figure 7.1. 



Generate Uniform 
Demand 

Generate Seasonal 
Demand 

Generate Processing Time 

Generate Slack 
Capacity 

Generate Tight 
Capacity 

cc 

Generate Manufacturing Variable Costs 

Generate Equivalent 
Distribution Fixed 

Costs 

Generate Distribution Variable Costs 

Generate Dominating 
Distribution Fixed Costs 

Generate the Coordinates 

Generate Recessive 
Distribution Fixed 

Costs 

FIGURE 7.1. Test Problem Generation Procedure 
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First each test problem is solved by using the Lagrangean heuristic developed in 

this study, and an interface program· translated the distribution results into the format 

required by DET ABA. Then the VRP solutions are obtained. 

The interface program searches and determines the item-customer pairs which are 

served by each depot in any time as the depot's customer nodes for that time period. For 

example, in scenario one of the dataset nine the interface program has determined (1,7), 

(3,1), (3,7), (4,1), (4,4), (4,5), (4,7) and (4,9) as item-customer (i,k) pairs that are served 

from depot one in time period one. A possible vehicle routing solution of (j,t)=(1, 1) is 

shown in Figure 7.2. 

FIGURE 7.2. A possible vehicle routing solution for (j,t)=(1,I) 

Here, three vehicles/routes are sent/used to. visit customers. One vehicle serves 

customer seven for item one (1,7), customer one for item three (3,1) and finally customer 

seven for item three (3,7). The second vehicle serves (4,1), (4,4), (4,5) item-customer pairs. 

Final1y, the last vehicle serves (4,7) and (4,9) item-customer pairs. 

First, performance of DISTAL is analyzed by testing it on 30 random distribution 

problems where there is only one customer demanding one type of product. DISTAL is 
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coded in C programming language and compiled with Turbo C++ 3.0. GAMS 2.25 

solutions are compared with results obtained from our algorithm, and Table A.7.2 

summarizes the objectiv~ function values and the computation times for 30 random 

problems with different depot numbers (m) and planning horizon (T) .. 

The Lagrangean relaxation algorithm is c~ded in C programming language and 

compiled with Turbo C++ 3.0 on Pentium 133 MHz-32MB Ram. The code of the 

algorithm is given in Appendix R The lower and upper bounds and the CPU times for each 

test problems are obtained. Furthermore it is attempted to solve each problem with the 

GAMS 2.25 XA solver on the same machine to be compared against the results of the 

algorithm. All the results are provided in Table A.7.3 . 

. A thorough analysis of the results reveals the following observations: 

(a) In 28 problems GAMS can not even find an integer solution although the 

algorithm finds a solution in a reasonable amount of CPU time; 

(b) In 37 problems GAMS solution turns out to be greater than the upper bound 

obtained by the algorithm; 

(c) In 57 problems the algorithm IS able to bracket the GAMS solution in a 

considerably less amount of CPU time; 

(d) Only in 13 problems the GAMS solution turns out to be smaller than the lower 

bound obtained by the algorithm, but the computation time is comparatively enormous. 

In short, the algorithm proposed in the study provides good bounds in short time 

even for the large problems which can not be solved by a well-known commercial code. 

When one tries to identify a correlation between the problem parameters and the 

performance of the algorithm, the fo]]owing conclusions can be made: 
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(a) In all the data sets, the smallest difference between the upper and lower bounds 

occurs in some scenario where capacity is tight (cc). Furthermore the highest difference 

occurs in some scenario where capacity is relaxed (CC). This implies that the Lagrangean 

heuristic performs worse as the capacity increases as it is expected; the upper bound cannot 

be reduced further and the lower bound .cannot be increased since production problem in 

each period (LI t) is minimized as much as the capacity available. The more slack the 

capacity is, the more (LIt) and consecutively (L) can be minimized. 
I 

(b) As far as the CPU time is concerned, the algorithm takes the longest time in the 

scenario ddlcc/sS in 6 data sets and the second longest time in 3 data sets of the same 

scenario. This is also intuitive since demand seasonality, tight capacity and sS setup 

structure constrain the feasible region more. 

(c) In the 37 problems mentioned above in which the GAMS solution is worse than 

the solution of the algorithm, the setup structure is sS where the distribution setup cos( is 

much higher than the manufacturing setup cost. This implies that sS further complicates the. 

GAMS effort to find a feasible integer solution. 

After solving 120 test problems by Lagrangean relaxation algorithm, VRP is solved 

for each of them using DET ABA, the prosed vehicle routing algorithm. DET ABA is coded 

inC programming language and compiled with Turbo C++ 3.0 on Pentium 133 MHz-

32MB Ram. The code is given in Appendix C. Data set nine is chosen to be given as a 

sample for VRP results since this is the only data set where GAMS 2.25 XA solver could 

not find feasible solution for each of its 12 scenarios. Table A.7.4 shows the vehicle 

routing cost oft each (i,t) pair, the total CPU time and the total cost corresponding to 12 

scenarios. The results show that VRP can be solved easily and in a reasonable time for each 

test problem with DET ABA. 
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8. CONCLUSION 

In this study, the organizational structure of a production-logistics system is tried to 

be described within the framework of a single ma~hematical model from the decision 

processes and information systems point of view. Hence an integrated production-logistics 

model is developed to describe the system WIth centralized decision making. However the 

integrated model is complex, large-scaled and hence difficult to be solved optimally. 

Hierarchical decomposition is applied to the integrated production-logistics system 

to decentralize the decision process into two submodels: The first submodel tries to 

optimize the production and distribution functions simultaneously while the second 

submodel addresses the vehicle routing decisions based on the optimal production and 

distribution decisions. Hence, a partially decentralized organization is created by 

hierarchical decomposition. 

In the process of solving the first-level aggregate production-distribution model, 

Lagrangean relaxation approach is used to decouple the imbedded distribution and 

production decision subproblems. It is realized that both models are further decomposable 

into smaller problems which can be solved optimal1y or at least near optimal1y. An 

approximation algorithm DISTAL is proposed to solve the two-echelon multi-depot 

distribution problem using the shortest path principles and shown to solve better or at least 

the same solution as GAMS XA solver in all, but one case with better CPU time from 30 

randomly generated test problems~ In fact it is better in 14 cases. , 

Although the production and distribution subproblems are solved independently in 

the first level of hierarchical decomposition, the information exchange between them is 

coordinated by the subgradient optimization procedure. Furthermore the Lagrangean 

heuristic which aims to resolve the capacity infeasibility and inconsistency between the 

production and distribution subproblems is monitored by the hierarchical interdependency 

of the information flow in the system. It is seen that the decision problem placed in the top 
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level of this hierarchical planning dominates the lower level decisions riaturally and 

influences the performance of the Lagrangean heuristic, the upper bound and consequently 

the whole Lagrangean relaxation approach. To test the performance of the Lagrangean 

relaxation algorithm, ten random data sets are generated with 12 different scenarios. Thus, 

the total 120 problems are solved both with the algorithm and with the GAMS 2.25 XA 

solver. The results show that the Lagrangean relaxation algorithm proposed in this study 

provides good bounds in short time even for the large problems which can not be solved by 
I 

a well-knO\m commercial software. 

After solving the aggregate production-distribution problem in level one of the 

hierarchical "decomposition, the solution obtained is used to solve the second level problem 

which corresponds to the single depot vehide routing problem. Since customer-product 

pairs are already assigned to the depots, a decentralized logistics management suffices to 

solve a single-depot VRP for each depot in each period. VRP is solved for each of the test 

problems using DET ABA, the proposed tabu search vehicle routing algorithm. Data set 

nine is chosen to be given as a sample for VRP results since this is the only data set where 

GAMS 2.25 XA solver could not find feasible solution for each of its 12 scenarios. The 

results show that VRPcan be solved easily and in a reasonable time for each test problem 

with DET ABA. A neighbourhood construction heuristic T ANE is developed inside 

DETABA to construct feasible neighbours in each iteration. DET ABA performs pretty we~l 

in terms of cost and CPU time compared to the other tabu search algorithms in the 

literature. 

The implications of hierarchical decomposition proposed in this study corresponds 

to a decentralized organizational structure in a company. There are totally three levels of 

busine~s functions in the whole system which have interactions and feedback among them. 

The first and second levels correspond to marketing & sales and production planning units 

in a company respectively. Since lIT philosophy exists over the whole system, distribution 

decisions pul1 manufacturing decisions, but when infeasibility occurs, this is provided as a 

natural feedback from the production planning unit to the marketing & sales unit and the 

overall optimality is tried to be reached interactively. The third level which is the vehicle 

routing problem corresponds to the logistics unit in a company. The vehicle routing 
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problem is consideredin the first and second levels as an input to the cost function of the 

aggregate production-distribution problem. So there ~is a hidden feedback from the logistics 

unit to the upper units. Marketing & sales and production planning give their integrated 

decisions to the logistics unit as an input to its own problem. Feedback from the logistics 

unit to the upper level units is provided when necessary. By this way conflicts among 

critical departments in a company are tried to be miriimized with the feedbacks provided in 

the hierarchical structure. 

When the study is analyzed as a whole, it can be seen that the integrated 

production-logistics problem can be solved efficiently with the proposed approach and 

solution methods. Hence the decomposition style proposed in this study can be clearly 

implemented in the organizational design of a company. 

Suggestions for further study: 

The information link from the lower level to the upper level in the hierarchical· 

decomposition has not been studied extensively in this study. To establish a robust 

hierarchical structure between the aggregate production-distribution submodel and the 

vehicle routing submodel, this information link should be strengthened. 

In this study, it is assumed that the depots are regional dealers each of which solves 

its own vehicle routing problem. Hence a single depot VRP algorithm is developed. 

Another case can be such that all depots belong to the manufacturer and it is possible to 

traverse between the depots. This case corresponds to multi-depot VRP in the literature. 

So, the lower level problem in· the hierarchical decomposition. can be solved as a multi­

depot VRP. 

In this study, it is assumed that vehicle routing lead times are negligible compared 

to the time-bucket, so they are not included in the formulations and solution procedures. 

The VRP with time windows can be studied in the lower level of the hierarchical 

decomposition as a further study. 
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It is seen in the computational study that when the customer vertices appear in 

clusters, the performance of DETABA dec1ines since clustering has a negative effect on the 

neighbourhood search algorithm TANE. Hence TANE and DET ABA can be improved as a 

further study. 

It is assumed in this study that there is no limitation upon stock holding capability 

of the distribution centers. Thus, an algorithm can be developed for the distribution 

problem considering this constraint as a further study. 
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APPENDIX A 

THE RESULTS OF COMPUTATIONAL STUDY 
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TABLE A.6.4.3. Best VRP solution results for the test problem I 

Problem # I: n=50 Q-8000 Tolal Dural;ow 52461 , - . 
Route Sequence of Vertices Route Route 

# Load Duration 
1 o 38 9 30 34 50 16 21 29 2 11 0 7950 99.33 
2 o 47 4 17 42 19 40 41 13 18 0 7850 109.06 
3 o 32 I 22 20 35 36 3 28 31 26 8 0 7450 118.52 
4 o 46 5 49 10 39 33 45 15 44 37 12 0 8000 99.25 
5 o 6 14 25 24 43 7 23 48 27 0 7600 98.45 

TABLE A.6.4.4. Best VRP solution results for the test problem 2 

Problem # 2: n=75 Q-7000 , - Total Durat;ow 83671 
Route Sequence of Vertices Route Route 

# Load Duration 
1 o 35 II 66 65 38 58 0 6900 81.81 
2 o 62 22 64 42 41 43 1 73 51 0 6900 100.01 
3 o 17 3 44 32 9 39 72 12 0 6900 65.62 
4 o 16 49 24 56 23 63 33 6 0 7000 92.69 
5 o 30 74 21 61 28 i 68 0 7000 74.38 

- 6 o 46 52 27 13 57 15 5 45 0 6950 73.55 
7 o 7 53 14 59 19 54 8 0 6950 95.33 
8 o 29 37 20 70 60"7169 36 47 48 0 6750 103.30 
9 o 10 31 25 55 18 50 40 0 7000 117.45 
10 o 26 67 34 4 75 0 5850 32.58 

TABLE A.6.4.5. Best VRP solution results for the test problem 3 

Problem:# 3: n=100 Q=10000 , Total Durat;on: 836.02 
Route Sequenc~ of Vertices Route Route 

# Load Duration 
1 0734123673925552429688012280 9800 130.06 
2 0969959938561584174546883600 9950 104.70 
3 02731 8862 10 6390325198133500 9950 111.47 
4 v 5340 21 72 74227556454260 8150 77.98 
5 o 13 87 97 95 94 6 0 5550 43.21 
6 092 98 37 10091 16863844144243 15572580 4900 126.66 
7 0527 19 II 644936474882 18890 4650 118.55 
8 076773 79783435 71 6566203070 I 690 9950 123.39 
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TABLE A.6.4.6. Best VRP solution results for the test problem 4 

Problem # 4: n=] 50, Q=200 Total Duration: 1043.89 
Route Sequence of Vertices Route Route 

# Load Duration 
] 0]4457 ]54338 ]4086 ]]3 ]7845 ]]8600 ]98 ] 14.84 
2 0535821151454] 221337574727321 1O~0 197 70.74 
3 040110456236739 1392555 130149260 200 ] 10.25 
4 08814862 ]2319 107]) 6449143364770 196 ]20.69 
5 03783413535 1366571661039 ]2051 ]220 i 199 ]34.63 
6 o 54 134 24 29 ] 2] 129 79 81 33 102 50 1 132 0 ]95 89.17 
7 011294130 79 27.72 
8 089 147696 104999385989259950 195 53.72 
9 01179737 ]009] 6] ]6 ]4] 44 ]]91414242871370 200 86.46 
10 0]8831]481254546124488210652 ]460 ]89 89.95 
11 069 101 703020 ]28 13] 329063 ]26108103] ]270 ]97 89.89 
]2 027 ] 11 761]677 68 80 ]50 109 ]2 ]38280 ]90 55.82 

TABLE A.6.4. 7. Best VRP solution results for the test problem 5 

Problem # 5: n=199, Q=200 Total Duration: 1325.99 
Route Sequence of Vertices Route Route 

# Load Duration 
1 o 17650 ] 02 185 79 1583 77 196 184280 199 57.07 
2 04073 ]711337523 1865619772 1800 200 76.93 
3 0]98110155413918739671702555 ]651790 200 96.12 
4 0112 13 13787 14457178 1152 152580 200 54.07 
5 0138 154 12 15080 177 109 19526105531560 200 51.65 
6 09459988593 10499966147890 200 50.94 
7 0122 12820 1886665 13635 135 16434781691290 200 122.53 
8 06011858417361 1131745125199831660 200 83.36 
9 0167 19088 1824882 194 106153521460 199 65.77 
10 0111 76 116681212924163134541301490 196 77.65 
11 01171724214214119441929119310037151951830 200 79.57 
12 01573381 1209161 71 10351 1 1320 196 84.35 
13 021 742241 145 154338 1408616141 19192970 200 128.35 
14 . 070901266364491433647168124461748114180 200 130.93 

15 027691621081891015962148311270 200 64.97 

16 01013016013132181 11 175 1071912370 196 101.73 
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TABLE A.6.4.8. BestVRP solution results for the test problem 11 

Problem # 11: n= 120, Q=200 Total Duration: 1072.76 -
Route Sequence of Vertices Route Route 

# Load Duration 
1 o 82 III 86 112 84 117 113 83 6 5 4 3 1 2 81 119 120 0 187 120.83 
2 o 91 90 114 18 118 108 8 12 13 14 ] 5 11 10 9 7 85 88 0 ]98 119.97 
3 o ] 7 16 19 25 22 24 27 33 30313436293532282623 20 ]97 207.94 

2] 1090 
4 o 95 37 38 39 42 41 44 47 4649 50 51 4845 43 "40 0 200 199.63 
5 010553555856606366646261 65595754520 200 214.22 
6 010767697071 74757278807977 76 7368 1060 , 199 144.55 
7 087899293969497 11511098116100103 104_99 101 194 65.62 

1020 

TABLE A.6.4.9. Best VRP solution results for the test problem 12 

Problem #12: n= 1 00, Q=200 Total Duratioll: 820.23 
Route Sequence of Vertices Route Route 

# Load Duration 
1 034363938373531 33320 200 97.23 
2 057-596058565354550 200 ]01.88 
3 0434] 40424445464851505249470 160 65.48 
4 081787671707377798072616468690 200 137.02 
5 090878683 82 84 85 888991 0 170 76.07 
6 098969594929397100990 190 95.94 
7 01317181915161412100 200 96.04 
8 o 75 1 2 4 6 9 11 8 7 3 5 0 170 56.17 
9 020242527293028262322210 170 50.80 
10 o 66 62 74 63 65 67 0 150 43.59 
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TABLE A.7.2. Computational results of D1STAL 

GAMS . Algorithm 

Prob. m T # binary # real CPU Best CPU Best 

# var.s var.s (sec)* Solution (sec)* Solution 

1 4 3 24 36 0.70 14707.95 0.055 14707.95 
2 4 4 32 48 0.95 170]6:60 0.055 ]7016.60 
3 4 5 40 60 0.83 17328.81 0.055 17328.8] 
4 4 6 48 72 1.10 22935.65 0.055 2270] .35 
5 4 7 56 84 1.16 37264.44 0.055 37264.44 
6 4 8 64 96 1.14 41362.10 0.055 4]359.05 
7 4 9 72 108 1.20 53894.47 0.055 53894.47 
8 4 10 80 120 1.20 46852.48 0.055 46852.48 
9 4 11 88 132 1.31 83067.77 0.055 82742.]0 
10 4 12 96 144 1.37 62336.95 0.055 621 ]3.20 
11 5 6 60 90 0.94 31397.82 0.055 31397.82 . 
12 5 7 70 105 1.27 23627.23 0.055 23627.23 
13 6 7 84 126 1.16 36120.80 0.055 36120.80 
14 6 7 84 126 4.07 8644.44 0.055 8644.44 
15 6 8 96 144 1.22 29316.50 0.110 29280.40 
16 6 8 96 144 3.97 9082.74 ·0.055 9098.84 
17 6 9 108 162 1.20 32198.50 0.055 31821.70 
18 6 9 108 162 6.60 9689.08 0.110 9689.08 
19 6 12 144 216 1.48 70111.63 0.110 69946.19 
20 7 7 98 147 1.16 38261.20 0.110 38244.70 
21 7 8 1 ]2 168 1.27 39003.50 0.110 3899.0.00 
22 7 8 168 224 1.32 68735.80 0.110 68735.80 
23 7 9 126 189 1.37 38953.50 0.055 38953.50 
24 7 9 126 189 1.44 65446.60 0.110 65437.00 
25 7 12 168 252 1.75 62567.35 0.110 62567.34 
26 8 7 112 168 6.33 14204.90 0.165 14174.54 
27 8 8 128 '192 1.47 10766.18 0.055 10597.68 
28 8 8 128 192 1.44 35852.4 0.055 35757.40 
29 8 9 216 288 1.71 14523.14 0.110 14523.14 
30 8 10 160 

* 80486 DX2-66 
240 1.65 48082.20 0.] 10 48073.20 
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TABLE A.7 .3. Computational results of the Lagrangean relaxation algorithm 

Data Algorithm GAMS 
Set Scenario Zlower Zupper Diff(%) CPU(see) i Best solution CPlItseCl 

DD/ce/ss 2,764,549 2,878,634 3.96 27.14 2,746,121 12.24 
dd/cc/ss 1,638,702 1,651,390 0.77 ~ 12.09 1,475,800 16.30 

DD/CC/ss 2,676,019 2,833,886 5.57 26.87 2,746,121 12.96 
dd/CC/ss 1,523,510 1,621,508 6.04 27.09 1,475,800 14.31 
DD/cc/sS 202,337,408 204,202,896 0.91 15.82 206,112;973 12,925.05 

