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Welcome to IBM ILOG Dispatcher

This chapter introduces IBM® ILOG® Dispatcher. Init, you will learn:
O what Dispatcher is

0O how to useit with Solver in amethodical way

O what isin this manual and how to use it with the reference manual

O whereto find more information

If you are aready familiar with Solver, then you know first-hand the advantages of that
generic tool for object-oriented constraint programming. It provides alibrary of re-usable
and maintainable C++ classes that can be exploited just as they are or extended to meet
special needs.

What is Dispatcher?

So, what exactly is Dispatcher? It's a C++ library based on Solver, so it exploits all the
facilities of object-orientation and constraint programming, too. One product is meant to
work in combination with the other, and this manual aims to show you, through
programming examples, exactly how to exploit this powerful combination.

Dispatcher offers features especially adapted to solving problems in vehicle routing and
maintenance-technician dispatching. There are, for example, classes of objects particularly
designed to represent such aspects as routing plans themselves, their visits, their vehicles,
and their constraints, such as capacity or time-window constraints. Dispatcher offers you a
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workbench of tools that tackle the issues inherent in vehicle routing and maintenance-
technician dispatching in a straightforward manner.

One of the main advantages of constraint programming is that it enables you to represent
your problem explicitly, so that your problem representation serves simultaneously as a
declarative specification. This congruence between the problem specification and the
problem representation guarantees that the resolution of the constraints does, indeed, solve
the problem as defined. In other words, thereisno “dlip” between the model of the problem
and the implementation of its solution. Dispatcher, like Solver, embodies this advantage of
modeling and solving in aready-to-use library of tools.

How to Use Dispatcher with Solver

We mentioned that Dispatcher is based on Solver. What does this mean in practice? On the
whole, in Dispatcher, you'll find predefined classes of objects that will adequately and
accurately represent aspects of your vehicle routing or technician dispatching problem. For
special purposes, however, you can easily extend Dispatcher by defining additional classes
yourself to represent objects particular to your problem.

In addition, if your routing problem includes unusual constraints not adequately represented
by the standard Solver routing constraints described in this manual, you can define
additional constraints that are specific to your problem.

Then with your problem well represented in the object model, you will use the control
primitives of Dispatcher to solve the problem. In other words, you will implement aheuristic
search procedure using the predefined features of Dispatcher. Throughout this manual, you
will find examples of how to use the control primitives of Dispatcher to search for a solution.

About this manual

Thisisthe IBM ILOG Dispatcher User’s Manual. It is composed of lessonsthat use a
procedural-based learning strategy. Each lesson is built around a sample problem, and a user
works on a partially completed code example. Asyou follow the stepsin the lesson, you
complete the code and learn about concepts. Then, you compile and run the code and
analyze the results. At the end of each lesson, there are review exercises.

The manua is designed to be used by C++ programmers who may or may not have any
knowledge of constraint programming. The ideal usage context for this manual is sitting in
front of your computer, with Dispatcher installed. You work through the lessons and
exercises.

If you are anovice Dispatcher user, start at the beginning of this manual, since the lessons
build on each other. If you are amore experienced Dispatcher user, you can jump ahead to a
later part of the manual, focusing on more advanced topics.
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How this manual is organized

This manual is divided into four parts:

0O Partl, The Basics

O Part |, Transportation Industry Solutions

0 Partl, Field Service Solutions

O Part |, Developing Dispatcher Applications

Prerequisites

Dispatcher requires aworking knowledge of C++. However, it does not require you to learn
anew language since it does not impose any syntactic extensions on C++,

If you are experienced in constraint programming or operations research, you are probably
aready familiar with many concepts used in this manual. However, no experiencein
constraint programming or operations research IBM ILOG is required to use this manual.

You should have IBM ILOG Dispatcher, IBM ILOG Solver and IBM ILOG Concert
Technology installed in your development environment before starting to use this manual.
You should be able to compile, link, and execute a sample program provided with
Dispatcher before starting to use this manual. For more information, see the sections
Installing IBM ILOG Dispatcher and Linking IBM ILOG Dispatcher.