1 dd/cclsS· 115,491,168 116,826,136 1.14 32.31 118,494,297 9,950.11 
DD/CC/sS 199,249,792 201,879,472 1.30 27.91 206,141,014 16,609.50 
dd/CC/sS 111,177,424 112,116,360 0.84 11.81 118,494,297 9,459.19 
DD/cc/Ss 187,382,560 188,582,384 0.64 24.34 186,151,299 40.97 
dd/cc/Ss 102,607,160 103;561;120 0.92 13.13 99,490,969 1,411.86 

DD/CC/Ss 182,181,552 187,988,752 3.09 27.25 186,151,299 218.44 
dd/CC/Ss 99,081,704 100,506,856 1.42 .27.20 I 99,490,969 1,411.30 
DD/cc/ss 3,481,961 3,739,790 6.89 43.57 3,598,875 13.94 
dd/cc/ss 2,015,814 2,137,519 5.69 44.40 2,080,917 618.24 

DD/CC/ss 3,447,146 3,657,446 5.75 42.64 . 3,598,875 14.89 
dd/CC/ss 2,015,814 2,137,519 5.69 43.30 2,080,917 606.98 
DD/cc/sS 264,052,336 274,026,400 3.64 46.21 284,238,063 23,448.78 

2 dd/cc/sS 163,495,568 168,649,280 3.06 51.54 185,485,106 19,237.08 
DD/CC/sS 258,868,000 268,085,968 3.44 44.56 284,159,796 24,639.00 
dd/CC/sS 159,107,072 164,282,496 3.15 44.56 185,485,106 18,861.29 
DD/ce/Ss 241,462,880 251,141,088 3.85 45.66 245,499,392 9,595.64 
dd/cc/Ss 143,638,672 148,638,912 3.36 50.77 145,221,762 18,878.53 

DD/CC/Ss 239,547,456 249,072,880 3.82 44.73 245,499,392 9,563.34 
dd/CC/Ss 139,854,032 146,026,096 4.23· 43.24 145,199,491 17,627:50 
DD/ce/ss 850,788,096 870,490,880 2.26 126.76 836,548,611 20,002.05 
dd/cc/ss 460,244,928 477,380,448 3.59 113.30 467,845,630 20,002.37 

DD/CC/ss 814,925,312 849,030,464 4.02 108.24 850,241,990 20,002.27 
dd/CC/ss 468,282,720 486,477,536 3.74 122.80 486,074,679 20,002.20 
DD/cclsS 916,351,104 938,949,440 2.41 131.32 993,257,363 76,454.28 

3 dd/cclsS 480,465,376 495,537,664 3.04 116.76 564,647,518 10,683.75 
DD/CC/sS 885,951,104 912,172,480 2.87 128.30 984,059,707 42,262.64 
dd/CC/sS 508,413,472 531,011,168 4.26 110.44 592,586,791 36,961.33 
DD/ce/Ss 831,677,696 851,370,240 2.31 124.95 834,011,299 20,011.75 
dd/cc/Ss 453,279,840 469,908,224 3.54 112.64 451,040,032 20,012.74 

DD/CC/Ss 850,732,672 870,759,360 2.30 113.90 838,219,739 20,011.37 
dd/CC/Ss 430,126,848 450,843,872 4.60 116.32 452,082,941 20,011.38 
DD/cclss 855,918,656 881,509,184 2.90 79.62 857,707,955 25,001.64 
dd/cclss 489,687,872 500,178,560 2.10 82.53 494,732,654 25,001.08 

DD/CC/ss 863,883,840 913,410,176 5.42 79.73 898,857,045 25,002.02 
dd/CC/ss 471,623,456 489,061,632 3.57 77.03 484,754,239 25,001.79 
DD/cclsS 961,982,464 986,922,240 2.53 88.90 1,014,041,319 20,001.40 

4 dd/cclsS 487,873,440 497,948,832 2.02 115.66 520,423,373 13,530.72 
DD/CC/sS 947,745,728 972,913,920 2.59 77.03 1,013,517,352 20,001.60 
dd/CC/sS 564,363,456 583,559,424 3.29 89.95 603,188,218 20,001.50 
DD/ce/Ssl 843,721,920 866,348,864 2.61 78:24 840,769,968 20,001.77 
dd/cclSs 418,949,760 429,877,408 2.54 78.68 420,483,102 20,001.60 

DD/CC/Ss 827,530,176 861,880,448 3.99 74.51 846,298,176 20,001.56 
dd/CC/Ss 486,909,600 505,163,040 3.61 74.29 501,924,330 20,001.71 

DD/cclss 1,734,153,472 1,808,592,640 4.12 534.23 1,753,385,194 20,038.75 
dd/cclss 916,100,032 937,298,560 2.26 527.36 - 20,059.28 

DD/CC/ss 1,758,256,256 1,805,869,440 2.64 527.80 1,789,108,393 20,044.74 
dd/CC/ss 901,170,688 932,817,344 3.39 531.54 - 20,056.64 
DD/cclsS 1,895,507,200 1,956,205,568 3.10 569.23 2,139,617,242 20,011.20· 

5 dd/cclsS 1,065,204,992 1,102,081,024 3.35 803.46 1,293,096,051 20,011.42 
DD/CC/sS 1,790,151,424 1,872,313,600 4.39 676.70 2,118,291,153 20,008.99 
dd/CC/sS 1,017,123,072 1,072,288,768 5.14 669.78 1,242,943,281 20,008.95 
DD/cclSs 1,695,042,688 1,767,304,960 4.09 670.82 1,745,086,665 20,008.90 

dd/eclSs 903,904,832 923,992,960 2.17 545.16 900,472,994 20,008.95 

DD/CC/Ss 1,651,161,216 1,733,139,072 4.73 550.38 1,713,347,029 20,OOR11 
dd/Ce/Ss 863,369,536 898,320,832 3.89 528.74 894,939,694 20,017.17 
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TABLE A.7.3. Computational results of the Lagrangean relaxation algorithm (continued) 

Data Algon~m GAMS 
Set Scenario Zlower Zupper Diff(%) I CPU(sec) I Best solutIon CPU{sect 

DDlcc/ss 1,059,230.208 1,104.600.576 4.11 241.21 1.095,696.648 20,025.65 
ddlcc/ss 583.752.128 610.881,600 4.44 ~ 244.29 624,205.688 20,027.73 

DD/CC/ss 1.060,018.048 1.130,596.864 6.24 238.52 1.122.215,715 20,028.05 
ddlCC/ss 548.115.712 596,088.896 8.05 230.44 610,567.155 20.027.29 
DD/cc/sS 1.172.623,232 1,225,459.712 4.31 261.81 - 20,035.98 

6 ddlcc/sS 665.944,128 696,872,704 4.44 302.58 - 20,029.83 
DD/CC/sS 1.160.306,816 1,225,993,984 5.36 261.87 - 20,033.34 
dd/CC/sS 638,876,928 666,958,208 4.21 275.55 - 20.033.23 
DD/cc/Ss 1,021.985,216 1,067,523,136 4.27 272.53 1,037,820.816 20.027.49 
dd/cc/Ss 561,256,256 593;805;952 5.48 260.00 598,100,009 20,028.90 

DD/CC/Ss 1,004,304,448 1,072,395.200 6.35 258.13 1.053.700.024 20,030.00 
ddlCC/Ss 545.736.960 583,053.376 . 6.40 .293.02, 584,622.523 20,031.04 
DD/cc/ss 1,685,151.616 1.744,481.536 3.40 127.42 1.649.950.029 20.000.83 
dd/cc/ss 863.540.736 896.964.288 3.73 113.24 . 887.566.874 20.001.45 

DD/CC/ss 1,612.134.272 1.702.364,800 5.30 106.37. 1,664.555,149 20,001.18 
ddlCC/ss 876,660.800 . 938.290.560 6.57 101.98 928,815.266 20,001.38 
DD/cc/sS 1,746,541.568 1.816.353,664 3.84 111.98 1,860.197,249 20,001.49 

7 dd/cc/sS 1.045,493,632 1.102,717,056 5.19 119.45 1.117.909.150 20.002.36 
DD/CC/sS 1,756,489.856 1,848,242,560 4~96 106.76 1.889,703,855 20.002.06 
ddlCC/sS 988.746.368 1,036,214,144 4.58 108.35 1.080.284.704 20,001.34 
DD/cc/Ss 1,514,268,288 1,589,512.832 4.73 105.22 1.544.060,812 20,001.05 
ddlcc/Ss 874.201,408 910.860,992 4.02 106.54 892.513.915 20.001.21 

DD/CC/Ss 1,482,067.840 1,622,274,432 8.64 101.98 1,551,041,889 20,001.11 
ddlCC/Ss 901.748.608 967.729,664 6.82 104.18 934,505,374 20,001.16 
DD/cc/ss 1,217,148.544 1,229,446.912 1.00 135.05 1,171,228,469 20,001.11 
ddlcc/ss 615.857,600 629,586.944 2.18 121.76 645.638,504 20.001.12 

DD/CC/ss 1.177.860,224 1,233.812.736 4.53 110.27 1.237.148.374 20.000.95 
ddlCC/ss 647.536.640 674,986,624 4.07 110.33 693.003,042 20,001.10 
DD/cc/sS 1,264.113,408 1,285.845,504 1.69 123.74 1,396,544,408 18,847.95 

8 ddlcc/sS 751,150.336 766,690,688 2.03 148.41 866.371.707 20.001.06 
DD/CC/sS 1,217.346,176 1,269.886,336 4.14 112.91 1,378.763.119 20.001.22 
ddlCC/sS 683,218.304 702.086.912 2.69 113.74 796.557,666 20,001.22 
DD/cc/Ss 1.086,666,496 1.113,601,152 2.42 110.00 1,094,514.876 20.000.88 
ddlcc/Ss 613.109,504 624.263.168 1.79 111.70 621,081.094 20,001.00 

DD/CC/Ss 1,164,404.608 1.193,152.896 2.41 115.27 1,136.721,738 20.001.00 
ddlCC/Ss 588,403,328 616,938.816 4.63 106.92 609.772,999 20.001.20 
DD/cc/ss 3,434,323.968 3,579.186,944 4.05 746.98 - 20.119.10 
ddlcc/ss 1.810,199,040 1,892.682,240 4.36 734.89 - 20.063.12 

DD/CC/ss 3,284.516.864 3.512.175.616 6.48 703.96 - 20,082.90 
ddlCC/ss 1.836.913,920 1.957.291.648 6.15 705.27 - 20.104.27 
DD/cc/sS 3,731,201,024 3,883,367.168 3.92 731.32 - 20.080.97 

9 ddlcc/sS 2,299.870.976 2,404,287.232 4.34 977.47 - 20.066.46 
DD/CC/sS 3,771.917.568 3,927.322,112 ·3.96 1.064.95 - 20,145.54 
ddlCC/sS 2,293.321,472 2,404.916,992 4.64 929.89 - 20,151.26 
DD/cc/Ss 3,246,604,800 3,426.278.912 5.24 832.03 - 20,118.15 
ddlcc/SSI 1,912.310.272 2,016,355,456 5.16 717.86 - 20.099.17 

DD/CC/Ss 3,213.678,080 3,455,689,216 7.00 702.31 - 20.057.31 
ddlCC/Ss 1,873.230.720 1,980,615,168 5.42 687.36 - 20,061.19 
DD/cc/ss 2,628,622,080 2,766,631,424 4.99 565.27 - 20.046.80 
ddlcc/ss 1.442,500.096 1,505,623,424 4.19 666.65 - 20,060.59 

DD/CC/ss 2,593,873.152 2,724,868.864 4.81 546.59 - 20.057.84 
ddlCC/ss 1,501,342.976 1,612,278.400 6.88 644.73 - 20.090.99 
DD/cc/sS 3,014.396.160 3.143.171,328 4.10 1,015.22 - 20.096.46 

10 ddlcclsS 1,746.000.896 1.825,797,.120 4.37 737.09 . - 20,082.16' 
DD/CC/sS 2,852,812.032 3,015,247.616 5.39 637.36 - 20.077.62 
ddlCC/sS 1,690,135,424 1.797.989,376 6.00 541.87 - 20.005.77 
DD/cc/Ss 2,528.715.520 2,635,295,744 4.04 670.71 2,549.619,415 20.008.49 
dd/cc/Ss 1,329,581,184 1,404.229,760 5.32 528.63 1,393,866,779 20,010.32 

DD/CC/Ss 2,481.051,392 2,621,626.112 5.36 539.84 - 20.080.53 
ddlCC/Ss 1.373.873,280 1,487.091.968 7.61 530.33 - 20,054.19 



TABLE A.7.4. VRP solutions of data set 9 

F,j,t Problem #1 Problem #2 Problem #3 Problem #4 Problem #5 Problem #6 Problem #7 Problem #8 Problem #9 Problem #10Problem #11Problem #12 

F(1,1 ) 21522848 15505394 22445640 12262529 15733897 15323368 13356680 15942132 7268908.5 15637844 9028422 '17904694 
F(1,2) 12010882 14392549 21900394 10925017 21017602 10996141 18012660 12118032 7202777 15744303 13552538 17492758 
F(1,3) 17260360 18276252 15826048 16020734 14502535 11766426 21183504 15655897 19656566 13897433 17142776 15490456 
F(1,4) 15717814 15993898 21904320 20373932 18421300 13240801 20076284 15129326 19050396 19158288 16671901 9645933 
F(1,5) 21318194 10567249 20281158 16842454 21091424 9801618 9282717 12894062 17696438 18613302 . 2231 0520 13627608 
F(1,6) 14304981 .12239846 11202495 13208306 8925110 12337164 18357084 7717546 19667470 15186330 19939676 9714120 
F(1,7) 13741821 16507126 9017610 17509054 15763290 8741208 20601732 10311336 11316892 18238668 12587941 14397900 
F(1,8) 24019180. 13214688 21617974 13522803 18573442 9801626 11769220 10469004 21813166 15218784 22682416 15400508. 
F(1,9) 22394690 13876785 15991070 16988698 12411918 13091403 7050014 10706147 24538758 17927714 9017610 13853594 

F(1,10) 24286526 11644428 19920436 18987030 16286460 16311847 13283432 14953302 13518324 11011866 20835984 6802946 
F(1,11) 15464845 14132128 15375770 16341934 12044258 18074530 8920711 16818868 15880800 8676397 21544328 14019280 
F(2,1) 13796916 15745564 15828018 16679412 15827724 17641088 23378446 15435934 18730690 18387756 10249256 18874172 

F(2,2) )6704322 19534808 18402434 19635410 18128976 16833948 17135400 17150898 17444336 ~4002426 14970668 17117630 

F(2,3) 13078029 16510840 22634914 20341998 14551258 15187435 19450092 15199050 23057720 17831936 17588426 15854246 

F(2,4) 11004770 17534788 12483036 15958800 8531679 11753442 15187430 19484050 20739132 19345162 16132988 15042574 

F(2,5) 20225578 11135859 16971350 17662852 15081216 17898246 26017838 14779018 16413050 18902656 18410390 16500044 

F(2,6) 17970492 15213297 23493754 22833434 20265018 13565207 22036152 18734516 14690732 17559716 14054290 18925052 

F(2,7) 27446940 8950617 16552264 15946956 16452717 20542628 19170596 13472798 25327712 19991206 14562505 15848182 

F(2,8) 17575024 17442176 18423548 15082868 17592810 16887294 18854674 14909590 19832508 13871861 20883896 22195404 

F(2,9) 18931682 15101644 10061130 21926078 24469020 14682834 20643162 15715036 17339104 14368955 17028338 11945852 

F(2,10) . 17266480 17743234 30748256 12228911 23863656 16438243 26976554 18034146 17595594 12148130 14504955 17758268 

F(2,11) 13353043 15603306 13971399 12385373 20486882 14929186 25311430 14216785 15062536 16979742 22240234 23040616 

\0 
\0 



TABLE A.7.4. VRP solutions of data set 9 (continued) 

F,j,t Problem #1 Problem #2 Problem #3 Problem #4 Problem #5 Problem #6 Problem #7 Problem #8 Problem #9 Problem #10Problem #11Problem #12 

F(3,1) 19266760 20839080 22863454 20237720 13222652 21321848 20619808 20230364 33175280 14025510 24664096 . 14390737 
F(3,2) 16785234 23642878 30311008 25042960 24459068 22387850 23413360 19600366 23271874 22404686 31933440 15252819 
F(3,3) 15094167 217902136 26250744 18828876 22337788 22872722 24500684 17428720 27677308 17402360 28013080 20791992 
F(3,4) 25830334 18924930 26250724 20298736 25321762 22235152 25000964 16321817 21013094 22211292 30982302 21516238 
F(3,5) 26138172 22582300 29497444 21167162 17342300 20378152 26685954 21716004 29968080 23185024. 27093814 23566408 
F(3,6) 33903652 22221270 26640392 10119289 23732374 10236857 29177124 19798908 20595018 17542562 26263940 18489762 
F(3,7) 32970000 19230528 31661140 15127826 17577972 14444217 37206280 17228600 26313680 17516344 23564940 24034106 

F(3,8) 24587576 21061500 27759092 24187984 14782480 18672232 36526712 20458128 13891458 . 27437582 17566332 21500964 
F(3,9) 33294302 21777080 17400708 19046094 25137090 18869768 27958048 21013084 24114692 21110566 26608316 18438528 

F(3,10) 32396322 24158962 24208620 20367916 23735100 15160935 13579348 20997212 25248096 21113238 29425204 19848052 
F(3, 11) 23248558 19826140 29590946 20604588 14771278 20653230 39601236 15825647 45358224 21727692 20277934 20320442 
F(4,1 ) 16883062 12204580 14683934 19249748 24698100 14098964 21607656 11794034 24645356 17657588 22152514 12578840 

F(4,2) 22874224 17504504 19211600 12455542 14856524 20775448 13454470 14335299 20975390 .16099010 14205419 21856328 

F(4,3) 20726192 15197372 16280880 20060132 17220904 19285870 9857832 12771634 18470090 17050630 16224758 14138824 

F(4,4) 14004344 16665906 19997762 15638664 17010150 12151344 8393805 9057328 18660420 9368702 22925102 17191622 

F(4,5) 12331088 19127780 13519726 11197599 21262984 12014814 8904252 14394056 17157768 13686099 15953476 8786119 

F(4,6) 12847514 15094338 18243048 17893340 16700850 13466021 15254764 12451930 27630440 13697906 19670904 11678302 

F(4,7) 21053688 19081552 20051314 17558948 16876254 17424076. 11001993 12011208 21208884 11684998 25367900 13103644 

F(4,8) 21183038 15156684 . 16259542 14072112 19720806 17150432 18223680 14856518 16641205 16400124 16368966 13228120 

F(4,9) 17806464 17441416 19698778 13239034 17399560 11510529 18005468 18394904 18415136 17815856 ·28195368 18796004 

F(4,10) 3006659.25 15266317 12393649 14789495 15527518 8676682 12085374 17269092 14928467 19820330 15408462 18111762 

F(4,11) 23132768 20926152 22060614 18829562 21809828 15456084 12140194 17601730 15650302 10129044 15667183 19090716 

-0 
0 .. 