Related documentation

The following documentation shipswith IBM ILOG Dispatcher and will be useful for you to
refer to as you complete the lessons and exercises:

0O ThelBM ILOG Dispatcher Reference Manual fully documents all the Dispatcher C++
classes and member functions used in the User’'s Manual. The Reference Manual also
explains certain concepts more formally. The Reference Manual provides the last word
on any given topic.

Installing IBM ILOG Dispatcher

In this manual, it is assumed that you have already successfully installed the Dispatcher,
Solver, and Concert Technology libraries on your platform (that is, the combination of
hardware and software you are using). If thisis not the case, you will find installation
instructions in the jacket of the CD-ROM of the standard distribution of Dispatcher. The
instructions cover all the details you need to know to install Dispatcher, Concert Technology
and Solver on your system.
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Linking IBM ILOG Dispatcher

When you use Dispatcher, you link the Dispatcher, Solver, and Concert Technology libraries
to your application. The command that you use for linking depends on your platform. In the
standard distribution of the product, you will find afile that contains details appropriate to
your platform and that points you toward a subdirectory containing a suitable makefile or
project. If you are using UNIX, you will find the information in Your Di spat cher Hone/
README; on a PC, you will find comparable information in Your Di spat cher Horre/
readme. ht m

Typographic and naming conventions

The names of types, classes, and functions defined in the library beginwithiloori | c.
Those beginning with Ilo are predefined modeling and solving classes, functions, and types
provided with Dispatcher, Solver, and Concert Technology. You can use classes, functions,
and typesin the Solver library that begin with Ilc to customize your code and extend the
library.

The name of aclassiswritten as concatenated words with the first |etter of each word in
upper case. For example,

Il ol nt Var

A lower case letter begins the first word in names of arguments, instances, and member
functions. Other words in the identifier begin with an upper case |etter. For example,

Il ol ntVar aVar;
I'l ol nt Var Array: : add;

Names of data members begin with an underscore, like this:

class Bin {

public:

Il ol nt Var _type;

I'l ol nt Var _capacity;

IlolntVarArray _contents;

Bin (Il oModel nmod,
IlolntArray Capacity,
I'l ol nt nTypes,
Il ol nt nConponents) ;

voi d display(const Il oSolver sol);

h

Generally, accessors begin with the key word get . Accessors for Boolean members begin
withi s. Modifiers begin with set .
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To make porting easier from platform to platform, Concert Technology isolates
characteristics that vary from system to system. For that reason, use the following names for
basic typesin C++:

O I1olnt standsfor signed long integers

O 11 oAny standsfor pointers (voi d*)

O 11 oNumstands for double precision floating-point values

O 11 oBool standsfor Boolean values: | | oTrue and 1 | oFal se

You are not obliged to use these identifiers, but it is highly recommended if you plan to port
your application to other platforms.

Important ideas are italicized the first time they appear.

Include Files

In an effort to minimize the number of include files (that is, header files) that you have to
cope with, Dispatcher provides the basic filei | odi spat cher . h. If you include it in your
application, you can exploit al the functions, classes, and member functions documented in
the IBM ILOG Dispatcher Reference Manual.

If you prefer to include only some of Dispatcher’s header filesin your application, alist of
the individua files and an explanation of each one's purpose follows:

O il onode. h dealswith geographical locations.

O ilovisit.hrepresentsvisits. These visits can be performed at adepot or at a
customer’s location.

O il odi m h dealswith the dimensions in which quantitative constraints (delays,
capacities, distances) are expressed.

O il ovehicl e. h declares the objects representing vehicles.
O il obreak. h declares the objects representing vehicle breaks.

O il ogoal s. h contains declarations for the primitives that generate afirst solution to a
problem.

O | sear ch. h contains declarations for the iterative improvement techniques used to
improve the solution of a given problem.

O il odi st . h declares classes and functions related to distance and vehicle equivalence.

O il orsol . h contains declarations for the routing solution class.
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IBM software support handbook

This guide contains important information on the procedures and practices followed in the
service and support of your IBM products. It does not replace the contractual terms and
conditions under which you acquired specific IBM Products or Services. Please review it
carefully. You may want to bookmark the site so you can refer back as required to the latest
information. We are interested in continuing to improve your IBM support experience, and
encourage you to provide feedback by clicking the Feedback link in the left navigation bar
on any page. The "IBM Software Support Handbook™ can be found on the web at

http://www14.software.ibm.com/webapp/set2/sas/f/handbook/home.html

Accessing software support

When calling or submitting a problem to IBM Software Support about a particular service
request, please have the following information ready:

IBM Customer Number

The machine type/model/serial number (for Subscription and Support calls)
Company name

Contact name

Preferred means of contact (voice or email)

Telephone number where you can be reached if request is voice

Related product and version information

Related operating system and database information

Detailed description of theissue

Severity of the issue in relationship to the impact of it affecting your business needs

Contact via web

Open service requestsis atool to help clients find the right place to open any problem,
hardware or software, in any country where IBM does business. Thisis the starting place
when it is not evident where to go to open a service request.

Service Reguest (SR) tool offers Passport Advantage clients for distributed platforms online
problem management to open, edit and track open and closed PMRs by customer number.
Timesaving options: create new PMRswith prefilled demographic fields; describe problems
yourself and choose severity; submit PMRs directly to correct support queue; attach
troubleshooting files directly to PMR; receive alertswhen IBM updates PMR; view reports
on open and closed PMRs.
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You can find information about assistance for SR at http://www.ibm.com/software/support/
hel p-contactus.html.

System Service Request (SSR) tool is similar to Electronic Service request in providing
online problem management capability for clients with support offeringsin place on System
i, System p, System z, Total Storage products, Linux, Windows, Dynix/PTX, Retail, 0S/2,
Isogon, Candle on OS/390 and Consul Z/OS legacy products.

IBMLink - SoftwareXcel support contracts offer clients on the System z platform the
IBMLink online problem management tool to open problem records and ask usage questions
on System z software products. You can open, track, update, and close a defect or problem
record; order corrective/preventive/toleration maintenance; search for known problems or
technical support information: track applicable problem reports: receive alerts on high
impact problems and fixesin error; and view planning information for new releases and
preventive maintenance.

Contact via phone

If you have an active service contract maintenance agreement with IBM , or are covered by
Program Services, you may contact customer support teams via telephone. For individual
countries, please visit the Technical Support section of the IBM Directory of worldwide
contacts via http://www.ibm.com/planetwide/.
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The Basics

This part consists of the following lessons:

Chapter 1, IBM ILOG Dispatcher Concepts
Chapter 2, Modeling a \ehicle Routing Problem
Chapter 3, Solving a \ehicle Routing Problem
Chapter 4, Minimizing the Number of \ehicles
Chapter 5, Adding Visit Disjunctions

O 0o o o o o

Chapter 6, Multiple Tours per Vehicle



IBM ILOG Dispatcher Concepts

In this lesson, you will learn how to:

O use the three-stage method to describe, model, and solve problems
O learn how to use Dispatcher classes to model routing problems

O understand how to solve routing problems with local search

IBM® ILOG® Dispatcher is a C++ library that makes it easier to develop applications for
routing problems. It is based on IBM ILOG Concert Technology and IBM ILOG Solver, a
generic tool for object-oriented constraint programming. One of the key advantages of
constraint programming lies in the fact that it dissociates the representation of the problem,
called the model, from the search algorithms used to solve it.

To find a solution to a routing problem using Dispatcher, you use a three-stage method:
describe, model, and solve.

The first stage is to describe the problem in natural language. For more information, see the
section “Describe” on page 26.

The second stage is to use Dispatcher classes to model the problem. The model is composed
of basic objects: nodes—or geographic locations, visits, and vehicles. These objects are
associated with dimensions, such as weight, time, and distance. The decision variables in a
Dispatcher model are the variables representing if a visit is performed—performed-
variables—and the variables representing the visit immediately after a given visit—next-
variables. A solution to a routing problem—a routing plan—is defined by the values
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assigned to each of these decision variables. A Dispatcher model also includes side
constraints, such as capacity constraints, time windows, and precedence constraints. The
objective is to lower the cost of a routing plan. The total cost of a routing plan is determined
by summing the total costs for all vehicles and adding any costs related to unperformed
visits. For more information, see the section “Model” on page 27.

The third stage is to use local search to solve the routing problem. Dispatcher uses a two-
phase method to solve problems. The first phase consists of generating a first solution that
satisfies the problem. In the second phase, you improve this first solution using local search.
For more information, see the section “Solve” on page 39.