TABLE A.7.4. VRP solutions of data set 9 (continued) 

F(J,t) Problem #1 Problem #2 Problem #3 Problem #4 Problem #5 Problem #6 Problem #7 Problem #8 Problem #9 Problem #10Problem #11Problem #12 
F(5,1) 14293900 13458419 20374576 5099673 19655356 17075172 16427874 14031142 11709682 15572882 24839200 14385474 
F(5.2) 20211906 13337464 14712549 10894178 22809076 12085133 18666264 17923656 20912160 12044472 22925054 .15861041 
F(5.3) 24665352 15112256 7385704 5491832 21844300 12085132 21433292 14638755 12201709 19432764 17255470 17088180 
F(5,4) 22526934 18312502 15740262 12537798 13230048 14087683 13962111 14791414 24858676 15416459 15291660 17464404 
F(5,5) 11584490 18064272 20716348 15898764 10894181 15270138 16788836 9591547 18116948 12560789 12978.106 17931350 
F(5.6) 7965348 21858156 17838046 12336244 19472780 19422854 14798706 16978100 17163032 19770084 . 12724357 18234886 
F(5,7) 11313170 16047274 17732920 9954976 10944484 15191522 13737997 23208316 15944682 14693927 19803232 14847958 
F(5,8) 10758594 18784486 23190340 14180718 21036316 7719095 14679334 17861088 16941636 21364684 18124692 16846398 
F(5,9) 11071353 15286126 30422196 15984804 12219311 16724326 12135439 17284518 15285744 6897215 19864952 11542942 
F(5,10) 8957883 10923113 14224382 6189198 15804300 17124400 23444594 8939506 23694092 13386848 13243642 16435165 
F(5.11) 16675243 13523111 20085848 10455626 17839748 17231534 18581260 17727682 9955160 10693422 9724886 9888783 
F(G,1) 21150584 14084516 12530324 17549366 15673342 14264878 11755650 18176790 21883350 13451018 21301572 13761072 
F(6,2) 24393852 15985066 11583707 19937174 12848564 17878040 19544904 14572156 18323780 13494286 15661125 12763630 
F(6,3) 18323800 14229648 21599450 13271390 20590132 18624868 17597508 18278238 13134697 ~588334.5· 219957~8 15660818 
F(6,4) 7973616 12668368 22370954 13817054 22092554 16458668 21617500 20096606 10697827 5357610.5 16579609 22032492 
F(6,5) 5664677 8277905 13499638 22418454 27202524 17478976 16542457 22255204 12616446 7757812 10493221 14035411 

F(6,6) 15060832 13945687 16650459 11238256 21856192 17852248 15463182 20679496 10850578 16575939 17392324 15221558 

F(6,7) 9989280 12066416 19980424 16930004 19556356 17053816 9947114 18553366 9046139 16704946 19303838 13536092 

F(6,8) 11660746 11026406 16989604 15045952 19008968 18129820 14747368 16017586 16063584 15740605 10186153 12306050 

F(6,9) 9046139 14267301 14080522 11978983 20473016 14468102 25235966 15987944 9655943 16321486 10683978 18536540 

F(6,10) 22446342 16854500 14806036 17194002 17510924 20722958 14970886 15623101 13007723 19862446 14802673 15193104 

F(6.11) 14222444 10408492 14046776 16189742 19452584 10924847 3298484.5 12731876 16582654· 23677382 18951918 12307840 

Fproblem 11787161601065109760 1260451200 1048272128 1197540608 1032963072 1204631552 1051352256 1227500288 1068153088 1228601088 1064043072 

CPU(sec) 35.824176 31.428571 26.868132 22.857143 37.967033 19.450549 33.736264 27.692308 26.538462 19.230769 27.747253 52.307692 
-

-o -



APPENDIXB 

LAGRANGEAN RELAXATION, 

DISTAL, DISTFEAS, PROFEAS CODES 
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/I Lagrangean relaxation algorithm code 
// Program to perform Levell of Hierarchical Decomposition 
/I Program to perfonn Aggregate Production-Distribution problt;m 
/I Lagrangean relaxation and subgradient procedure is used 
/I includes DISTAL, DISTFEAS, PROFEAS 

#incJude <bios.h> 
#include <stdio.h> 
#incJude <stdlib.h> 
#include <string.h> 
#include <alloc.h> 
#include <time.h> 
#include <conio.h> 
#include <math.h> 
#incJude <values.h> 

/I Function declarations 
void *alloc_ vector(unsigned int e1ements,size_t size); 
void **alloc_matrix(unsigned int rows,unsigned int columns,size_t size); 
void free_matrix(float **m,unsigned int rows); 
void free_matrix2(unsigned int **m,unsigned int rows); 
void free_matrix3(1ong **m,unsigned int rows); 
void read30mmand_file( char *pathname); 
void num2str(int num,char *str); 
void gecfiles(void); 
void skip_line(FILE *fiIe); 
void open_inpucfiles(char *pathname); 
void initialize(void); 
void process_iteration(unsigned int tmin); 
void prepare_comOI_distr(void); 
void prepare_outpuCfiles(char *pathname); 
void free_arrays(void); 

void prepare_u(char *pathname); 
void prepare_mh(char *pathname); 
void initialize_u(char *pathname); 

void initialize_pro_Zup(void); 
void free_arrays_pro_Zup(void); 
void caJculate_Zup_pro(void); 
void caJculate_Zup_distr(void); 
void compute_Zup(void); .. 

\ 
void open_pro_inpucfiles(char *pathname); 
void ini~ialize_pro(void); 
void process_iteration_pro(void); 
void prepare_pro_outpuCfiles(char *pathname); 
void free_arrays_pf'J(void); 

void process_pro(void); 
void obtain_YOit(unsigned int tmin); 
void initialize_ YOit(void); 
void present_ YOit(void); 

void process_inv(void); 

void compute_lam(void); 
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void computc_u(void); 
void apply_hcuristic(void); 
void distr(void); 
void pro_inv(void); 

void feasibility_chcck(void); 
void apply_heuristic I (void); 
void reordcr_opik(void); 
void updatc_aIl(void); 
void open_read_didik(char *pathname); 
void opcn_read_mfdh(char *pathname); 
void rcad_output_files(char *pathname); 

void initiaIizc_u3(void); 
void store_u3(void); 
void copyuu3(void); 

#define tmax 13 
#define RIO 
#define maxit 100 
#define eps om 

/I Global variables 
unsigned int I; 
unsigned int K; 
unsigned int T; 
unsigned int J; 

unsigned int i,k; 
float **mf; 
float **mc; 
float **dh; 
float **df; 
float **dc; 
float **u; 
float **ul; 
float **u2; 
float **u3; 
long *dem; 

long **my 
long **di; 
long **dy; 

char fin[12][13]; 
FILE *pin[12]; 
char fout[5][13]; 
FILE *pout[5]; 

float **ms; 
float **mp; 
float **mh; 
float *ma; 
float *A; 

long **mx; 

/I Number of items 
/I Number of customers 
/I Production horizon 
/I Number of depots 

/I Matrix for manuf. fix cost 
/I Matrix for manuf. variable cost 
/I Matrix for depot holding cost 
/I Matrix for depot fix cost 
/I Matrix for depot variable cost 

/I Matrix for lagrangian mUltipliers 

/I Array for customer demand 

/I Matrix for shipments from manuf. 
/I Matrix for inventory levels 
/I Matrix for shipments from depots 

/I Input data file names 
/I Input data file pointers 
/I Output data file names . 
/I Output data file pointers 
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long **mi; 

char filcname[lOO]; 
char dirname[ 100]; 

1I general file name with its path 

char com[13]={"com01.dat"}; 
char logfile[ 13]={ "com03.1og"}; 

FILE *cfile; 
FILE *flog; 

float Ap,Ad,Adik,Zup; 

unsigned int **0; 
long **YOit,**demit,**dit; 
float **w; 

/I name of command file 
/I name of log file 

/I Command file pointer 
"Log file pointer 

float Z,Zup,Zlow,ZD,Wp,Zinv,Zpro,Zdistr,Zh,Ztemp; 
float lam; 
unsigned int r,itr,epsilon; 
float *excess; 

float **wik; 
unsigned int **opik, **dik; 
unsigned int tp,tover; 
float cum YO,cumA; 

void main(int argc,char *argv[]) 
( 

c1ock_t start,end; 
start=c1ockO; 
/I Clear the screen 
clrscrO; 

/I Command line check 
if(argc!=2) 
( 

puts("argument count mismatch"); 
exit(l ); 

/I Read command file 
read_command_file(argv[ I J); 
strcpy(dirname,argv[ I J); 
initialize_u(argv[JJ); 
iilitialize_u30; 
prepare_mh(argv[JJ); 
compute_ZupO; 
Zlow=O.O; 
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epsilon=l; 
ZDp=O.O; 
r=O; 
lam=2.0; 
itr=l; 
while ((itr<=maxit)&&(epsilon» 
( 

printf("\niteration='ku",itr); 
initialize_ YOitO; 
fprintf(flog,''\n*************************************************"); 
fprintf(flog,"\nlTERATION=%u ",itr); 
Zdistr=O.O; 
Zpro=O.O; 
Zinv=O.O; 
Zh=O.O; 
cumYO=O.O; 
cumA=O.O; 
prepare_u(argv[ 1]); 
distrO; 
pro_invO; 
ZD=Zdistr+ZprO+Zinv; 
fprintf(flog,"\nZdistr=%-S.2f Zpro=%-S.2f Zinv=%-S.2f Zh='k-S.2f',Zdistr,Zpro,Zinv,Zh); 
fprintf(flog,"\nZDp=%-1O.2fZD=%-1 O.2f Zlow=%-1 0.2f Zup=%-l 0.2f',ZDp,ZD,Zlow,Zup); 
compute_lamO; 
compute_uO; 
if (ZD>Zlow) 
{ 

Zlow=ZD; 
feasibilitY3heckO; 
apply _heuristicO; 

if (Zh<Zup) 
{ 

} 

Zup=Zh; 
store_u30; 

if «fabs(Zup-Zlow)/Zup)<=eps) 
epsilon=O; 

prepare_pro_outpuUiles( dirname); 
free_arrays_proO; 
itr++; 
ZDp=ZD; 

end=c1ockO; \ 
fprintf(flog,"\n\nZlow=9Cf Zup=%f',Zlow,Zup); 
fprintf(flog, "\nerror=%f' .(fabs(Zup-Zlow )/Zup »; 
fprintf(flog,"\nCPU TIME = %f",(end-start)/CLK_TCK); 
copyuu30; 
initialize_ YOitO; 
Zdistr=O.O; 
Zpro=O.O; 
Zinv=O.O; 
Zh=O.O; 
cumYO=O.O; 
cumA=O.O; 
distrO; 
pro_invO; 
ZD=Zdistr+Zpro+Zinv; 

106 



fcasibility_checkO; 
apply_hcuristicO; 
prepare_pro_outpuUiles(dimame); 
frcc_arrays_proO; 
frce_matrix{u3,I+ I); 
frcc_matrix(mh,I+] ); 
f cIose(flog); 

/I Function to allocatc mcmory for vector 
void *alloc_vector(unsigned int elcmcnts,sizlU size) 
{ 

void *temp; 
if«temp=malloc(elements*size»=NULL) 
{ 

fputs("Unable to allocate memory.",ilog); 
exit(] ); 

retum(temp); 

/I Function to allocate memory for matrix 
void **alloc_matrix(unsigned int rows,unsigned int columns,size_t size) 
{ 

void **a; 
unsigned int i; 
if«a=malloc(rows*sizeof(void *)))-NULL) 
{ 

fputs("Memory Allocation Error!",flog); 
exit(l); 

for(i=O;i<rows;i++ ) 
{ 

if«*(a+i)=malloc(columns*size»-NULL) 
{ 

return(a); 

fputs("Memory Allocation Error!",flog); 
exit(l); 

/I Free previously allocated matrix memory for float values 
void free_matrix(float **m,unsigned int rows) 
{ 

unsigned int i; 
for(i=O;i<rows;i++ )free(*(m+i»; 
free(m); 

/I Free previously allocated matrix memory for integer values 
void free_matrix2(unsigned int **m,unsigned int rows) 
{ 

unsigned in! i; 
for(i=O;i<rows;i++ )free(*(m+i»; 
free(m); 
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void frcc_matrix3(1ong **m,unsigned int rows) 
{ 

unsigned int i; 
for(i=O;krows;i++ )free(*(m-i:i»; 
free(m); 

/I Function to read characters until new line from file 
void skip_line(FILE *fiIe) 
{ 

char ch; 
do ch=fgetc(fiIe); while(ch!=IO); 

/I Function to open and process command file 
void read30mmand_file(char *pathname) 
{ 

/I Status Message 
fputs("Processing command file ... \n\n",flog); 

strcpy(fiIename,pathname ); 
fprintf(flog,"Network directory: %s\n",fiIename); 
strcat(filename,com); 

/I Open command file 
if«cfile=fopen(fiIename,"n"»==NULL) 
{ 

fputs("Unable to open command file .... flog); 
exit(l ); 

/I Read contents of command file 
skip_line( cfile); 
fscanf(cfile."%u" ,&1); 
fprintf(flog,"Number of items: %u\n" .1); 
fgetc( cfile); 

skip_line(cfile); 
fscanf{cfile,"%u".&K); 
fprintf(flog."Number of customers: %u\n".K); 
fgetc{cfile); 

skip_line(cfile)i 
fscanf(cfile."%u" ,&1); 
fprintf(flog,"Number of periods: %u\n" .T); 
fgeic(cfile); 

ski:'dine( cfile); 
fscanf(cfile,"%u".&J); 
fprintf(flog, "Number of depots: %u\n" ,1); 
fgetc(cfile); 

fclose(cfile); 

void num2str(int num,char *str) 
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int hundt=O,tcn=O,one=O; 

while (num>=IOO) 
{ 

} 

num=num- I 00; 
hundt++; 

while (num>=IO) 
( 

num=num- I 0; 
ten++; 

one=num; 

slr[O]=hundt+48; lito convert char 
str[ I ]=ten+48; 
slr[2]=one+48; 
str[3]=NULL; 

void geUiles(void) 
{ 

unsigned int m; 

char extension[ 13]={" .dat"}; 
char total [ 13]; 
char leveI[4]; 

strcpy(fin[O], "mf'); 
strcpy(fin[ 1], "mc"); 
slrcpy(fin[2],"dh"); 
slrcpy(fin[3],"df'); 
strcpy(fin[4],"dc"); 
strcpy(fin[5],"d"); 

. num2str(i,level); 
slrcpy(total,level); 
num2s1r(k,level); 
strcat(total,level); 
for(m=O;m<6;m++ ) 
( 

slrcat(fin[ m],total); 
I • 

strcat(fin[m],extenslon); 

strcpy(fout[O], "my"); 
strcpy(fout[ 1], "di"); 
slrcpy(fout[2], "dy"); 

for(m=O;m<3;m++ ) 
( 

strcat(foul[m],total); 
slrcat(fout[m],extension); 
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/I Function to open input files 
void open_inpucfiles(char *pathname) 
( 

unsigned int m; 

for{m=O;m<6;m++ ) 
( 

strcpy{filename,pathname ); 
strcat{filename,fin[m]); 
/I Open file 
if«pin[m1=fopen(filename,"rt"»==NULL) 
( 

fprintf(flog,"Unable to open input file= 9Cs",filename); 
exit(l); 

/I Function to initialize operation arrays 
void initialize(void) 
( 

unsigned int mj; 

/I Allocate memory for input var. matrices 
mf={float **)alloc_matrix{1+ I,T + I ,sizeof{float»; 
mc=(float **)alloc_matrix{1+ I,T + I ,sizeof{float»; 
dh={float **)alloc_matrix{1+ I,T + I ,sizeof{float»; 
df={float **)alloc_matrix{1+ I,T + I ,sizeof{float»; 
dc=(float **)alloc_matrix{1+ I,T + I ,sizeof{float»; 

/I u={float **)alloc_matrix{I+ I,T + I ,sizeof(float); 

1/ Allocate memory for demand arrays 
dem=(long *)alloc_ vector(T + I ,sizeof(long»; 

/I Allocate memory for output var. matrices 
my=(long **)alloc_matrix{1+ I,T + I ,sizeof(long»; 
di={long **)alloc_matrix{1+ I,T + I ,sizeof(long»; 
dy={long **)alloc_matrix(J+ I, T + I ,sizeof(long»; 
dik={unsigned int **)alloc_matrix(T + I ,3,sizeof(int); 

1/ Initialize all arrays and matrices with zero values 
for{m=O;m<T + i ;m++) 

dem[m]=O; 

for{m=O;m<1+ I ;m++) 
f orG=O;j<T + 1 ;j++ ) 
{ 

mf[m][j1=O.O; 
mc[m1[j]=O.O; 
dh[m1[j]=O.O; 
df[m1[j]=O.O; 
dc[m][j]=O.O; 
my[m][j1=O; 
di[m][j]=O; 
dy[m1[j]=O; 
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} 

for(m=O;m<T +) ;m++) 
for(j=O;j<3;j++ ) 

dik[m][j]=O; 

!!Load input data 
for(m=) ;m<=J;m++) 

for(j=) ;j<=T;j++) 
( 

} 

fscanf(pin[O],"%f',&mf[m]O]); 
fscanf(pin[) ],"%f' ,&mc[m]O]); 
fscanf(pin[2],"%f',&dh[mlO]); 
fscanf(pin[3],"%f',&df[m](j]); . 
fscanf(pin[4],"%f',&dc[m][j]); 
fscanf(pin[5],"%ld",&dcmO]); 

for(m=] ;m<=J;m++) 
for(j=] ;j<=T;j++) 

mc[m][j]=mc[m]Ol-mh[ilO]; 

II Close input files 
for(m=O;m<6;m++ ) 

fclose(pin[m]); 

II Function to form ww calculations 
void process_iteration(unsigned int lmin) 
( 

unsigned int t,I,a,b,c,e,m,M,jmin,count; 
float Fmin,fmin,ftemp; 
unsigned inl **L[tmax]; 
unsigned int **Y[tmax]; 
float *F[tmax]; 
unsigned inl *N[tmax]; 
unsigned int *n; 
float *f; 

IIforward algorithm 
f=(float *)alloc_ vector(T +] ,sizeof(float»; 
n=(unsigned int *)alloc_ vector(T + l,sizeof(int»; 
for(b=O;b<T + I ;b++) 
{ 

} 

n[b]=O; 
f[b]=O.O; 

for(b=tmin;b<T + 1 ;b++) 
f[b]=MAXFLOAT; 

for(t=tmin;t<=T;t++ ) 
( 

N[t]=(unsigned int *)alloc_ veclor(t+ l,sizeof(int»; 
for(b=O;b<t+) ;b++) 

N[l] [b]=O; 
II prinlf("%u" ,N[ 1][ I ));getchO; 
for{l=lmin;k=t;I++ ) 
{ 
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Fmin=MAXR..OAT; e=O; 
if (I!=I) . 
( 

1/ e=O; 
for(m=1 ;m<L[IJlO][O];m++) 
( 

count=O; 
fmin=MAXR..OAT; 
ftemp=F[I][m]; 
for(b=l ;b<=J;b++) 
{ 

if«Y[IJ[m][b]==O)&&(Y[I)[O)[b]== 1» 
( 

count=count+ 1 ; 
F[I][m]=ftemp+(mc[b][I]+u[i][I])*dem[t]+dc[b][t]*dem[t]+df[b][t]; 
for(c=I;c<t;c++ ) 

F[I][m]=F[I][m]+dh[b)[c]*dem[t]; 
if(F[I][m]<fmin) 
( 

fmin=F[IJ[m]; 
jmin=b; . 

if(count>O) 
{ 

e=e+]; 
for (c=]; c<=t-I; c++) 

L[I][e][c]=L[lJ[m] [c]; 
for (c=]; c<=J; c++) 

Y[I}[e}[c]= Y[I][m][c]; 
1/ L[I][e]=L[I}[m]; 

L[IJ[ e}[ t-I+ I}=jmin; 
1/ Y[I}[e]=Y[lJ[m]; 

} 

F[l}[e]=fmin; 
if (Fmin>fmin) 
{ 

Fmin=fmin; 
M=e; 

for(m=L[l][O] [0]+ I; m<=L[lJ[ 1 }[O]; m++) 
( 

count=O; 
fmin=MAXFLOAT; 
ftemp=F[I][m]; 
for(b= 1 ;b<=J;b++) 
{ 

if«Y[l][m][b ]==O)&&(Y[I] [O][b ]== 1» 
{ 

count=count+ 1 ; 
F[l][m]=ftemp+(mc[b] [1]+u[i][I])*dem[t]+dc[b][t]*dem[t]+d f[b][t]; 
for(c=I;c<t;c++ ) 