This first lesson is designed to help you understand the basic concepts of Dispatcher. This
overview is somewhat theoretical; it presents the definitions of terms that appear in the rest
of the manual. In later lessons, you will work through problems by describing, modeling,
and solving routing problems. In these lessons, you will learn how to use the classes and
functions that you learn about here.

Describe

26

The first stage is to describe the problem in natural language. Routing can be defined as the
process of assigning visits to vehicles, while taking into account constraints such as capacity
or time windows, to produce a routing plan with the least possible cost.

The complexity of routing problems varies greatly. The Vehicle Routing Problem (VRP)
requires a set of vehicles to visit a sef of customers from one or more depots. To solve a VRP
you have to solve two intertwined problems. An assignment problem—whether or not to
assign a particular visit to a given vehicle—is added to the geometry problem, where each
vehicle has to visit a given set of customers as expeditiously as possible. A second type of
routing problem, the Pickup and Delivery Problem (PDP), extends the VRP by allowing
pickups and deliveries within the same route.

Each class of routing problem—whether VRP, PDP, and so on—itself comes in many guises.
For example, the VRP may be modified by introducing multiple depots or alternative
delivery sites; by requiring vehicles to make multiple round trips or tours; or by coupling the
vehicle with a technician.

A problem may include different kinds of side constraints—such as capacity, time windows,
precedence, technician skill levels, and so on—or specific constraints that depend on the
business area of the application. Constraints may be added to allow for work breaks, such as
lunch and coffee breaks or overnight stops, to minimize the number of vehicles, or to
introduce costs for late deliveries or technical service.

There also exists wide variation in the size of routing problems. The size may vary from a
few dozen activities to thousands of visits. The methods that work well for small problems
may not be applicable to bigger problems, due to the increased complexity.
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Besides the diversity in the possible data of routing problems, different environments may
require different performance from the algorithms solving the problems. For example, in
some applications the construction of a routing plan must be performed in seconds while in
other applications computation times of a few days are allowed. Similarly, any feasible
solution is sufficient for many applications, whereas others require near-optimal solutions.

In each lesson in this manual, you will describe the routing problem before modeling and
solving it. Though the Describe stage of the process may seem trivial in certain simple
problems, you will find that taking the time to fully describe a more complex, real-world
problem is vital for creating a successful program. You will be able to code your program
more quickly and effectively if you take the time to describe the model before writing your
application.

Model

The second stage is to use the Dispatcher library of C++ classes and functions to implement
the concepts of nodes, visits, and vehicles in terms of constrained Solver variables and
constraints.

Basic Modeling Objects
Dispatcher models include the following basic objects: nodes, visits, and vehicles.

Nodes

Routing problems have a geometric component: the visits must be performed at specific
physical locations.

Dispatcher represents these physical locations as nodes. These nodes are then used to
compute distances and times (and subsequently cost) between customers and depots.

Theoretically, a node represents an intersection of roads or some other place where a vehicle
can stop, such as the buildings—factories, offices, houses, and so on—where visits are
made. Nodes can be depots (where the vehicles pick up the goods to be delivered) or
customer locations (where the goods or services are delivered). A node may be defined by
coordinates that give its location.

The following code shows how to create a node at coordinates X and y.
Il oEnv env;
Il oMbdel ndl (env);

Il oNum x=4, y=-5;
Il oNode node(env, x, y);
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Note: For more information on the classes and functions in the example code, see
Chapter 2, Modeling a Vehicle Routing Problem and Chapter 3, Solving a Vehicle Routing
Problem. You can also refer to the IBM ILOG Dispatcher Reference Manual.

Visits
A visit represents an activity that the vehicle has to perform. A visit occurs at a single node

or at a single arc (composed of two nodes), and it is performed by only one vehicle. You can
create many different visits at the same node.

The following code shows how to create a visit associated with a customer node.

Il oEnv env;

Il oMbdel ndl (env);

|1 oNode node(env);
IloVisit visit(node);
mdl . add(visit);

Visits have quantities, which can be weights, volumes, numbers of objects, and so on. These
quantities represent the amount of a good picked up or dropped off by the vehicle at the visit.

Vehicles

Vehicles are resources that convey goods from one visit to another. A vehicle has a start and
an end visit and can have variable start and end times associated with those visits. In
Dispatcher, a vehicle can be created without start and end visits; this means the vehicle starts
and ends at a “dummy” node which is at distance 0 of all the other nodes.

The following code shows how to create a vehicle associated with the locations where it
must start and end its route.

Il oEnv env;

Il oMbdel ndl (env);

I | oNode depot (env);

IloVisit startVisit(depot);

IloVisit endVisit(depot);

Il oVehicle vehicle(startVisit, endVisit);
mdl . add( vehi cl e);

Vehicles can be given capacities. These capacities represent the total quantity the vehicle
can carry. Capacity, like quantity, can be a weight, volume, number of objects, and so on.

Decision Variables

From a modeling perspective, each visit v is associated with a next-variable, representing
the visit immediately after v (accessible through the member function

Il oVisit::getNextVar)and a performed-variable which is setto | | oTr ue if the v is
performed and | | oFal se if it is not (accessible through the member function
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Il oVisit::performed). These variables are the decision variables of a routing problem:
a solution to a routing problem is uniquely described by the values they take.

Each time a visit is extracted it is associated with a unique integer identifier (accessible
through the member function | | oDi spat cher: : get | ndex). The next-variables are
extracted to instances of | | ¢l nt Var which represent indices of visits.

To simplify programming with Dispatcher, the next-variables have been complemented by
redundant variables. The prev-variables, accessible through the member function

Il oVisit::getPrevVar, are the constrained variables representing the visit immediately
before a given visit. They are also extracted to instances of | | ¢l nt Var representing indices
of visits.

Another constrained variable associated with each visit is the vehicle variable (accessible
through | | oVi si t: : get Vehi cl eVar ) which holds the vehicle performing the visit. As
with visits, once extracted, vehicles are associated with a unique integer identifier and
vehicle-variables are extracted to instances of | | ¢l nt Var which correspond to these
indices.

Vehicles are also associated with a number of variables and objects. The start-visit and the
end-visit (accessible through | | oVehi cl e: : get FirstVisit and

Il oVehi cl e: : get Last Vi si t, respectively) represent the starting and ending points of
the vehicle’s route.

Dimensions

Dimensions are objects closely associated with visits and vehicles. The most common
dimensions are weight, time, and distance. Dimensions are used to model side constraints
such as capacity, time windows, deadlines, service delays, and so on. Dimensions are also
used to model costs and the objective. An understanding of dimensions and the constrained
variables derived from them is essential to understanding Dispatcher.

Vehicles may have different capacities in terms of weight (for solid goods, for example) or
volume (for liquids, for instance); routes may entail different costs or distances traveled;
visits may require different amounts of time (perhaps for waiting, unloading, reloading, and
so on). In short, there may be many different dimensions (such as weights, volumes,
distances, times) in a given routing problem. These dimensions are most closely associated
with vehicles (to model capacity and costs) and visits (to model quantities, delays, time
windows, and deadlines).

The class I | oD mensi on makes it possible to handle easily the various dimensions that
occur in a problem. When you create an instance of | | oDi mensi on, a constrained variable
is associated with this dimension for each object (if needed). Constraints can subsequently
be posted on those variables.
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The class | | oDi mensi on has two subclasses to represent the intrinsic and extrinsic
dimensions of an object. An intrinsic dimension depends only on the single object with
which it is associated. An extrinsic dimension depends on two objects.

The subclass | | oDi nensi onl represents the dimensions that are intrinsic to an object. For
example, weight is represented by | | oDi mensi onl because the weight of an object
depends only on that object.

Il oDi mensi on2 represents the dimensions that are extrinsic to an object; that is, those
dimensions that depend on something outside the object itself. For example, time is usually
represented as an instance of | | oDi mensi on2 because the time to travel from one visit to
another depends on both those visits.

By definition, | | oDi mensi on2 is closely linked to the concept of distance. For that reason,
one of the data members of | | oDi nensi on2 is in fact an instance of | | oDi st ance.