F[I][m]=F[I][m]+dh[b][c]*dem[t]; 
if(F[I][m]<fmin) 
{ 

fmin=Fil][m]; 
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if(count>O) 
{ 

c=c+l; . 

jmin=b; 

for (c= I; c<=t-I; c++) 
L[I][e][c]=L[I][m][c]; 

for (c=l; c<=J; c++) 
Y[I][e][ c]= Y[I][m][c]; 

1/ L[I][e]=L[I][m]; 
L[I][c][t-l+ I ]=jmin; 

1/ Y[IHc]=Y[IHm]; 
F[I][c]=fmin; 
if (Fmin>fmin) 
{ 

Fmin=fmin; 
M=e; 

for (m=l; m<=J; m++) 
{ 

e=e+l; 
for (c= 1; c<=t-l; c++) 

L[I][e][c]=L[IHO][c]; 
for (c=l; c<=J; c++) 

Y[I] [e][ c]= Y[I][O][ c]; 
L[I][e][t-l+ l]=m; 
F[I] [e ]=F[I][O]+ Y [I] [0] [m] *mf[ m] [I]+(mc [m] [I ]+u [i] [I])*dem[ t]+ 

dc[m][t]*dem[t]+df[m][t]; 
for (c=l; c<t; c++) 

F[I][e]=F[l][e]+dh[m][c]*dem[t]; 
if (dem[t]>O) 

Y[I][e][m]=O; 
if (Fmin:>F[I][e]) 
{ 

Fmin=F[l] [e]; 
M=e; 

else I 

{ 
a=T-I+l; 
L[I]=(unsigncd int **)alloc_matrix(J*a-a+2,a+ 1 ,:;izeof(int»; 
F[I]=(float *)alloc_ vector(J*a-a+2,sizeof(float»; 
Y[J]=(unsigned int **)alloc_inatrix(J*a-a+2,J+ I ,sizeof(int»; 
for (b=O; b<J*a-a+2; b++) 
{ 

} 

for (c=O; c<a+l; c++) 
L[I][b][c]=O; 

F[I][b]=O.O; 

for (b=O; b<J*a-a+2; b++) 
for (c=O; c<J+l; c++) 

Y[I][b][c]=l ; 
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} 

for (b=l; b<=J; b++) 
L[lllblll]=b; 

if (dem[I]>O) 
for (b=l; b<=J; b++) 

Y[I][b][b]=O; 
for (m=l; m<=J; m++) 
{ 

e=J; 

F[J][m)=mf[m)[J)+(mc[m)[J]+u[i][I])*dem[I]+dc[m][t]*dcmit]+df[rn] [t]; 
. if (Fmin>F[J][m]) 
{ 

Fmin=F[I][m]; . 
M=m; 

for (b=l; b<=l-J+J; b++) 
{ 

L[J][O][b]=L[J][M][b]; 
} 
for (b=l; b<=J; b++) 
{ 

Y[I][O][b]= Y[J][M][b]; 
} 
L[J][O][O]=M; 
L[l] [I ][O]=e; 
F[J][O]=F[J][M); 
if «Fmin+f[I-l])<f[t]) 
{ 

f[t]=Frnin+f[I-I]; 
n[t]=l; 
for (m=l; rn<=l-l; m++) 

N[t][ml=N[J-1 ][rn]; 
for (rn=l; rn<=t; rn++) 

N[t][m]=L[J] [O][rn-I+ l]; 

} 
Zdistr=Zdistr+f[T]; 

b=T; 
do 
{ 

c=n[b]; \ 
III/I fprintf(fl~g,"\nt=%u I=%u",b,c); 

for (rn=c; rn<=b; rn++) 
{ 

1/11/ fprintf(flog," j=%u",N[b] [rn]); 

} 

} 

dik[rn][l]=c; 
dik[rn][2]=N[b ][rn]; 
rny[(N[b][rn])][c]=rny[(N[b][rn])][c]+dern[rn]; 
dy[(N[b][rn])][rn]=dern[rn]; 
for (a=rn-l; a>=C; a--) 

di[(N[b][rn])][a]=di[(N[b][rn])][a]+dern[rn]; 

b=c-l; 

while (b!=(trnin-l»; 
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for (b=tmin; b<~T; b++) 
( 

a=T-b+]; 
frec_matrix2(L[b],J*a-a+2); 
frcc_malrix2(Y(b].J*a-a+2); 
frcc(F[b]); 

) 
free(f); 

free(n); 
for (b=tmin; b<=T; b++) 

frec(N[b]); 
for (m=J;m<=J;m++) 

for (t=tmin;t<=T;t++) 
{ 

if (my[m][t]>O) 
Zh+=mf[m][t]+mc[m][t]*my[m][t]; 

Zh+=dh[m][t]*di[m][t]; 
if (dy[m][t]>O) 

Zh+=df[m][t]+dc[ m][ t] *dy[ m] [t]; 

void prepare_outpuUiJes(char *pathname) 
( 

unsigned int m,t; 

for(m=O;m<3;m++ ) 
{ 

) 

strcpy(fiIename,pathname ); 
strcat(fiJename,fout[m]); 
/I Open file 
if«pout[m]=fopen(fiIename,"wt"»==NULL) 
( 

fprintf(flog,"Unable to open output file=%s",fiIename); 
exit(l); 

for(m=] ;m<1+] ;m++) 
{ 

for(t=];t<T+];t++} 
( 

) 

fprintf(pout[O],"%ld ",my[m][t]); 
fprintf(pout[]],"%ld ",di[m][t]); 
fprintf(pout[2],"%ld ",dy[m][t]); 

fprintf(pout[O], "\n"); 
fprintf(pout[ 1 ],"\n "); 
fprintf(pout[2],"\n"); 

fprintf(pout[]],"\n"); 
for(m=] ;m<T +] ;m++) 
( 

for{t= 1 ;t<3;1++) 
{ 
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fprintf(poutlll,"%u ",diklmJlt]); 
} 
fprintf(pout[ Il,''\D''); 

for(m=O;m<3;m++ ) 
fclose(pout[m]); 

void prepare_comO I _distr(void) 
{ 

unsigned int m,t; 

fprintf(flog,"\nmy tabJe\n"); 
for(m= I ;m<J+ I ;m++) 
{ 

} 

for(t= I ;t<T +] ;t++) 
fprintf(flog,"%-8Id ",my[m][t]); 

fprintf(flog, "\nU); 

fprintf(flog, "\ndi tabJe\nU); 
for(m=];m<1+ I ;m++) 
( 

} 

for(t= I ;t<T + 1 ;t++) 
fprintf(flog,"%-8Id U,di[m][t]); 

fprintf(flog, "\nU); 

fprintf(flog,"\ndy table\n"); 
for(m=l;m<1+I;m++) 
( 

for(t= I ;t<T + 1 ;t++) 
fprintf(flog, "%-8Id U,dy[m][t]); 

fprintf(flog, "\nU); 

1/ Function to free memory allocated for arrays and matrices 
void free_arrays(void) 
( 

/I Free allocated memory for input arrays 

free(dem); 

/I Free allocate memory for matrices 
free_matrix(mf,J+ 1); 
free_matrix(mc,J+ 1); 
free_matrix( dh,J+ 1); 
free_matrix( df,J+ 1); 
free_matrix( dc,J+ 1); 
free_matrix3(my,J+ 1); 
free_matrix3( di,J+ 1); 
free_matrix3 (dy ,1+ 1); 
free_matrix2( dik,T + 1); 
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void opcn_pro_inpuCfilcs(char *pathname) 

unsigned int m; 

/I strcpy(fin[6],"u.dat"); 
. strcpy(fin[7], "ms.dat"}; 

strcpy(fin[8],"mp.dat"}; 
strcpy(fin[9],"mh.dat"}; 
strcpy(fin[ IO],"ma.dat"}; 
strcpy(fin[ I I], "A.dat"); 

strcpy(f outl3], "mx.dat "}; 
strcpy(fout[4], "mi.dat"}; 

for(m=7;m<1 2;m++} 
{ 

strcpy(fiIename,pathnamc); 
strcat(filename,fin[m]}; 
/I Open file 
if«pin[m]=fopen(filename,"rt")}=NULL) 
{ 

fprintf(flog,"Unable to open input file= !ks",filename); 
exit( I); 

void initialize_pro(void) 
/I Function to initialize operation arrays 
{ 

unsigned int m,j; 

/I Allocate memory for input var. matrices 
ms=(float **)alloc_matrix(I+ I ,T + I ,sizeof(float»; 
mp=(float **)alloc_matrix(I+ I,T + I,sizeof(float»; 

ma=(float *)alIoc_ vector(l+ I ,sizeof(float»;. 

/I Allocate memory for demand arrays 
A=(float *)alloc_ vector(T + I ,sizeof(float); 

/I Allocate memory for output var. matrices 
mx=(Iong **)alloc_matrix(I+ I ,T + I ,sizeof(long»; 
mi=(I~ng **)alloc_matrix(l+ I,T + 1,sizeof(long»; 

w=(float **)alIoc_matrix(I+ I ,T + 1,sizeof(float»; 
o=(unsigned int **)alloc_matrix(I+ 1 ,T + 1 ,sizeof(unsigned int»; 
dit={long**)alIoc_matrix(I+ I ,T + I ,sizeof(1ong»; 

excess=(float *)alloc_ vector(T + I ,sizeof(float»; 

/I Initialize alI arrays and matrices with zero values 
for(m=O;m<l + I ;m++) 
{ 
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for(j=O;j<T + I ;j++ ) 
( 

ms[m] [j]=0.0; 
mp[m][j]=O.O; 
A [j]=0.0; 

) 
ma[m]=O.O; 

for(m=O;m<l+ I ;m++) 
for(j=O;j<T + I ;j++ ) 
( 

mx[m][j]=O; 
mi[m][j]=O; 

for(m=O;m<l+ I ;m++) 
for(j=O;j<T + I ;j++) 
( 

w[m][j]=O.O; 
o[m][j]=m; 
dit[m][j]=O; 

for (j=O;j<T +] ;j++) 
excess[j]=O.O; 

!!Load input data 
for(m=] ;m<=I;m++) 
( 

} 

for(j=] ;j<=T;j++) 
( 

} 

fscanf(pin[7], "O/Of',&ms[m][j]); 
fscanf(pin[8], "%f' ,&mp[m][j]); 
fscanf(pin[l ]],"%f',&A[j]); 

fscanf(pin[ 10], "%f',&ma[m]); 

for(m=] ;m<=I;m++) 
for(j=] ;j<=T;j++) 

mp[m][j]=mp[m] [j]+mh[m][j]; 

/I Close input files 
for(m=7;m<] 2;mt+) 

fclose(pin[m]); 

void prepare_pro_output_fiIes(char *pathname) 
( 

unsignedint m,t; 

for(m=3;m<5;m++ ) 
( 

strcpy(filename,pathname); 
strcat(filename,fout[m]); 
/I Open file 
if«pout[m]=fopen(fiIename,"wt"»==NtlLL) 
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fprintf(flog,"UnabJc to opcn pro-output filc:%s",filcname); 
exit( J); 

strcpy(filename,pathname ); 
strcat(fiJename,fin[ 6]); 

/I Open file 
if«pin[6]=fopcn(fiJenamc,"wt"»=NULL) 
( 

fputs("UnabJe to open output fiJe.",f1og); 
exit( I); 

for(m= I ;m<l+ I ;m++) 
( 

for(t= I ;t<T + 1;1++) 
( 

fprintf(pout[3],"'lcld ",mx[m][t]); 
fprintf(pout[ 4 ],"'lcld ",mi[m][t]); 
fprintf(pin[6],"'k-1 O.2f' ,uI[m][t]); 

} 
fprintf(pout[3],"\n'.'); 
fprintf(pout[ 4], "\n"); 
fprintf(pin[6],"\n"); 

free_matrix(u 1,1+ I); 
for(m=3 ;m<5 ;m++) 

fcIose(pout[m]); 
fcIose(pin[6]); 

void free_arrays_pro(void) 
{ 

1/ Free allocated memory for input arrays 
free(A); 
free(ma); 

1/ Free allocate memory for matrices 
free_matrix(ms,l+ I); 
free_matrix(mp,l+ I); 
free_matrix(u,l+ I); 
free_matrix(u2,I+.I ); 
free_matrix(w,l+ I); 
free_~atrix2( 0,1+ I); 
free_matrix3(YOit,l+ 1); 
free_matrix3(demit,I+ I); 
free_matrix3( dit,l+ I); 
free_matrix3(mx,l+ I); 
free_matrix3(mi,l+ I); 
free(excess); 

void initialize_ YOit(void) 
{ 
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unsigned int m,n; 

YOit=(Iong **)alloc_matrix(l+ 1 ,T + ).sizeof(long»; 
demit=(long **)alloc_matrix(l+ I ,T +),sizeof(long»; 
for (m=O;m<l + I ;m++) 

for (n=O;n<T + I ;n++) 
( 

YOit[m][n]=O; 
demit[m][n]=O; 

void obtain_YOit(unsigncd int tmin) 
( 

unsigned int m,n; 

for (m=tmin;m<=T;m++) 
for (n=) ;n<=J;n++) 

YOit[i][m]=YOit[i][m]+my[n][m]; 

for (m=lmin;m<=T;m++) 
demit[i][m]=demit[i] [m]+dem[m]; 

void process_pro(void) 
{ 

unsigned int t,j,imin; 
float minw; 

for (1=);t<=T;l++) 
{ 

} 

minw=MAXFLOAT; 
for (j= I ;j<=I ;j++) 
{ 

w[j] [t]=(mp li] [t]-ulil [t ])/ma[j]+ms[j][ t]1 A[ I]; 
if (wlil[t]<minw) 
{ 

minw=wliHt]; 
imin=j; 

if (minw<O), 
{ 

else 

. mx[imin][t]=A[t]/ma[imin]; 
Zpro+=mx[imin][t]*(mp[imin][t]-u[imin][t])+ms[imin] [t]; 

excess[t]=A[t]; 

fprintf(flog,"mx Table\n"); 
for (j=) ;j<=I;j++) 
( 

for (t=) ;t<=T;l++) 
fprintf(flog," 'lC-SJd" ,mxli][t]); 

fprintf(flog,"\n"); 

120 



void computc_lam(void) 
{ 

if (ZO>ZDp) 
{ 

else 
{ 

} 

if (itr% 1 0=-0) 
lam=laml2; 

r=r+l; 
if (r=R) 
{ 

r=0; 
lam=laml2; 

fprin tf{flog, "\nlambda=lk f' ,lam); 

void compute_u{void) 
{ 

unsigned int j,t; 
float totsub; 
long **sg; 
float s; IIsteplength 

totsub=O.O; 
sg=(long **)alIoc_matrix(I+ I,T + I,sizeof(long»; 
u 1 =(float **)alIoc_matrix(I+ I, T + l,sizeof(float»; 

for (j=O;j<l+l ;j++) 
{ 

for (t=O;t<T + 1 ;t++) 
{ 

sg[j][t}=O; 
ul [j][t}=O.O; 

} 
fprintf(flog,"\nsub'gradienl table\n"); 
for (j=l;j<=I;j++) 
{ . 
for (t=l;t<=T;t++) 
{ 

sg[j][t}=sg[jl[t-l}+ YOit[jJ[t}-mx[jJ[t}; 
1/ printf(,,\nsg[lku][%u}=%ld ",j,t,sg[j][tJ); 

totsub=totsub+ 1.00*sg[j][t}*sg[j][t}; 
II printf("\ntotsub=%f",totsub); getchO; 

fprintf(flog, "%-8Id",sg[j] [t]); 

} 

} 
fprintf(flog,"\n"); 

fprintf(flog, "total subgradient=%f' ,totsub); 
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1/ printf("'nabs=%f ",(Zup-ZD»; gctchO; 
s=lam*(Zup-ZD)/totsub; 
fprintf(flog,"'nstcplcngth=%f',s); 
fprintf(flog,"\nu[i][t] TABLE\n"); 
f or(j= 1 ;j<=I;j++) 
( 

for(t=1 ;t<=T;t++) 
( 

u I [j][t]=u2(j][tl+s*sg(j][tl; 
if (u) (j][t]<O) 

- u) (j][t]=O.O; 
fprintf(flog, "%-) 0.2f', u) [j][ tn; 

} 
fprintf(flog,"'n"); 

free_matrix3(sg,I+ I); 

void apply_heuristic(void) 
( 

unsigned int t,j,b,c,e,m,n,l,imin,d; 
long inv,norm,q,qd, *def; 
float *vim,maxvim; 
unsigned int *dl; 
unsigned int *item; 
float *Ioad; 
float templ,vimtemp; 

dl=(unsigned int *)alloc_ vector(l+ 1 ,sizeof(int»; 
_ def={1ong *)alloc_ vector(I+ I ,sizeof(long»; -

vim=(float *)alloc_ vector{l+ 1 ,sizeof(float»; 
item=(unsigned int *)alloc_ vector(T + 1 ,sizeof(int»; 
load={float *)alloc_vector(T + 1 ,sizeof(float»; 

for (j=O;j<l+ I ;j++) 
{ 

} 

dl[j]=O; 
def[j]=O; 
vim[j]=O.O; 
for (t=O;t<T+I;t++) 

mi[j][t]=O; 

for (t=O;t<T + 1 ;t++) 
{ 

} 

item[t]=O; 
load[t]=O.O; 

fprintf(flog,"\n\nLAGRANGEAN HEURISTIC or PRO. PROB."); 
Z=Zdistr+Zpro; 
Ztemp=Z; 
for (t=l;t<=T;t++) 
{ 

fprintf(flog,"\nt=%u ",t); 
e=O; 
for (j=O;j<I+ 1 ;j++) 

vim[j]=O.O; 
for (b= I ;b<=I;b++) 
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inv=mi[bllt-I )+mx[b)1 t)-YOit[b][ t); 
fprintf(flog,"in\'[ %u )=%-9Jd" ,b,inv); 
if (inv<O) 
{ 

else 

} 
dI[O)=e; 

e=e+l; 
dl[e)=b; 
def[el=-inv; 

mi[b)[t)=in\'; 

for (j= I ;j<=I;j++) 
{ 

if (mi(j)[t-I»O) 
{ 

} 

if (mi(j)[t-I» YOit(j)[t)) 
temp 1= YOit(j][t)*ma(j]; 

else 
templ=mi[jHt-1 )*ma(j]; 

1=1; 
while (temp I >0.0) 
{ 

while (item[I)!=j) 
1++; 
if (load[I»temp I) 
{ 

else 

load[I)-=temp I; 
templ=O.O; 

temp l-=load[I); 
load[I]=O.O; 
item[l]=O; 
1++; 

if (mx[j][t]>O) 
{ 

if (mi[j)[t-ll> YOit[j)[t)) 

i 

else 
{ 

load[t]=mx(j][t]*ma(j]; 
item[t]=j; 

if (mi[j][t]>O) 
{ 

load[t]=mi(j][t]*ma(j]; 
item[ll=j; 
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/I 

/I 
/I 

} 
while (dl[O]>O) 
{ . 

maxvim=MAXA...OAT; 
for (m=J;m<=dIIO];m++) 
( 

/I 

} 

vim[mJ=O.O; 
n=dl[m]; 
fprintf(flog,"\ni=%u",n); 
I=t; 
norm=def[m]; 
while (norm>O) 
( 

fprintf(flog," excess[%uJ=%-S.2f',I,cxcess[IJ); 
fprintf(flog,"load[%uJ=%-S.2f',I,load[IJ); 
if (excess[JJ>=ma[n]) 
( 