Objects of | | oDi st ance define how distances are computed between nodes with respect to
a dimension and a vehicle. | | oEucl i dean computes the Euclidean distance between nodes
according to their coordinates. | | oManhat t an computes the grid pattern distance between
nodes. | | oDi spat cher Gr aph computes distance from a road network graph. A simple
C++ representation of | | oDi st ance could be a pointer to a function. The following code
shows how to create three dimensions: weight, time, and distance:

Il oEnv env;

Il oMbdel ndl (env);

I'l oDi nensi onl wei ght (env);
ndl . add(wei ght);

I'l oDi mension2 time(env, |loEuclidean);
mdl . add(tine);
Il oDi nensi on2 di stance(env, |l oEuclidean);

mdl . add( di st ance) ;

Using dimensions to model side constraints

In Dispatcher, side constraints such as capacity, time windows, and deadlines are
implemented by associating one floating-point constrained variable per dimension with each
visit. These cumulative variables represent the accumulation of the dimension from the
beginning of the vehicle route to the visit. Constraints can then be placed on these variables.
They can be accessed through the member function | | oVi si t: : get Cunul Var.

While the cumulative variable is accessed through the visit, it is also linked to a specific
vehicle—the accumulation of a dimension, such as weight, is accumulated as one vehicle
makes visits along its route.

For example, if a truck starts empty from the depot and performs 4 visits, where it collects
goods of weight 4, 7, 8, and 3, respectively, the cumulative variable associated to the
dimension weight at the fourth visit is equal to 4+7+8 = 19 (the cumulative variable
corresponds to the quantity in the truck upon arrival at the visit). The constraint placed on
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this cumulative variable is that it must be always less than or equal to the capacity of the
vehicle.

Dispatcher also uses transit variables to model side constraints. The transit variable
associated with a visit is a floating-point constrained variable which represents the change in
the cumulative variable between that visit and the following visit. It can be accessed through
the member function I | oVi sit:: get Transit Var.

Cumulative and transit variables for dimensions—instances of both | | oDi nensi onl and
Il oDi mensi on2—are defined by the path constraint. The path constraint is functionally
equivalent to one constraint of the following form for dimension d, and each pair of visits v1
and v2:

mdl . add( |1 ol f Then(env,
v1. get Next Var () == v2,
v2. get Cunul Var (d) == v1.get Curul Var (d) + v1.getTransit Var(d)

)

For instances of I | oDi nensi on2, such as time, the transit variable is defined as the sum of
the delay variable, the wait variable, and the travel variable. For a visit v and a dimension d,
the transit variables are maintained by the following rule:

v.get TransitVar(d) == v.getDel ayVar(d) + v.getTravel Var(d) + v.get\WaitVar(d);

The delay variable of v1, returned by v1. get Del ayVar (d), is a floating-point constrained
variable which represents the delay in terms of dimension d at visit v1. This is useful to
represent the time needed to unload a truck. It can be accessed through the member function
Il oVisit::getDelayVar.

The wait variable of v1, returned by v1. get Wi t Var (d), is a floating-point constrained
variable which represents the additional quantity of dimension d consumed between v1 and
its successor, over the time required to serve v1 and travel from v1 to its successor. In the
case where d represents time, v1. get Wi t Var (d) represents the waiting time. It can be
accessed through the member function I | oVi si t: : get Wi t Var.

The travel variable of v1, returned by v1. get Tr avel Var (d), is a floating-point
constrained variable which represents the quantity of dimension d taken by the vehicle
serving v1 to get to v2. It can be accessed through the member function

Il oVisit::getTravel Var. The travel variable is maintained by the following rule:

nmdl . add( I ol f Then(env,
v1. get Next Var () == v2 && vl.getVehicleVar() == veh,
v1. get Travel Var (d) == v1.getD stanceTo(v2, d, veh)
/ veh. get Speed(d)
)
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In the previous code, v1. get Vehi cl eVar () . get Speed(d) returns the speed of the
vehicle associated with the vehicle performing v1.

Notes: The introduction of a vehicle break can change the value of both wait and
cumulative variables. For more information on vehicle breaks, see Chapter 8, Adding
Vehicle Breaks.

1o avoid getting infinite cumuls on | | oDi mensi onl variables, make sure you do the
following: check for infinite bounds on vehicles' first and last visit dimension variables;
check for infinite bounds on visit transits (check for forgotten transits); and try to
instantiate the vehicle's first cumul when possible, which will automatically instantiate
cumuls along routes.