. 1--; 

q=excess[J]/ma[nJ; 
if (q>norm) 

q=norm; 
fprintf(flog," q=%ld ",q); 
if (mx[nJ[l]==O) 

vim[mJ=vim[mJ+ms[nJ[I]; 
vimtemp=(mp[n][I]-u[n][IJ)*q; 
vim[mJ+=vimtemp; 
norm=norm-q; 

if ((Ioad[IJ>=ma[nJ)&&(norrn>O» 
( 

q=load[I]/ma[n); 
if (q>norm) 

q=norm; 
d=item[I]; 
qd=ceil(q*ma[n]/ma[d]); 

/I fprintf(flog," q=%Jd ",q); 
if (mx[n][JJ==O) 

vim[mJ=vim[m)+ms[n)[l]; . 
vimtemp=(mp[nJ[J]-u[n][J])*q; 
vim[mJ+=vimtemp; 
if (qd==mx[d][J]) 

vim[mJ-=ms[d][I]; 
vimtemp=(mp[d][IJ-u[d][I])*qd; 
vim[m]-=vimtemp; 
norm=norm-q; 

vimtemp=def[ m ]*ma[ n]; 
vim[m)=vim[m]/vimtemp; 

/I fprintf(flog,"i=%u vim[%uJ=%-S.2f',n,IlI,vim[mJ); 
if (vim[mJ<maxvim) 
( 

maxvim=vim[m); 
imin=m; 
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n=dl[imin]; 
I=t; 

/I fprintf(flog,"\nminvim=%-8.2f,i=%u" ,maxvim,n); 
/I fprintf(flog," Added COSl(Cost inc-Cost dec )=%- J O.2f 
",( vim[ imin]*(def[imin ]*ma[dJ(imin]])); 

vimtemp=def[imin]*ma(n); 
vimtemp=vimtemp*vim(imin); 
Z+=vimtemp; . 

while (def[imin]>O) 
{ 

if (excess[I]>=ma(n]) 
( 

q=excess[I]/ma(n]; 
if (q>def(iminJ) 

q=def[imin); 
mx[n][J]=mx(n][!J+q; 
for (c=J;c<=t-);c++) 

mi(n](cJ=mi[n]( c]+q;. 
temp I=q*maln]; 
excess[I]-=temp I; 
def(imin]=defIimin]-q; 

if {(Ioad[I]>=ma[n])&&(def[imin]>O» 
( 

q=load[IJ/ma[n]; 
if (q>def(iminJ) 

q=def[imin]; 
d=item[I]; IIfprintf(flog, "\nl=%u overloaded item=%u",I,item[I)); 
qd=ceil(q*ma[n]/ma[d]); 
mx[n](IJ=mx[n][IJ+q; 
IIfprintf(flog," mx[%u][%u]=%ld",d,I,mx(d](I]); 
mx[d] [I]-=qd; 
IIfprintf(flog," mx[%u][%u]=%ld",d,I,mx[d][I]); 
IIfprintf(flog,"\nmi[%u][%u]=%ld",d,I,mi(d][I]); 
for (c=I;c<=t-) ;c++) 
{ 

mi[n][cJ=mi[n][c]+q; 
mi[d][c]-=qd; 

" fprintf(flog," mi[%u](%u]=%ld",d,c,mi[d](c]); 
} 
mi[d](t]-=qd; 

" fprintf(flog," mi[%u][%u]=%ld",d,t,mi[d](t]); 
lempl=qd*ma[d]; 
load[lJ-=temp I; 
templ=qd*ma[d]; 
excess[I]+=tempI; 
templ=q*ma[n]; 
excess(l]-=templ; 
deflimin]=deflimin]-q; 
if (Ioad[lJ=O) 

item[ll=O; 

/I fprintf( fl og, "\nexcess[ %u ]=%-8.2f, load [%u ]=%-8. 2f' ,I,excess[l] ,I,load(l]); 
1--; 

} 
dl[imin]=O; 
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} 

for (m=imin; m<=dl[O)-I; m++) 
( 

dl[m)=dl[m+ I); 
dcfTm]=dcfTm+ I]; 

} 
dl[O)=dl[O)-I; 

fprintf(flog,"\nZ(bcfore pro. hcurislic)=%- JO.2f Z(aftcr pro. hcuristic)=%-I O.2f',Zlcmp,Z); 

'for (t=l;t<=T;t++) 
( 

j=item[t); IIfprinlf(flog,"\nilcm=%u",j); 
if (j!=O) 
{ 

q=load[t)/ma(j]: IIfprintf(flog," q=lkld":q); 
load[ t)-=q*ma(j]; 
lemp 1 =q*(mp[j) [t]-ufj][ I]); 
Z-=Icmpl; 
mx[j][I)-=q; 
if (mx[j][t)=O) 

Z-=ms[j][t); 
IIfprintf(flog," mi[%u)[%u)=%ld"J,t,mifj](I]); 
for (I=t; k=T; 1++) 
{ 

mi(j][I)-=q; 
IIfprinlf(flog," mi[%u][%u)=%ld" J.l,mi[j] [I]); 

} 
if (load[t)==O.O) 

j=O; 

fprinlf(flog,"\nmx Table\n"); 
for (j=1 ;j<=I;j++) 
{ 

for (1=1 ;I<=T;I++) 
fprinlf(flog,"o/c-Sld" ,mx[j] [I]); 

fprintf(flog,"\n"); 

fprintf(flog,"mi Table\n"); 
for (m= I ;m<=I;m++) 
{ 

} 

for (1= 1 ;1<=T;t++) 
. fprintf(flog, "lk-Sld" ,mi[m][t]); 

fprintf(flog, "\n"); 

frce(dl); 
frce(def); 
frec(vim); 
frec(item); 
free (load); 

for (m=1 ;m<=I;m++) 
for (1=1 ;1<=T;t++) 

if (mx[m][I»O) 
Zh+=ms[m)[I)+mp[m][t]*mx[m)[I); 

fprinlf(flog, "\nZh=%-1 O.2f' ,Zh); 
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void distr(void) 
( 

/I 

for(i=]; i<=I; i++) 
for(k=]; k<=K; k++) 
( 

get_filesO; 
open_inpuUiles(dirname); /I Open the 7 input files 
initializeO; /I Allocate and load variable. arrays 
process_itcration(] ); 
obtain_ YOit( I ); 
prepare_outpuUiJes(dirname); 
prepare_comO l_distrO; 
free_array sO; 

presenC YOitO; 

void pro_inv(void) 
( 

open_pro_inpuUiJes(dirname); 
initialize_proO; 
process_proO; 

void presencYOit(void) 
( 

unsigned int t,j; 

fprintf(flog,"\nYOit Table\n"); 
for (j= I ;j<=I;j++) 
{ 

for (t= I ;t<=T;t++) 
fprintf{flog, "'k-Sld", YOit[j][t]); 

fprintf{flog,"\n "); 

void prepare_mh(char *pathname) 
( 

unsigned int m,j; 

strcpy{fin[9], "mh.dat"); 
strcpy{filename,pathname ); 
strcat{filename,fin[9]); 
if ({pin[9]=fopen{filename,"rt"»=NULL) 
{ 

} 

fprintf(flog,"Unable to open input file:%s",filename}; 
exit(l); 

mh={float **)aIloc_matrix{I+ l,T + l,sizeof{float»; 
for (m=O;m<l+ I ;m++) 
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1/ 

for (j=O;j<T +};j++) 
mh[mJ[i]=O.O; . 

for (m=};m<=I;m++) 
for (j=};j<=T;j++) 

(~canf(pinI9},"%f',&mh[mJu)); 
for (m=} ;m<=I;m++) 

for (j=T-} ;j>=);j--) 
( 

mh[mJli)+=mh[mJli+ I); 
printf("\nmh[lftu J[%u )=%f' ,m,j ,mh[m]u)); gc·tchO; 

I 
fclosc(pin[9]); 

void prcparc_u(char *pathnamc) 
( 

unsigncd int mj; 

strcpy(fin[ 6], "u.dat"); 
strcpy(fiIcname,pathname ); 
strcat(fiIenamc,fin[ 6}); 
if «pin[6)=fopcn(fiIename,"rt"»==NULL) 
( 

fprintf(flog,"Unable to open input file=%s",fiIename); 
exit(1); 

u2=(float **)alloc_matrix(I+ I,T + 1 ,sizeof(float»; 
u=(float **)alloc_matrix(I+ 1 ,T + 1 ,sizeof(float»; 
for (m=O;m<l+ 1 ;m++) 

for (j=O;j<T + 1 ;j++) 
{ 

} 

u[m} [j]=O.O; 
u2[m} [i]=O.O; 

for (m=l;m<=I;m++) 
for (j=);j<=T;j++) . 

fscanf(pin[ 6],"%f' ,&u2[mJli)); 
for (m=l ;m<=I;m++) 

u[mJ[T]=u2[m][T]; 
for (m=l;m<=I;m++) 

for (j=T-l ;j>=);j--) 
u[m][j]=u2[mJli]+u[mJli+ l]; 

fclose(pin[ 6]); 

Ztemp=Zdistr+Zpro; 
f printf(flog,"\nFEASIBILITY CHECK"); 
for (tp=} ;tp<=T;tp++) 
( 

for (n=) ;n<=I;n++) 
( 

templ=YOit[n][tp}*ma[n); 
cumYO+=temp); 

128 



cumA+=A[tp]; 
fprintf(flog,"\nt=%u cum. req.=%f cum. cap.=%f',tp,cumYO,cumA); 
if (cum YO>cumA) 

apply_heuristic 10; 

present_ YOitO; 
Z=Zdistr+Zpro; 
fprintf(flog, "'nZ(bef ore distr. heuristic }=%-I O.2f Z(after distr. heuristic }=%-I O.2f' ,Ztemp,Z); 

void apply_heuristic I (void) 
{ 

unsigned int m,j,count; 
longq; 

opik={unsigned int **}aIloc_matrix(l*K+ I A,sizeof(int}}; 
wik={float **)aIloc_malrix(I+ I,K+ I,sizeof(float»; 
for (m=O;m<l*K+I;m++) 

for (i=O;j<4;j++) 
opik[m]U1=O; 

for (m=O;m<l+ I ;m++) 
for (i=O;j<K+ I J++) 

wik[m]U1=O.O; 
fprintf(flog,"\n\nLAGRANGEAN HEURISTIC OF DISTR. PROB. "}; 
fprintf(flog,"\nWeights related to product-customer pair:\n"); 
for (i= I ;i<=I;i++) 

for (k= I ;k<=K;k++) 
( 

open_read_didik(dimame); 
to\,er=dik[tp+ 1][ I]; 
free_matrix3( di,J+ I); 
free_malrix2(dik,T + 1); 
if (to\,er<=tp) 
( 

geCfilesO; 
open_inpucfiles(dimame); 
initializeO; . 
free_matrix3( di,J+ 1); 
free_matrix2( dik,T + 1); 
open_read_didik(dimame); 
reordecopikO; 
free_arrays 0; 
opik[O][O]++; 

fprinlf(flog,"\n"); 
m=O; 
while (cumYO>cumA) 
( 

m++; 
i=opik[m][2]; 
k=opik[m][3]; 
q=opik[m][O]; 
tover=opik[ m][ 1 ]; 
fprintf(flog,"i=%u k=%u q=%ld tover=%u, ",i,k,q,tover); 
get_filesO; 
open_inpuUiles(dimame); 
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initializcO; 
rcad_output_fi les( dirname); 
update_aIlO; . 
process_iteration(tp+ I); 
obtain_ YOit(tp+ I); 
prcparc_output_files(dirnamc); 
frec_arraysO; 
cum YO-=q*ma[i]; 
YOit[i][tovcr]-=q; 

1/ prcsent_ YOit{); 

1/ prcsent_ YOitO; 
frec_matrix2(opik,I*K+I); 
free_matrix(wik,I+ I); 

void reordecopik(void) 
( 

unsigned int *jik,t,m,found,b,ii,kk; 
longq; 
float wiktemp; 

jik=(unsigned int *)alloc_ vector(1+ I ,sizcof(int»; 
for (m=O;m<1+ I ;m++) 

jik[m]=l; 
for (m=tover;m<=tp;m++) 

jik[(dik[m][2])]=O; 
q=O; 
m=tp+l; 
do 
( 

q+=dem[m]; 
b=dik[m][2]; 

1/ fprintf(flog, "\nm=%u dem=%ld j=%u",m,dem[m],b); 
wik[i][k]+=jik[b]*mf[b] [tover]; 

} . 

wiktemp=dem[ m] *mc[b] [tover]; 
wik[i][k]+=wiktemp+df[b][m]; 
wiktemp=dem[m]*dc[b][m]; 
wik[i][k]+=wiktemp; 
for (t=tover; t<=tp; 1++) 
{ 

wiktemp=dem[m]*dh[b][t]; 
wik[i][k]+=wiktemp; 

} 
jik[b]=O; I 
m++; 

while «dik[m][I]<=tp)&&(m<=T»; 
wiktemp=q*ma[i]; 
wik[i][k]=wik[i][k]/wiktemp; 
fprintf(flog, "wik(%u, %u)=%f ",i,k, wik[i][k]); 
free(jik); 
found=O; 
m=l; 
while «found=O)&&(m<=opik[OHO])) 
{ 

ii=opik[m][2]; 
kk=opik[m] [3]; 
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} 

if (wik[i][k]>wik[iij[kk]) 
found=); 

else 
m++; 

for (b=opikIO)[O];b>=m;b--) 
{ 

) 

opik[b+) )[O]=opik[b ](0]; 
opik[b+)][)]=opik[b]( I]; 
opik[b+) )[2]=opik[b](2]; 
opik[b+) )[3]=opik[b ](3]; 

opik[m][O]=q; 
opik[m)[) ]=tover; 
opik[m)[2]=i; 
opik[m][3]=k; 

void update_all(void) 
{ 

unsigned int j,t; 
float temp) ; 

for (j=];j<=J;j++) . 
if (di[j)[tp ]>0) 
{ 

} 

for (t=tover;t<=tp;t++) 
{ 

} 

temp) =dh[j][ t]*di[j] [tp]; 
Zh-=temp); 
Zdislr-=temp 1; 

if (di[j][tp]==my[j][tover)) 
{ 

} 

Zh-=mf[j)[tover]; 
ZdiSlr-=mf[j] [tover]; 

temp 1 =di[j] [tp] *mc[j][tover]; 
Zh-=templ; 
temp 1 =di[j] [tp] *(mc[j][tover]+u[i][tover]); 
Zdislr-=temp 1; 

for (j=l~<=J;j++) 
{ 

} 

for (t=tover;t<=tp;t++) 
di[j][t]-=di[j][tp ]; 

my[j] [tover ]-=di[j] [tp]; 

for (t=:p+ 1 ;t<=T;t++) 
{ 

for (j= 1 ;j<=J ;j++) 
{ 

if (dy[j][t]>O) 
{ 

Zh-=df[j][t]; 
temp l=dy[j][t]*dc[j][t]; 
Zh-=templ; 
ZdiSlr-=df[j][t]; 
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Zdistr-=temp I; 

temp I=di(j](t]*dh(j][t]; 
Zh-=temp); 
Zdistr-=temp I; 
if (my(j][t]>o) 
( 

Zh-=mf(j][t]; 
templ=my(j][t]*mc[j][t]; 
Zh-=templ; 
Zdistr-=mf(jJ[t]; 
templ=my(j][t]*(mc[j][t]+u[i][t]); 
Zdistr-=temp I; 

} 
YOit[i][t]-=my(j][t]; 
my (j][t]=O; 
di[j][t)=O; 
dy[j][t)=O; 

} 
dik[t](I]=O; 
dik[t][2]=O; 

void open_read_didik(char *pathname) 
{ 

unsigned int mj; 
char extension(13)={".dat"}; 
char total[ 13); 
char level[4]; 

strcpy(fout[ I], "din); 
num2str(i,level); 
strcpy(total,level); 
num2str(k,leve1); 
strcat(total,level); 
strcat(fout[ I),total); 
strcat(fout[ I ],extension); 
strcpy(filename,pathname); 
strcat(fiIename,fout[J]); 
if «pout[ 1)=fopen(fiIename, "rt"»=NULL) 
( 

} 

fprintf(flog,"Unable to open output file=%s",filename); 
exit(1); 

di={Iong **)alloc_matrix{1+ I,T + I ,sizeof(long»; 
dik=(unsigned int **)alloc_matrix(T + I ,3,sizeof(int); 
for (m=O;m<.T+I;m++) 

for (j=O;j<T+lj++) 
di[m](j]=O; 

for (m=O;m<T+I;m++) 
for (j=O;j<3;j++) 

dik[ m ](j)::O; 
for (m=l ;m<=J;m++) 

for (j= I ;j<= T;j++) 
fscanf(pout( ll,"%ld" ,&di[ m] [j]); 

for (m=l;m<=T;m++) 
for (j=lj<=2;j++) 
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fscanf(pout[ ll,"%u",&dik[m][j]); 
fclose(pout[ I]); 

void opcn_Tead_mfdh(char *pathname) 
{ 

unsigned int mj; 
char extension[131={" .dat"}; 
char total[ 13); 
char level[41; 

strcpy(fin[O),"mf'); 
strcpy(fin[2),"dh "); 
num2str(i,level); 
strcpy(total,level); 
num2str(k,level); 
strcat(total,level); 
strcat(fin[O),total); 
strcat(fin[01,extension); 
strcpy(filename,pathname ); 
strcat(filename,fin[O]); 
if «pin[O]=fopen(filename,"rt"»=NULL) 
( 

fprintf(flog,"Unable to open input file=%s",filename); 
exit(I); 

strcat(fin[21,total); 
strcat(fin[21,extension); 
strcpy(filename,pathname ); 
strcat(filename,fin[2]); 
if «pin[2]=fopen(filename,"rt"})=NULL) 
( 

} 

fprintf(flog,"Unable to open input file=%s",filename); 
exit(l); 

mf=(float **)alloc_matrix(J+ I,T + I ,sizeof(float»; 
dh=(float **)alloc_matrix(J+ I,T + I,sizeof(float»; 
for (m=O;m<1+ 1 ;m++) 

f?r (j=O;j<T + I ;j++) 
{ 

mflm] [j]=O.O; 
dh[m][jl=O.O; 

for (m=l;m<=J;m++) 
for (j=1 ;j~=T;j++) 
( 

fscanf(pin[O], "%f' ,&mflm][j]); 
fscanf(pin[2], "%f' ,&dh[m][j]); 
printf("dh=%f ",dh[m][jJ); 

} 
fcIose(pin[01); 
fcIose(pin[2]); 

void read_outpuCfiles(char *pathname) 
{ 

unsigned int m,t; 

133 



for (01=0;01<3;01++) 
( 

strcpy(filcnamc,pathnamc ); 
strcat(filcnamc,fout!m]); 
if «pout!m]=fopcn(fiIenamc,"rt"»=NULL) 
( 

fprintf(flog,"Unablc to open output filc=%s",filcnamc); 
exit(l); 

for(m= 1;01<1+ 1 ;m++) 
f or(l= I ;t<T + 1 ;t++) 
( 

fscanf(pout[O],"'iC-ld",&my[m][t]); 
fscanf(pout[ I], "'iC-ld" ,&di[m][t]); 
fscanf(pout[2], "~Id" ,&dy[ m][t]); 

for(m= I ;m<T + 1 ;m++) 
for(t= I ;t<3;t++) 

fscanf(pout[ I ] ,"S'cu" ,&dik[ m)[ t]); 
for(m=O;m<3;m++) 

fclose(pout[m]); 

void compute_Zup(void) 
{ 

} 

fprintf(flog,"\nZup CALCULATION"); 
initialize_ YOitO; 
Zdistr=O.O; 
Zpro=O.O; 
Zh=O.O; 
prepare_u( dimame); 
distrO; 
pro_invO; 
feasibility 3heckO; 
apply _heuristic(); 
Zup=Zh; 
fprintf(flog, "\nZup=%f' ,Zup); 
free_arrays_proO; 

void initialize_u (c~ar *pathname) 
{ , 

un.signed int m,t; 

strcpy(fin[6],"u.datn
); 

strcpy(filename,pathname);; 
strcat(fiIename,fin[6]); 
if «pin[ 6]=fopen(fiIename, "wt"»=NULL) 

{ 

} 

fprintf(flog,"Unable to open input file=%s",fiIename); 
exit(l); 

for (01=1 ;m<=I; m++) 
{ 
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for (t=l; t<=T; t++) 
fprintf(pin(6},"O "); 

fprintf(pin[6],"\n"); 
} 
fcJosc(pin[6]); 

void initializc_u3(void) 
{ 

unsigned int m,t; 

u3={Ooa1 **)alloc_matrix{l+ I ,T+ I ,sizeof(float»; 
for (m=O;m<=I+I;m++) 

for (t=O;1<=T+I;t++) 
u3[m](t]=O.O; 

void storc_u3(void) 
{ 

unsigned int m,j; 

for (m~O;m<=I;m++) 
for (j=OJ<=T;j++) 

u3[m]01=u[m][j]; 

void copyuu3(void) 
{ 

unsigned int mj; 

u=(floa1 **)aIloc_matrix(I+ I,T + I ,sizeof(float»; 
for (m=O;m<=I;m++) 

for (j=O;j<=T;j++) 
u[m]01=u3[m][j]; 
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APPENDIXC 

DETABA AND TANE CODES 
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1/ DETABA code 

1/ program to perform Level2 of Hierarchi~al Decomposition 
1/ program to perform single depot VRP for· each depot and time 
1/ include TANE 

#include <bios.h> 
#include <stdio.h> 
#include <stdlib.h> 
#include :<string.h> 
#include <alloc.h> 
#include <time.h> 
#include <conio.h> 
#include <math.h> 
#include <values.h> 

1/ Function declarations 
void *alloc_vector(unsigned int elements,size_t size); 
void **alloc_matrix(unsigned int rows,unsigned int columns,size_t size); 
void free_matrix(float **m,unsigned int rows); 
void free_matrix2(unsigned int. **m,unsigned int rows); 
void free_matrix21(unsigned int **m,unsigned int rows); 
void free_matrix3(1ong **m,unsigned int rows); 
void read_command_file( char *pathname); 
void num2str(int num,char *str); 
void gecfiles(void); 
void skip_line(FILE *fiIe); 
void open_inpucfiles(char *pathname); 
void initialize(void); 
void calculate_dc(void); 
void prepare_liste(void); 
void calculate_inlen(void); 
void prepare_comOI_distr(void); 
void prepare_outpucfiles( char *pathname); 
void free_arrays(void); 
void free_arrays_op(void); 
void free_arrays3nd(Void); 

. void ***d3alloc(unsigned int depth); 
void **d2alloc(unsigned int rows); 

void arraycpy(unsigned int *gecl,unsigned int *gec2, unsigned int elements); 
void arraycpy2(float *gec I ,float *gec2, unsigned int elements); 
void arraycpy3(long *gecI,long *gec2, unsigned int elements); 
void arrayred(unsigned int *gec I, unsigned int point, unsigned int elements); 
void arrayredf(float *gec I, unsigned int point, unsigned int elements); 
void arrayredl(long ,.!gec1, unsigned int point, unsigned int elements); 
void matrixcpy(unsigned int **gecl,unsigned int **gec2); 
void initial_vector(unsigned int *gecl,unsigned int elements); 
void initiaL vector2(float *gec I ,unsigned int elements); 
void initiaLvector3(1ong *gecI ,unsigned int elements); 
void initial_matrix(unsigned int **gec I ,unsigned int rows,unsigned int columns); 
void initiaCmatrix2(float **gec I ,unsigned int rows,unsigned int columns); 

void choose_routes_ vertices(void); 
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void insert(unsigned int GR,unsigned int *gec, unsigned int elements, unsigned int *vv, unsigned int vertices, 
float *routcost); 
void twoopt(unsigned int *gec, unsigned int elements, float *routcost); 
void tabu_check(unsigned int *gec,unsigned int r,unsigned introute); 



void search_ncighborhood(void); 
void updatc_bes,-neighbor(void); 
void updatc_tabu_list(void); 
void updatc_route_list(void); 
void TOute_up(unsigned int nn); 
void check_cmpty_routcs(void); 
void initialize_neighborhood_search(void); 
void neighborhood_scarch(void); 
void initial_so1ution(void); 
void display_input(void); 
void display(unsigned int GR,unsigned int *gec, unsigned int elements, float *routcost); 
void displaY_TOute(unsigncd int **gec I ,long *gec2,float *gcc3,float Flot); 
void display_tabu(void); 

'void matrix_allocation(unsigned int **gec,unsigned int{ows,unsigncd int col,umns); 

void allocate_initial(void); 
void generate_initial_solution(void); 
void firsUmprovement(void); 
void check_besUnitial(unsigncd int *e); 
void allocate_startingpoint(void); 
void prepare_initial(void); 

void matrixcpyRopR(void); 
void matrixcpyRiRop(void); 
void matrixcpyRRi(void); 

void solution_improvement(void); 
void allocate_op(void); 
void kecp_solution(void); 
void il_allocation(void); 
void neighborhood_search2(void); 
void display_i1(void); 

void intensification(void); 
void generatc_intensification_solution(unsigned int *e); 
void intensify(void); 
void twoopt2(unsigned int *gec, unsigned int elements, float *routcost); 

#define itlim 20 
#define M 2 
#define P 2 
#define vmax 201 

/I Global variables 
unsignedint I; 
unsigned int K; 
unsigned .int T; 
unsigned int J; 

unsigned int i,k,j,t; 
unsigned int R] ,R2,r I ,r2; 
uasigned int N,V; 
unsigned int mu,pi; 
unsigncd inl *R[vmax]; 
long cap, *d; 
float *F; 
long *slack; 

/I Number of items 
/I Number of customers 
/I Production horizon 
/I Number of depots 
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float *x, *y, **dc; 
unsigned int *vl, *v2; 

unsigned int *Rop[vmax]; 
float *Fop; 
long *Sop; 

long change 1 ,change2; 
unsigned int *G I, *G2; 
unsigned int **tv, **tr; 
unsigned int tabu; 
unsigned int feasible; 
float Fmin,Ftmin,GFI ,GF2,Fprev,Fopt,Finit,Fp.I::cum; 
unsigned int RRI,RR2, *GGI, *GG2, *11, *12; 
float GGFJ, GGF2; 
long slackl, slack2; 

char fin[I][13]; 
FILE *pin[I]; 
char fout[5][ 13]; 
FILE *pout[5]; 

char filename[ I 00]; 
char dirname[JOO]; 
char com[l3]={"com02.dat"}; 
char logfile[J3]={"comll.log"}; 

FILE *cfile; 
FILE *flog; 

unsigned int p,pop,nopt,it,itbest; 

unsigned int *Ri[vmax]; 
. float *Fi,Fin; 
long *Si; 

unsigned int alfa,gama; 
unsigned int Qlow,Qup,Q; 

1/ Input data file names 
1/ Input data file pointers 
1/ Output data file names 
1/ Output data file pointers 

1/ general file name with its path 

1/ name of command file 
1/ name of log file 

/I Command file pointer 
1/ Log file pointer 

unsigned int *Iiste,inlen,rr,rrr,kk,mlow; 

unsigned int ***RR; 
float **FF; 
long **SS; 
unsigned int *i1; 
unsigned int neigbul; 

void main(int argc,char *argv[]) 
( 

cJock_t start,end; 
/I Clear the screen 
cJrscrO; 
start=c1ockO; 

/I randomizeO; 
/I Command line check 
if(argc!=2) 
{ 
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/I 

/I 

/I 

/I 

} 

puts("argument count mismatch"); 
exit(I); 

/I Open log file 
strcpy(fiIename,argv[ I)); 
strcat(filename,logfile); 
if«flog=fopen(filename,"wt"»==NULL) 
( 

puts("Unable to open log file."); 
exit(1); . 

/I Read command file 
strcpy(dirname,argv[ I)); 
open_input_fiIes(dirname ); 
Fcum=O; 
for (j=I;j<=J;j++) 

/I 

for (t=l;t<=T;t++) 
( 

. } 

fprintf(flog, "\n( %u, %u)" ,j,t); 
read30mmand_file(argv[ I»; 
initializeO; 
if (N)=2) 
( 
calculate_dcO; 
prepare_listeO; 
calculate_inlenO; 
display _inputO; 
initial_solutionO; 
iCallocationO; 
soIution_improvementO; 
intensificationO; 
free_arraysO; 
free_matrix(dc,N+ I); 
free(d); 
free(iI); 
.} 

else if (N= I) 
( 
calculate_dcO; 
Fopt=dc[O][ l]+dc[ 1][0]; 
free_matrix(dc,N+ I); 
} 
else 
Fopt=O; 
fprintf(flog,"\nF(%u, %u)=%-15.2f' ,j ,t,Fopt); 
Fcum+=Fopt; 

fprintf(fJog,"\nFproblem=%-15.2f' ,Fcum); 
end=cIockO; 
fprintf(flog,"\nCPU TIME = %f ",(end-start)/CLK_TCK); 
fcIose(pin[O]); 
fcIose(cfile); 
fcIose(flog); 

/I Function to allocate memory for vector 
void *aIIoc_vector(unsigned int elements,size_t size) 
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} 

void *temp; 
if«tcmp=malloc(e1cmcnts*size»=NULL) 
( 

fputs("Unablc to allocatc mcmoryo",flog); 
cxit(l); 

rctum(temp); 

1/ Function to allocate memory for matrix 0 

void **alloc_matrix(unsigned int rows,unsigned int columns,size_t size) 
{ 

void"**a; 
unsigned int i; 
if( (a=malloc(rows*sizeof( void *»)=NULL) 
( 

fputs("Memory Allocation Error!",flog); 
exit(l ); 

} 
for(i=O;i<rows;i++ ) 
( 

if«*(a+i)=malloc(columns*size»--NULL) 
( 

return(a); 

fputs("Memory Allocation Error!",flog); 
exit( I); 

void ***d3alloc(unsigned int depth) 
( 

void ***a; 

if«a=malloc(depth*sizeof(void **»)--NULL) 
( 

fputs("Memory Allocation Error!",flog); 
exit(l ); 

return(a); 

I 

void **d2alloc(unsigned int rows) 
{ 

void **a; 

if( (a=malloc(rows* sizeof( void *» )=NULL) 
( 

fputs("Mefilory Allocation Error!" ,flog); 
exit(l); 

return(a); 
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/I Free previously allocated matrix memory for float values 
void free_matrix(float **m,unsigned int rows) 
( 

unsigned int i; 
for(i=O;i<rows;i++ )free(*(m+i»; 
frec(m); 

/I Free previously allocated matrix memory for integer values 
void free_matrix2{unsigned int **m,unsigncd int rows) 
( 

unsigned int i; 
f or(i=O;i<rows;i++ ) free{*( riHi»; 

/I free(m); 
} 

void free_matrix2I(unsigned int **m,unsigned int rows) 
( 

unsigned int i; 
for(i=O;i<rows;i++ )free(*(m+i»; 
free(m); 

void free_matrix3(1ong **m,unsigned int rows) 
( 

unsigned int i; 
for(i=O;i<rows;i++ )free(*(m+i»; 
free(m); 

void arrayepy(unsigned int *gec 1 ,unsigned int *gec2, unsigl)ed int elements) 
( 

} 

unsigned int b; 
for (b=O;b<=elements;b++) 
{ 

gee 1 [b]=gee2[b]; 

void arrayepy2(float *gecI,float *gec2, unsigned int elements) 
{ 

unsigned int b; 
for (b=O;b<=elements;b++) 
{ i 

gee} [b1=gee2[b]; 

void arraycpy3(Iong *gecl,long *gec2, unsigned int elements) 
{ 

unsigned int b; 
for (b=O;b<=elements;b++) 
{ 

gecI[b1=gee2[b1; 
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void arrayred(unsigned int *gec) , unsigned int point, unsigned int elements) 
( 

unsigned int b; 
for (b=point;b<elements;b++) 
( 

gee I [b]=gee) [b+)]; 

gee ) [elements 1=0; 

void arrayredf(float *gee), unsigned int point, unsigned int elements) 
( . 

unsigned int b; 
for (b=point;b<elements;b++) 
( 

gee) [b]=gee) [b+)]; 
} 
gee I [elements]=O; 

void arrayredl(long *gec1, unsigned int point, unsigned int elements) 
( 

unsigned int b; 
for (b=point;b<elements;b++) 
{ 

geel [b]=gecI [b+ I]; 
} 
gee I [elements]=cap; 

void matrixcpy(unsigned int **gee I ,unsigned int **gee2) 

( 
unsigned int i,b,a; 

a=gee 1[0][0]; 
free_matrix2(gee I ,a+ I); 
a=gee2[0][0]; 
matrix_allocation(gee I ,a+ I ,N+ 1); 
for (b=O;b<=a;b++) 

for (i=O;i<=N;i++) 
gecl [b ][i]=gee2[b ][i]; 

void initiaCveetor(unsigned int *geel,unsigned int elements) 

( 
unsigned int i; 
for (i=O;i<=elements;i++) 

geel[i]=O; 

void initial_vector2(float *gec1,unsigned int elements) 

{ 
unsigned int i; 
for (i=O;i<=eIements;i++) 

geel [i]=O; 
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void initial_vector3(1ong *gecl ,unsigned int clements) 
{ 

unsigned int i; 
for (i=O;i<=elements;i++) 

gecl[i]=O; 

void initial_matrix(unsigned int **gec I ,unsigned int rows,unsigned int columns) 
{ 

unsigned int i,m; 
. for (i=O;i<=rows;i++) 

for (m=O;m<=columns;m++) 
gec] [i][m]=O; 

void initiaLmatrix2(float **gec I ,unsigned int rows,unsigned int columns) 
{ 

} 

unsigned int i,m; 
for (i=O;i<=rows;i++) 

for (m=O;m<=columns;m++) 
gecl [i][m]=O; 

/I Function to read characters until ne\v line from file 
void skip_line(FILE *fiIe) 
{ 

char ch; 
do ch=fgetc(fiIe); while(ch!=lO); 

/I Function to open and process command file 
void read_command_fiIe(char *pathname) 
{ 

/I Read contents of command file 
skip_line(cfile); 
skip_line(cfile}; 
fscanf(cfile,"%u",&N); 

11/ fprintf(flog,"Number of customers: %u\n",N); 
fgetc(cfile}; 

skip_line( cfile); 
fscanf(cfile,"%ld",&cap); 

11/ fprintf(flog,"Vehicle Capacity: %Id\n",cap); 

void num2str(int num,char *str} 
{ 

int hundt=O,ten=O,one=O; 

while (num>=] OO) 
{ 

num=num-] 00; 
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hundt++; 

while (num>=lO) 
( 

num=num-JO; 
ten++; 

one=num; 

str[0]=hundt+48; lito convert char 
str[ J ]=ten+48; 
str[2]=one+48; 
str[3]=NULL; 

II Function to open input files 
void open_input_fiIes(char *pathname) 
( 

fputs("Processing command file ... \n\n",flog); 

strcpy(fiIename,pathname ); 
fprintf(flog,"Network directory: %s\n",fiIename); 

strcpy(fin[ 0], "input.dat"); 
strcat(fiIename,fin[O]); 
II Open file 
if«pin[O]=fopen(fiIename,"rt"»)==NULL) 
( 

fprintf(flog,"Unable to open input file= lks",fiIename); 
exit(J); 

} 
skip_line(pin[O]); 
skip_line(pin[O]); 
skip_line(pin[O]); 

skip_line(pin[O]); 
fscanf(pin[O],"%u",&I); 
fprintf(flog, "Number of items :\n%u" ,I); 
fgetc(pin[O]); 

skip_line(pin[O]); 
fscanf(pin[O], "%u" ,&K); 
fprintf(flog,"\nNumber of customers :\n%u",K); 
fgetc(pin[O]); 

skip_line(pin[O]); 
fscanf(pin[O],"%u",&T); 
fprintf(flog,"\nNumber of periods :\n%u",T); 
fgetc(pin[O]); 

skip_line(pin[O]); 
fscanf(pin[O],"%u",&J); 
fprintf(flog, "\nNumber of depots:\n%u" ,J); 

II Open command file 
strcpy(fiIename,pathname ); 
strcat(filename,com); 
if( (cfile:f open(fiIename, "rt ") )==NULL) 

{ 
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fputs("Unable to open command file." ,flog); 
exil() ); 

II Function to initialize operation arrays 
void initialize(void) 
( 

unsigned int b; 

/I Allocate memory for input var. matrices 
x=(float *)alloc_ vector(N+ I,sizeof(float»; 
y=(float *)alloc_ vector(N+ I ,sizeof(float»; 
d=(Iong *)alloc_ vector(N+ I,sizeof(long»; 

/I Initialize all arrays and matrices with zero values 
initial_ vector2(x,N);. 
initia'-veclor2(y,N); 
initial_ vector3(d,N); 

l!Load input data 
skip_line(pin[O]); 
skip_line(pin[O]); 
fscanf(pin[O], "%f' ,&x[O]); 
fscanf(pin[O],"%f',&y[O]); 
for(b= 1 ;b<=N;b++) 
( 

fscanf(pin[O],"%f' ,&x[b]); 
fscanf(pin[O],"%f',&y[b]); 
fscanf(pin [0], "%Id" ,&d[b]); 

1/1 d[b]=50*d[b]; 

void calculate_dc(void) 
{ 

unsigned int h,c; 

dc=(float **)alloc_matrix(N+ l,N+ l,sizeof(float»; 
initial_matrix2(dc,N,N); 

for (b=O;b<=N;b++) 
for (c=b+ 1 ;c<=N ;c++) 
{ 

} 
free(x); 
free(y); 

dc[b][ c ]=(x[b]-x[ c ])*(x[b]-x[ c]); 
dc[b][c]+=(y[b]-y[c])*(y[b]-y[c]); 
dc[b][ c]= 1 OOOOO*sqrt( dc[b][ c]); 
dc[c][b]=dc[b][c]; 

/I Function to free memory allocated for arrays and matrices 

void free_arrays(void) 
{ 

unsigned int n; 
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/I Counter variable 



frec(F); 
frcc(slack); 
n=R[O][O); 
frcc_matrix2(R,n+ I); 
frcc_matrix21 (tv ,Q+ I); 
frcc_matrix21 (tr,Q+ I); 

void free_arrays_op(void) 
( 

} 

unsigned int n; . 

free(Fop); 
free(Sop); 
n=Rop[O][O]; 
free_matrix2(Rop,n+ I); 

void free_arrays3nd(void) 
( 

unsigned int n; 

free(F); 
free(slack); 
n=R[O][O); 
free_matrix2(R,n+ I); 

void choose_routes_ vertices(void) 
{ 

unsigned int XX,X I ,y I ,number,itr,iter,m,same; 
float temp; 
itr=l; 
do 
{ 

feasible=O; 
do 
( 

} 

xl=R[O][O); 
RI=(randO%xl)+I; 
do 
{ 

R2=(randO%xl)+I; 
} 
while (RI==R2); 

while «R[O][R 1]=O)&&(R[O][R2)==O»; 
m=R[O][RI]; 
Gl=(unsigned int *)alkc_vector(m+3,sizeof(int»; 
initial_ vector(GI,m+2); 
m=R[O][R2]; 
G2=(unsigned int *)alloc_ vector(m+3,sizeof(int»; 
initial_ vector(G2,m+2); 
xl=M>R[O][RI]?R[O][RI]:M; 
yl=P>R[O][R2]?R[O][R2]:P; 
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iter=l; 
do 
( 

same=O; 
. changel=change2=O; 

if (yl-O) 

mu=(randO%x 1)+ I; 
else 

mu=rand(}%(x 1 + 1); 
if (mu==O) 

pi=(rand()%y 1)+ I; 
else 

pi=randO%(y 1 + I); 
if «mu=R[OllRI])&&(pi==R[O)[R2]))' 

same=l; 
if (same=O) 
( 

vl=(unsigned int *)alloc_vector(M+ I ,sizeof(int»; 
ini tial_ vector( vI ,M); 

v2=(unsigned int *)alloc_ vector(P+ l,sizeof(int»; 
initial_ vector(v2,P); 
arraycpy(GI,R[RI],R[O][RI]); 
OFI=F[RI]; 
number=R[O][R 1); 
for (m=l;m<=mu;m++) 
( 

} 

xx=(randO%number)+ 1 ; 
GFI+=dc[GI[xx-l])[G 1 [xx+ 1)]-(dc[G 1 [xx-l]][G 1 [xx]J+dc[GI[xx]][G 1 [xx+ 1]]); 
vI [m]=Gl[xx]; 
change l+=d[v 1 [m]); 
change2-=d[ vI [m]]; 
arrayred(GI,xx,number); 
number-; 

if (R[O][RI]=mu) 
GFI=O; 

arraycpy(G2,R[R2],R[O][R2]); 
GF2=F[R2); 
number=R[O][R2]; 
for (m=l;m<=pi;m++) 
( 

} 

xx=(randO%number)+ 1; 
temp=dc[G2[xx-1 ]][G2[xx+ 1 ]]-(dc[G2[xx-1 ])[G2[xxll+dc[G2[xx]) [G2[xx+ 1]]); 

I GF2=GF2+temp; . 
v2[m]=G2[xx); 
change2+=d[v2[m]); 
changel-=d[v2[m]); 
arrayred(G2,xx,number); 
number-; 

if (R[O][R2]=pi) 
GF2=O; 

changel+=slack[RI]; 
change2+=slack[R2]; 
if «changel>=O)&&(change2>=O» 

feasible=l; 
if (feasibJe!=1) 
{ 
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free(v]); 
free(v2); 

iter++; 

while «feasible=O)&&(iter<=itlim»; 
if (feasible!=]) . 
( 

free(G]); 
free(G2); 

itr++; 
} 
while «feasible=O)&&(itr<=itlim»; 
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void insert(unsigned int GR,unsigned int *gec, unsigned int elements, unsigned int *vv, unsigned int vertices, 
float *routcost) 
( 

unsigned int b,c,a,vertexno,nearest,index,nextindex,e; 
float mindist, *dist, inscost, newcost; 
unsigned int *v; 

v=(unsigned int *)alloc_ vector(vertices+ 1 ,sizeof(int»; 
arraycpy(v,vv,vertices); 
b=vertices; 
while (b>O) 
( 

mindist=MAXFLOAT; 
dist=(float *)alloc_ vector(b+ l,sizeof(float»; 
for (c=O;c<=b;c++) 
dist[c}=MAXFLOAT; 

for (c=l;c<=b;c++) 
( 

for (a=O;a<=elements;a++) 
{ 

} 

if (dc[gec[a]][ v[ c]]<dist[c]) 
dist[c]=dc[gec[a]}[ v[ c]]; 

if (dist[c]<mindist) 
( 

vertexno=c; 
mindist=dist[ c]; 

nearest=v[ vertex no]; 
/1/ fprintf(flog,"\ninsert %u into R=%u",nearest,GR); 

inscost=MAXFLOAT; 
if (elements!=O) 
{ 

index=O; 
for (a=] ;a<=elements+] ;a++) 

{ 
nextindex=gec[a]; . 
newcost=dc[index][nearest]+dc[nearest][nextindex]-dc[index][nextindex}; 

if (newcost<inscost) 
{ 



else 
{ 

inscost=ncwcost; 
e=a; 

index=ncxtindcx; 

for (a=elements; a>=e; a--) 
gec[a+ 1 ]=gec[a}; 

gcc[ e ]=nearest; 

gec[ 1 ]=nearest; 
inscost=dc[O][nearest}+dc[nearest}[O]; 

elements++; 
1** fprintf(flog,"\n"); 

for (a=O;a<=elements;a++) 
fprintf(flog, "%u ",gec[a}); 

fprintf(flog,"O "); **1 
arrayred(v, vertexno,b); 
b--; 
*routcost+=inscost; 

11/ fprintf(flog, "/Routcost=%-S.2f' ,*routcost); 
free(dist); 

} 
free(v); 

void twoopt(unsigned int *gec, unsigned int elements, float *routcost) 
{ 

unsigned int a,itr,Il,12,1I,J2,next,last,ahead,index,Bmax; 
unsigned int *ptr; 
float maxI; 

Bmax=(elements+ 1 )*(e1ements-2}f4; 
ptr=(unsigned int *)alloc_ vector(N+ l,sizeof(int»; 
initial_ vector(ptr,N); 
for (a=O;a<elements;a++) 

ptr[gec[a]]=gec[a+ I}; 
ptr[gec[ elements 1l=0; 
itr=I; 
do 
{ 

a=randO%(elements+ 1); 
II=gec[a}; i 
12~ptr[II] ; 

.J 1 =randO%( elements-2); 
if (a==O) 

11+=2; 
else if (a==elements) . 

11++; 
else if (11)=a-I) 

11+=3; 
11=gec[11]; 
J2=ptr[ 11 }; 

11/ fprintf(flog, "\nitr=%u ",itr); 
11/ fprintf(flog, "twoopt arcs=(%u,%u)-(%u,%u), ",1 I,12,11,J2); 

max l=dc[I 1 }[I2]+dc[JI }[J2]-(dc[Il ][111+dc[I2][J2]); 
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1// fprintf(flog," cost saving=%-8.2f' ,max I); 
if (maxl>O) . 
( 

ptr[Il1=] ) ; 
ncxt=12; 
lasl=J2; 
do 
( 

ahcad=ptr[ncxt]; 
ptr[nexl]=last; 
last=next; 
next=ahead; 

while (next!=J2); 
index=O; 
for (a=O;a<=elements;a++) 
{ 

.} 

gec[a]=index; 
indcx=ptr[ index]; 

*routcost-=max) ; 

itr++; 

while (itr<=Bmax); 

free(ptr); 

void tabu3heck(unsigned int *gec.unsigned int r,unsigned int route) 
( 

unsigned int m,n,e; 

tabu=O; 
m=]; 
while «m<=r)&&(tabu==O» 
{ 

for (n=];n<=Q;n++) 
for (e=] ;c<=tv[n)[O];c++) 

m++; 

if «tv[n)[c]==gec[m])&&(tr[n)[c1=route» 
tabu=]; 

I 
void search_neighborhood(void) 
{ 

float Ftemp; 
unsigned int found; 

found=O; 
Ftemp=GFl+GF2+Fprev-F[R] ]-F[R2]; 

/1/ fprintf(flog,"\nFneighbor=%-8.2f' ,Ftemp); 
tabu3heck(v] ,mu,R2); 
if (tabu==O) 

tabu3heck(v2.pi,R] ); 
if {(tabu=] )&&(Ftemp<Fopt» 

found=1; 
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else if ((tabu=O)&&(Ftcmp<Fmin» 
found=); . 

if (found== I) 
( 

neigbul=l; 
Fmin=Ftemp; 
itbest=it; 
update_best_neighbor(); 

else if (neigbu)==O) 
( 

Ftmin=Ftemp; 
itbest=it; 
update_best_neighborO; 

void update_best_neighbor(void) 
( 

unsigned int a; 

RRI=RI; 
RR2=R2; 
rl=R[O][RI]-mu+pi; 
free(GGl); 
GG l=(unsigned int *)alloc_ vector(rl +l,sizeof(int»; 
arraycpy(GG I,G) ,r 1); 
r2=R[0][R2]-pi+mu; 
free(GG2); 
GG2=(unsigned int *)alloc_ vector(r2+ l,sizeof(int»; 
arrayepy(GG2,G2,r2); 
s)aekl=change) ; 
s)aek2=change2; 
GGFI=GFI; 
GGF2=GF2; . 
arraycpy(tl, v l,mu); . 
for (a=mu+l ;a<=M;a++) 

tI[a]=O; 
t 1 [M+ 1 ]=mu; 
arrayepy(t2,v2,pi); 
for (a=pi+ 1 ;a<=P;a++) 

t2[a]=O; 
t2[P+ I ]=pi; 

void update_tabu_list(void) 
{ 

unsigned int e,m,n; 

if (tv[O][O]<Q) 
tv[O][O]++; 

for (n=lv[O][O];n> 1 ;n--) 
{ 

for (m=O;m<=tv[ncl][O];m++) 
{ 

tv[n][m]=tv[n-l ][m]; 
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tr[n][m]=tr[n- I ][m]; 
} 
for (m=tv[n- I ][0]+ I ;m<=tv[n][O];m++) 
( 

tv[n][m]=O; 
tr[n][ml=O; 

initial_ vector(tv[ I ],M+P); 
initial_ vector(tr[ I ],M+P); 
for (c= I ;c<=t I [M+ I ];c++) 
{ 

tr[ I ][c]=RR I; 
tv[l][c]=tl [c]; 
tv[ I ][0]++; 

} 
n=tl[M+I]; 
m=t2[P+I]; 
for (c=n+ I ;c<=n+m;c++) 
( 

tr[l][c]=RR2; 
tv[ 1][c]=t2[c-n]; 
tv[1 ][0]++; 

void update_route_list(void) 
( 

unsigned int n; 

arraycpy(R[RR I ],GG I,r I); 
for (n=r1+ I ;n<=R[O][RRI];n++) 

R[RRI][n]=O; 
arraycpy(R[RR2],GG2,r2); 
for (n=r2+ I ;n<=R[O][RR2];n++) 

R[RR2] [n]=O; 
R[O][RRl]=r1 ; 
R[O] [RR2]=r2; 
slack[RR I ]=slack I; 
slack[RR2]=slack2; 
F[RR l]=GGFI; 
F[RR2]=GGF2; 

\ 

void check3mpty_routes(void) 
{ 

unsigned int n,m,a,c; 

if «R[0][RRI]==0)II(R[0][RR2]=O» 
( 

m=R[O][RRI]==O?RRI :RR2; 
n=R[O] [0]; 
arrayredf(F,m,n); 
arrayredl(slack,m,n); 
for (n=m;n<R[O][O];n++) 
{ 

for (c=O;c<=R[O][n+I];c++) 
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else 
{ 

R[n][c]=R[n+ l](c]; 
for(c=R[O][n+ 1]+ I ;c<=R[O][n];c++) 

R[n][c]=O; 
R[O][n]=R[O][n+ I]; 

initial_ vector(R[ n ],N); 
R[O][n]=O; 
for (a=m;a<R[O](O];a++) 

for (n= I ;n<=Q;n++) 
for (c=l ;c<=tv[n][O];c++) 

if (tr[n][c ]==a+ I) 
tr[n][c]=a; 

n=R[O](O]; 
if (R[Ol[ n-l ]==0) 
{ 

R[O][O]--; 
free(R[n]); 

m=R[O][O]; 
if «R[O][m]>O)&&(m<N» 
{ 

m++; 
R[m]=(unsigned int *)alloc_ vector(N+ l,sizeof(int»; 
initial_ vector(R[m],N); 
R[O] [0]++; 
R[O] [m]=O; 

void initialize_neighborhood_search(void) 
{ 

GG I=(unsigned int *)alloc:.... vector(N+2,sizeof(int»; 
GG2=(unsigned int *)alloc_vector(N+2,sizeof(int»; 

/I initial_vector(GGl ,N+ I); 
/I initial_ vector(GG2,N+ I); 

tl=(unsigned int *)alloc_vector(M+2,sizeof(int»; 
ini tial_ vector( t I,M + I ); 
t2=(unsigned int *)alloc_ vector(P+2,sizeof(int»; 
initial_ vector(t2,P+ 1); 
RRI=RR2=0; I 

slackl=slack2=O; 
GGfl=GGF2=0; 
rl=r2=0; 
Fmin=Ftmin=MAXFLOAT; 
neigbul=O; 
itbest=O; 

void neighborhood_search( void) 
{ . 

unsigned int number,a,m,n; 

initialize_neighborhood_searchO; 
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for (it=) ;it<=gama;it++) 
{ 

choosc_routes_ verticesO; 
if (fcasiblc= I) 
( 

1** fprintf(flog."\n\nNcighbor%u:" .it); 
fprintf(flog."\nR I =%ul".R I); 
for(a= I ;a<=mu;a++) 

fprintf(flog ... %u .... vl [a]); 
fprintf(flog." mu=%u ".mu); 
fprintf(flog." GF) =%-S.2f' ;GFI); 
fprintf(flog."\nR2=%uI" .R2); 
for(a= I ;a<=pi ;a++) 

fprintf(flog ... %u .... v2[a]); 
fprintf(flog." pi=%u".pi); 
fprintf(flog." GF2=%-S.2f' .GF2); **1 
number=R[OHR) ]-mu; 
insert(R I.G I .number.v2.pi.&GF); 
number=R[OHR I ]-mu+pi; 

1// display(RI.G l.number.&GFI); 
if (number>=3) 

twoopt2(G l.number.&GFI); 
number=R[ 0] [R2]-pi; 
insert(R2.G2.number. v l.mu.&GF2); 
number=R[0][R2]-pi+mu; 

III display(R2.G2.number.&GF2); 

} 

if (number>=3) 
twoopt2(G2.number.&GF2); 

search_neighborhoodO; 
free(Gl); 
free(G2); 
free(vl ); 
free(v2}; 

if (feasible=l) 
{ 

if (neigbul==O) 
Fmin=Ftmin; 

update_route_listO; 
check3mpty _TOutesO; 
update_tabu_listO; 
Fprev=Fmin; 
if (Fmin<Fopt) 
{ I 

. Fopt=Fmin; 
matrixcpy RopRO; 
arraycpy2(Fop.F .N}; 
arraycpy3(Sop.slack.t~}; 

pop=p; 

1** fprintf(flog. "\n\nNcighbor Search Results:"}; 
fprintf(flog."\nBest neighbor=Neighbor%u".itbest); 
fpriIitf(flog."\nTotal Routes:%u" .R[OnO]); 
fprintf(flog."\nRoute Matrix\n"); 
for(m=l ;m<=R[O][O];m++) 
{ 
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for(n=O;n<=R[O)[m);n++ ) 
( 

fprintf(flog,"%u ",R[m)[n)); 
) 
fprintf(flog,"O /"); 
fprinlf(flog,"slac k=% Id IFroutc=%-8. 2f\n ,; ,slac k [m ).F[ m»; 

} **1 
11/ fprintf(flog,"\n%-5u % 15.2f',p,Fprcv); 
11/ display_tabuO; 
11/ fprintf(flog,"% J5.2f %-6u" ,Fort,pop); 

frce(GGI); 
frce(GG2); 
frcc(t I); 
frce(12); 

void initial_solution(void) 
( 

unsigned int numin.jj; 

Qlow=5; 
Qup=lO; 
Q=randO'k(Qup-Qlow+ 1); 
Q=Qlow+Q; . 
Q=N/2; 
numin=ceiI(sqrt(N)/2); 
alIocale_initiaIO; 
for (jj= I ;jj<=numin;jj++) 
( 

1/1 fprintf(flog,"\n*****InitiaI soIution=%u******" jj); 
generate_initiaCsolutionO; 
firsUmprovementO; 
check_besUnitial(&jj); 
free_arraysO; 
free_arrays_op(); 

allocate_slartingpoint(); 
prepare_initiaI(); 

1/1 fprintf(flog,"\n\n**********BEST STARTING SOLUTION**********"); 
1/1 display_route(R,sIack,F,Fprev); 

free(Iiste ); 

void aIIocate_initiaI(void) 
{ 

unsigned int a; 

Ri[O]=(unsigned int *)aIloc_ veclor(N+ l,sizeof(int»; 
Fi=(float *)aIloc_ vector(N+ l,sizeof(floal); 
Si=(Iong *)alloc_vector(N+ l,sizeof(long»; 
for (a=O;a<=N;a++) 

Si[a]=cap; 
initial_ vector2(fi,N); 
initial_ vector(Ri[O],N); 
Fin=MAXFLOAT; 
nopt=O; 
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void gcncratc_initial_solution(void) 
( 

unsigncd int x I,y I,m,n,a,k; 

R[O]=(unsigncd int *)alloc_ vector(N+ I,sizcof{int»; 
R[ 1 ]=(unsigncd int *)alloc_ vector(N+ I,sizcof(int»; 
tv=(unsigncd int **)alloc_matrix(Q+ I,M+P+ I,sizcof(int»; 
tr=(unsigncd int **)alloc_matrix(Q+ l,M+P+ I,sizcof(int»; 
initial_matrix(tr,Q,M+P); 
initial_matrix(tv,Q,M+P); 
F=(float *)alloc_ vcctor(N+ I,sizeof(float»; 
slack={Iong *)alloc_ vector(N+ I,sizeof(long»; 
for (a=O;a<=N;a++) 

slack[a]=cap; 
initiaC vcctor2(F,N); 
initial_ vector(R[O],N); 
initial_ vector(R[ I ],N); 
Fprev=O; 
y 1 =(randOlk Iiste[O])+ I; 
xl =Iiste[y I]; 
arrayred{liste,y I,N); 
liste[O]--; 
m=l; 
n=l; . 
for (a=x I ;a<=N ;a++) 
{ 

} 

if (slack[m]<d[a]) 
( 

m++; 
R[m]=(unsigned int *)alloc_ vector(N+ I,sizeof(int»; 
initial_ vector(R[m],N); 
n=l; 

} 
slack[m]-=d[a]; 
R[m][n]=a; 
n++; 
R[O][m]++; 

for (a= 1 ;a<=x 1-1 ;a++) 
{ 

} 

if (slack[m]<d[a]) 
( 

m++; 
R[m]:~(unsigned int *)alloc_ vector(N+ l,sizeof(int»; 
initial_ vector(R[ m],N); 
n=l; 

} 
slack[m]-=d[a]; 
R[m][n]=a; 
n++; 
R[O] [m]++; 

if (m<N) 
( 

R[O][OJ=m+l; . . 
R[m+ 1 J=(unsigned int *)alloc_ vector(N+ 1.slzeof(mt»; 

initial_ vector(R[m+ 1 J.N); 
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else 
R[O][O]=m; 

for (m=] ;m<=R[O][O];m++) 
( 

for (a=O;a<R[O][m];a++) 
F[m]+=dc[R[m][a]][R[m][a+ I]]; 

F[m]+=dc[R[m][R[O][m)]][O); 
Fprev+=F[m]; 

11/ displaY_TOute(R,slack,F,Fprev); 
. Rop[O]=(unsigned int *)alloc_ vector(N+ I ,sizeof(int»; 

initial_ vector(Rop[O],N); 
Fop=(float *)alloc_ vector(N+ I ,sizeof(float»; 
$op=(Iong *)alloc_ vector(N+ I ,sizeof(long»; 
matrixcpyRopRO; 
arraycpy2(Fop,F,N); 
arraycpy3(Sop,slack,N); 
Fopt=Fprev; 

void first)mprovement(void) 
{ 

alfa=N; 
gama=5; 
for (p=] ;p<=alfa;p++) 
( 

II/ fprintf(flog, "\n\nIteration=%u" ,p); 
neighhorhood_searchO; 

void check_besUnitial(unsigned int *e) 
. { 

unsigned int n; 

if (Fopt<Fin) 
( 

} 

nopt=*e; 
arraycpy2(Fi,Fop,Rop[0][0]); 
arraycpy3(Si,Sop,Rop[0][O]); 
for (n=Rop[O] [0]+ ] ;n<=Ri [0] [O];n++ ) 
{ 

Fi[n]=O; 
Si[n]=O; 

} 
matrixcpyRiRopO; 
Fin=Fopt; 

11/ fprintf(flog,"%-15.2f %-6u" ,Fin,nopt); 

} 

void allocate_startingpoint(void) 
( 

R[Ol=(unsigned int *)alloc_ vector(N+ I ,sizeof(int»; 

initiaC vector(R[Ol,N); 
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F=(float *)alloc_ vcctor(N+ 1 ,sizeof(float»; 
slack=(Iong *)alloc_vector(N+ 1 ,sizeof(long»; 

void prcpare_initial(void) 
( 

unsigned int n; 
matrixcpy RRiO; 
arraycpy2(F,Fi,N); 
arraycpy3(slack,Si,N); 
free(Si); 
free(Fi); 
n=Ri[O](O]; 
free_matrix2(Ri,n+ 1); 
Fprev=Fin; 

void display_input(void) 
( 

unsigned int i,a; 

fprintf(flog, "\nDEMAND AND DISTANCE MATRIX"); 
fprintf(flog, "\n"); 
fprintf(flog," "); 
fprintf(flog,"q "); 
for (i=O;i<=N;i++) 

fprintf(flog, "%-7u" ,i); 
for (i=];i<=N;i++) 
( 

. fprintf(flog,"\n"); 
fprintf(flog, "%-3u" ,i); 
fprintf(flog,"%-6Id" ,d[i]); 
for (a=O;a<=i-] ;a++) 

fprintf(flog,"%-7 .2f' ,dc[i](a]); 

void display_route(unsigned int **gecl,long *gec2,float *gec3,float Ftot) 
( . 

. } 

unsigned int m,n; 

fprintf(flog, "\nRoute Matrix\n "); 
for (m=] ;m<=gecl [OUO];m++) 
{ 

} 

for (n=O;n<=gec1 [OUm];n++) 
fprintf(flog,"%u ",gec1 [mUn]); 

. fprintf(flog,"O r); 
fprintf(flog, "slack=%ld IFroute=%-] S.2f\n" ,gec2[m],gec3[m]); 

fprintf(flog, "Ftotal=%-lS.2f' ,Ftot); 

void display(unsigned int GR,unsigned int *gec, unsigned int elements, float *routcost) 
{ 

unsigned int a; 
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} 

fprintf(flog,"\nR=%u I" ,GR); 
for (a=O;a<=elemcnts;a++) 

fprintf(nog,"%u· ",gce[a)); 
fprintf(flog,"OI Routeeost=%-8.2f', *routcosl); 

void matrix_allocation(unsigned int **gec,unsigned int rows,unsigned int columns) 
{ 

unsigned int a; 

for(a=O;a<rows;a++ ) 
gec[al=(unsigned int *)alloc_ vector( columns,sizeof(int»; 

void display_tabu(void) 
{ 

unsigned int c,m; 

fprintf(flog,"\nTABU LIST"); 
. for (c=J;c<=Q;c++) 

{ 
fprintf(flog,"\n"); 
for (m=l;m<=tv[c][O];m++) 

fprintf(flog, "(%u1%u)," ,tr[ c ][m],tv[ c ][m)); 

void route_up(unsigned int nn) 
{ 

unsigned inti; 

for (i=O;i<=R[O][nn+ I ];i++) 
R[nn][i]=R[nn+ l][i]; 

for (i=R[O][nn+ll+ 1 ;i<=R[O][nn];i++) 
R[nn][i]=O; 

void matrixcpyRopR(void) 
{ 

unsigned int i,b,a,al; 

a=Rop[O][O]; 
free_matrix2(Rop,a+ I); 
a=R[O][O]; 
for (b=O;b<=a;b++) 
{ 

. al=R[O][b]; 
Rop[b]=(unsigned int *)alloc_ vector(al + I ,sizeof(int»; 

for (i=O;i<=a I ;i++) 
Rop[b][i]=R[b ][i]; 

void matrixcpyRiRop(void) 

{ 
unsigned int i,b,a,al; 

a=Ri[OnO]; 
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free_matrix2(Ri,a+ J); 
a=Rop[O](O]; 
for (b=O;b<=a;b++) 
( 

aJ=Rop[O](b]; 

Ri[b]=(unsigncd int *)alloc_vector(aJ+ J,sizcof(int)); 
for (i=O;i<=a J ;i++) 

Ri[b ][i]=Rop[b](i]; 

void matrixcpyRRi(void) 
{ 

unsigned int i,b,a; 

if (Ri[O][O]<R[O](O]) 
{ 

else 
{ 

for (b=O;b<=Ri[O][O];b++) 
{ 

} 

for (i=O;i<=Ri[O][b};i++) 
R[b ][i]=Ri[b ][i]; 

for (i=Ri[O][b]+ J ;i<=R[O][b];i++) 
R[b][i]=O; 

for (b=Ri[O] [0]+ ] ;b<=R[O][O];b++) 
free(R[b]); 

a=R[O][O]; 
for (b=O;b<=a;b++) 
{ 

} 

for (i=O;i<=Ri[O][b};i++) 
R[b][i]=Ri[b][i]; 

for (i=Ri[O][b]+] ;i<=R[O][b];i++) 
R[b][i]=O; 

for (b=a+] ;b<=Ri[O][O];b++) 
( 

R[b]=(unsigned int *)alloc_vector(N+] ,sizeof(int»; 
initiaC vector(R[b ],N); 
for (i=O;i<=Ri[O][b];i++) 

R[b][i]=Ri[b][i]; 

void matrixcpyRRop(void) 
{ 

unsigned int i,b,a; 

if (Rop[O] [O]<R[O] [0]) 
{ 

for (b=O;b<=Rop[O][O];b++) 
{ 

for (i=O;i<=Rop[O][b};i++) 
R[b ][i]=Rop[b ][i]; 

for (i=Rop[O] [b]+ ] ;i<=R[O][b];i++) 
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else 
{ 

R[b](i)=O; 
} 
for (b=Rop[O)[O)+ I ;b<=R[O](O);b++) 

free(R[b)); 

. for (b=O;b<=R[O](O);b++) 
{ 

for (i=O;k::Rop[O](b);i++) 
R[b )[i)=Rop[b ](i); 

for (i=Rop[O](b)+ I ;k=R[O](b);i++) 
R[b][i)=O; 

} 

for (b=R[O)[O)+1 ;b<=Rop[O][O);b++) 
{ 

R[b )={unsigned int *)alIoc_\'ector(N+ I ,sizeof(int»; 
initial_ vector(R[b ),N); 
for (i=O;k=Rop[O][b);i++) 

R[b)[i)=Rop[b)[i); 

void prepare_liste(void) 
{ 

unsigned inta; 

Iiste=(unsigned int *)alloc_ vector(N+ I ,sizeof(int»; 
for (a=O;a<=N;a++) 

liste[a)=a; 
liste[O]=N; 

void caIculate_inlen(void) 
{ 

unsigned int a; 
long cumdem; 
float temp; 

cumdem=O; 
for (a=l;a<=N;a++) 
{ 

cumdem+'7d[a); 
} 

11/ fprintf(flog, "\ncumdem='7c1d" ,cumdem); 
temp=cumdem* 1.OO/cap; 

11/ fprintf(flog, "\ncumdemlcap=%-8.2f cap=%ld" ,temp,cap); 
mlow=ceil(temp ); 
inlen=sqrt(mlow*N); 

11/ . fprintf(flog,"\ninlen=%u",inlen); 
} 

void solution_improvement(void) 
{ 

Qlow=IO; 
Qup=20; 
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Q=randO~,(Qup-Qlow+ I); 
Q=Qlow+Q; 
Q=NI2; 
alfa=50*N; 
gama=N*mlowl2; 
allocate_opO; 
tv=(unsigned int **)aIloc_matrix(Q+ I ,M+P+ I ,sizcof(int»; 
tr=(unsigncd int **)alloc_matrix(Q+ I ,M+P+ I,sizcof(int»; 
initial_matrix(tr,Q,M+P); 
initial_matrix(tv,Q,M+P); 

//1 fprintf(flog,"\n***********Solution Improvement**********"); 
for (p= 1 ;p<=alfa;p++) 
{ , 

11/ fprintf(flog, "\n\niteration=%u" ,p); 
ncighborhood_searchO; 

/1/ display _TOute(Rop,Sop,Fop,Fopt); 
free_arrays_opO; 

void allocate_op(void) 
{ 

Rop[O)=(unsigned int *)alloc_vector(N+ 1 ,sizeof(int»; 
initial_ vector(Rop[O),N); 
Fop=(float *)alloc_ vector(N+ l,sizeof(float»; 
Sop=(1ong *)alloc_ vector(N+ l,sizeof(1ong»; 
matrixcpyRopRO; 
arraycpy2(Fop,F,N); 
arraycpy3(Sop,slack,N); 
Fopt=Fprev; 

void il_allocation(void) 
{ 

RR=(unsigned int ***)d3alloc(inlen+ 1); 
FF=(float **)d2alloc(inlen+ 1);. 
SS=(1ong **)d2alloc(inlen+l); , 
il=(unsigned int *)alloc_ vector(inlen+ l,sizeof(int»; 
initial_ vector(il,inlen); 

void search_il(void) 
{ 

unsigned int i,a,found; 

rr=0'; 
i=l; 
found=O; 
while «i<=il[OD&&(found==O» 
{ 

} 

a=il[i); 
if (Fprev<FF[a][O]) 

found=l; 
else 

i++; 

if «found= 1 )1I(inlen>il[O))) 
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rr=i; 

void updatc_il(void) 
{ 

. } 

unsigncd int i,a,k,tcmp; 

rrr=O; 
if (rr!=O) 
{ 

if (il[O]dnlen) 
( 

else 
( 

for (i=il[O];i>=rr;i--) 
il[i+ I]~il[i]; 

il[O]++; 
il[rr]=iI[O); 

rrr=i1[inlen]; 
for (i=iI[O);i>rr;i--) 

i1[i]=i1[i-] ]; 
il[rr]=rn; 

void allocate_il(void) 
( 

unsigned int ii,tt; 

if (rr!=O) 
( 

if (rn!=O) 
( 

else 

jj=RR[rn][O)[O]; 
free_matrix2(RR[rn].ii+] ); 
free(FF[ rn J); 
free(SS[rnJ); 
kk=rn; 

kk=i1[rr]; 
ii=R[O][O]; 
RR[kk]=(U11signed int **)d2alloc(jj+]); 
FF[kk]=(float *)alloc_ vector(jj+] ,sizeof(float»; 
'SS[kk]=(long *)alloc_ vector(jj+] ,sizeof(long»; 
for (tt=O;tt<=R[O][O);tt++) 
( 

ii=R[OJ[tt]; 
RR[kk][u]=(unsigned int *)alloc_ vector(jj+] ,sizeof(unsigned int»; 

void assign_il(void) 
{ 

unsigned intjj,tt; 
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if (rr!=O) 
{ 

for (tt=O;tt<=R[O) [O];t\++ ) 
( 

} 

ii=R[O][tt); 
arraycpy(RR[kk][II],R[It],jj); 

arraycpy2(FF[kk),F,R[O][O]); 
FF[kk][O]=Fprev; 
arraycpy3(SS[kk],slack,R[O][0); 

void keep_solution(void) 
( 

search_iIO; 
update_iIO; 
allocate_iIO; 
assignjlO; 

void neighborhood_search2(void) 
{ 

unsigned int number,b,m,n; 

Fp=MAXFLOAT; 
initialize_neighborhood_sean;hO; 
for (it=];it<=gama;il++) 
( 

choose_routes_ verticesO; 
if (feasible=]) 
( 

fprintf(flog, "\n\nNeighbor%u:" ,it); 
fprintf(flog, "\nR I =%ul" ,R I); 
for(b=l;b<=mu;b++ ) 

fprintf(flog,"%u,",vl [b)); 
fprintf(flog," mu=%u ",mu); 
fprintf(flog," GFI=%-S.2f',GFl); 
fprintf(flog, "\nR2=%uI" ,R2); 
for(b=] ;b<=pi;b++) 

fprintf(flog, "%u, ", v2[b)); 
fprintf(flog," pi=lku",pi); 
fprintf(flog," GF2=%-S.2f' ,GF2); 
number=R[O][R I )-mu; 
inserteR] ,G I ,number,v2,pi,&GFI); 
number=R[O][RI]-mu+pi; 
display(RI ,G I ,number,&GFI); 
if (number>=3) 

lwoopt2(G I ,number,&GFl); 
number=R[O][R2)-pi; 
insert(R2,G2,number,vl,mu,&GF2); 
number=R[O)[R2]-pi+mu; 
display(R2,G2,number,&GF2); 
if (number>=3) 

lwoopt2(G2,number,&GF2); 
search_neighborhoodO; 
free(Gl); 
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11/ 

) 

frec(G2); 
frcc(v I); 
frcc(v2); 

if (feasible:: 1) 
{ 

else 

jf (Fmin==MAXFLOAT) 
Fmin=Ftmin; 

if «Fmin>Fprev)&&(Fp>Fprev» 
( 

keep_solutionO; 
fprintf(flog,"\n 

update_route_listO; 
check_empty _routesO; 
update_tabu_listO; 
Fp=Fprev; 
Fprev=Fmin; 
if (Fmin<Fopt) 
( 

======'\it"); 

Fopt=Fmin; 
matrixcpyRopRO; 
arraycpy2(Fop,F,N); 
arraycpy3(Sop,slack,N); 
pop=p; 

fprintf(flog,"\n!!!!!!!!!!!! !no improvement!!!!!!!!!!! !"); 
1* fprintf(flog,"\nNeighbor Search Results:"); 

fprintf(flog, "\nBest neighbor=Neighbor%u" ,itbest); 
fprintf(flog,"\nTotal Routes:%u",R[O][O]); 
fprintf(flog,"\nRoute Matrix\n"); 
for(m= 1 ;m<=R[O] [0] ;m++) 
( 

for(n=O;n<=R[O] [m ];n++) 
( 

. fprintf(flog,"%u ",R[m][n]); 
} 
fprintf(flog, "0 I"}; 
fprintf(flog,"slack=%ld IFroute=%-8.2t\n",slack[m],F[m]); 

} */ 
fprintf(flog,"\n%-6u %-S.2f',p,Fprev); 

III display_tabuO; 
fprintf(flog, "%-S.2f %-6u" ,Fopt,pop); 
free(GGI); 
free(GG2); 
free(tl ); 
free(t2); 

void display_i1(void) 
{ 

unsigned int b,k,I,n,m; 

for (b=l ;b<=il[O];b++) 
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m=il[b); 
k=RR[m)[OJ[O); 
fprintf(flog,"\n"); 
for (1=1 ;1<=k;I++) 
( 

fprintf(flog,"\n"); 
for (n= 1 ;n<=RR[mJ[OJ[I];~++) 

fprintf(flog,"%u ",RR(m][l][n)); 

void inlensification(void) 
( 

unsigned int jj; 

free_array sO; 
Qlow=5; 
Qup=lO; 
Q=randO%(Qup-Qlow+ I); 
Q=Qlow+Q; 
Q=N/2; . 
allocate_initiaIO; 
for (jj= 1 ;jj<=i1[O];jj++) 
( 

} 

fprintf(flog, "\n ****** *****Intensification Solution=%u * * * * * * * * * *" jj); 
generate_intensification_solution(&jj); 
display _TOute(R,slack,F,Fprev); 
intensifyO; 
check_besUnitial(&jj); 
free_arraysO; 
free_arrays_opO; 

. free(RR); 
free(SS); 
free(FF); 
allocate_startingpointO; 
prepare_initiaIO; 
fprintf(flog,"\n\n*******"'******BEST SOLUTION"'*********"'*****"); 
display _route(R,slack,F,Fprev); 

void generate_intensification_solution(unsigned int *e) 
( .! 

unsigned int m,n,k,l; 

m=i1[*e); 
n=RR[m) [0)[0); 
for (k=O;k<=n;k++) 
( 

} 

R[k)=(unsigned int *)alloc_ vector(N+ 1 ,sizeof(int»; 
initial_ vector(R[k),N); 
I=RR[mJ[O)[k); 
arraycpy(R[k),RR[m) [k),l); 

tv=(unsigned int **)alloc_matrix(Q+ 1 ,M+P+ J ,sizeof(int»; 
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Ir=(unsigncd inl **)alloc_malrix(Q+ I,M+P+ I,sizcof(inl»; 
iniliaCmatrix(tr,Q,M+P); 
initial_matrix(tv,Q,M+P); 
F=(float *)alloc_ vcclor(N+ I,sizeof(float»; 
slack=(Iong *)alloc_ vcctor(N+ I,sizcof(long»; 
for (k=O;k<=N;k++) 

sJack[kJ=cap; 
arraycpy3(sJack,SS[m),n); 
iniliaC veclor2(F,N); 
arraycpy2(F,FF[ m ),n); 
Fprc\'=FF[m)[O); 
k=RR[m][O)[O); 
frcc~malrix2(RR[m),k+ I); 
free(FF[m)); 
frce(SS[m)); 

1/1 display_routc(R,slack,F,Fprev); 
Rop[O)=(unsigned int *)alloc_ \'ector(N+ I,sizeof(int»; 
initiaI_ vector(Rop[O),N); 
Fop=(floal *)aIIoc_ vector(N+ I,sizeof(float»; 
Sop=(Iong *)alloc_ vector(N+ l,sizeof(Jong»; 
matrixcpyRopRO; 
arraycpy2(Fop,F,N); 
arraycpy3(Sop,slack,N); 
Fopt=Fprev; . 

void intensify(void) 
{ 

alfa=N; 
gama=N*mlowl2; 
for (p=I;p<=alfa;p++) 
{ 

II/ fprintf(flog,"\n\nlteration=%u" ,p); 
neighborhood_searchO; 

void twoopt2(unsigned int *gec, unsigned int elements, float *roUlcost) 
{ 

unsigned int a,b,I I ,I2,J 1,J2,S I,S2,TI,T2,next,Iast,ahead,index,limit; 
unsigned int *ptr; 
floal max 1 ,max; 

ptr=(unsigned int *)aIJoc_ \,ector(N+ I,sizeof(int»; 
initiaI_ vector(ptr,N); 
for (b=O;b<elements;b++) 

pt~[gec[b ]]=gec[b+ I); 
ptr[gec[ elements ]]=0; 
do 
{ 

max=O; 
11=0; 
for (a=0;a<=elements-2;a++) 
( 

Iimit=a==O?elements-I :elements; 
12=ptr[Il]; 
Jl=ptr[I2); 
for (b=a+2;b<=Iimit;b++) 

168 



J2=ptrpJ]; 
max I=dclll ][I2)+dc[J 1][J2)-(dc[I I lIJ I )+dc[12][J2]); 
if (max I>max) 
{ 

SI=I1; 
S2=12; 
TI=JI; 
T2=J2; 
max=maxl; 

} 
JI=]2; 

} 
11=12; 

if (max>O.O) 
{ 

ptr[SI)=TI; 
next=S2; 
Jast=T2; 
do 
( 

ahead=ptr[next); 
ptr[next]=Jast; 
last=next; 
next=ahead; 

while (next!=T2); 
*routcost-=max; 

1** fprintf(flog,"\ntwoopt arcs=(%u, %u)-(%u, %u), ",S I ,S2,Tl,T2); 
fprintf(flog," cost saving=%-8.2f',max); 

} 

index=O; 
fprintf(flog,"r); 
for (b=O;b<=elements;b++) 
( 

} 

fprintf(flog,"%u ",index); 
index=ptr[index]; 

fprintf(flog,"O "); 
fprintf(flog,"!Routcost=%-8.2f', *routcost); **1 

while (max>O); 
index=O; 
for (b=O;b<=elements;b++) 
{ 

gec[b ]:c::index; 
index=ptr[index]; 

} 
free(ptr); 

]69 
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