Modeling visit quantity constraints

Visits have quantities, which can be expressed using | | oDi mensi onl objects. These
quantities, which can be weights, volumes, numbers of objects, and so on, represent the
amount of a good picked up or dropped off by the vehicle. A visit can have more than one
quantity associated with it. The quantity can be a positive or negative value or a variable.
The demand for each visit must also be defined in terms of dimensions and constraints.

For example, to model a visit quantity, you first define the dimension quant i ty and then
set a constraint on the transit variable associated with quant i t y using the member function
Il oVi sit::getTransitVar. Using the member function set Bounds is a bit more
efficient in terms of memory and speed than using an equality or range constraint. However
you might need to use a constraint if you want to give different values to the transit variable
in different models or if you want to metapost the constraint. The following code shows how
to define quanti ty (an | | oD mensi onl) and how to express the quantity of goods related
tovisit:

Il oEnv env;

Il oModel mdl (env);

I | oNode node(env);

Il oD mensionl quantity(env);

ndl . add(wei ght);

IloVisit visit(node);

mdl . add(visit);

visit.getTransitVar(quantity).setBounds(12,12); // 12 itens

Modeling vehicle capacity constraints

Vehicles have capacity; they cannot hold more than a certain weight or a given number of
pallets, for example. To express this idea, you define the dimension in which the capacity
will be expressed, and you post a constraint on the variable that represents capacity.

For example, to model a vehicle capacity, you first define the dimension wei ght and then
set a constraint on the dimension using the member function | | oVehi cl e: : set Capaci ty.
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The following code shows how to define wei ght (an| | oDi nensi onl) and how to express
the capacity of a truck in terms of this intrinsic dimension.

Il oEnv env;

Il oMbdel ndl (env);

Il oDi nensi onl wei ght (env);

ndl . add(wei ght);

Il oVehi cl e vehicl e(env);

vehi cl e. set Capaci ty(wei ght, 15000); // weight associated with vehicle
/1 it has a capacity of 15000 kg

Capacity constraints correspond to constraints on the bounds of the cumulative variables.
For example, the maximum load of a truck is handled internally by Dispatcher by setting
bounds on all the cumulative variables associated with weight. The constraint placed on this
cumulative variable is that it must be always less than or equal to the capacity of the vehicle.

Modeling time window constraints

Time windows occur in problems from many business sectors. For example, courier services
have to pickup parcels after a certain time, but before another. Likewise, deliveries usually
have to be made within a given time window—before one hour, but after another.

For example, to model a time window, you first define the dimension t i me and then set a
constraint on the cumulative variable associated with t i me using the member function

I'l oVisit::getCumul Var. To see how to implement a time window with one of these
cumulative variables, assume that a dimension, node and visit have been defined already,
like this:

Il oEnv env;

Il oMbdel ndl (env);

I'l oD mension2 tine(env, |loEuclidean);
Ilolnt x=4, y=-5;

I | oNode node(env, X, y);

IloVisit visit(node);

mdl . add(visit);

To define a time window between 10 and 14, use the following code:

mdl . add(vi sit. get Cumul Var (tine) >= 10);
ndl . add(vi sit.get Cunul Var (time) <= 14);

You can also define a time window between 10 and 14 like this:

mdl . add(10 <= visit.getCunul Var(time) <= 14);

Not all time windows consist of a continuous block of time, of course. There are situations

where the acceptable time window occurs in pieces. These are called disjoint time windows.
Deliveries that can be made only between 7 and 9 in the morning or between 5 and 7 in the
evening are an example of disjoint time windows.
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To represent a disjoint time window, Dispatcher provides the | | oDi mensi onW ndows
class. Using this class you can represent disjoint feasible periods of time. For example, to
represent two disjoint time windows, the first starting at 8 and ending at 10 and the second
starting at 14 and ending at 16, you could write:

Il oD mensi onW ndows wi ndows(env, tine);
wi ndows. set Bounds(8, 16);
w ndows. set For bi ddenl nterval (10, 14);

You can then apply this window to a visit using the | | oExecut i onW ndowsToVi si t Con
constraint:

mdl . add( || oExecuti onW ndowsToVi sit Con(visit, w ndows));

Modeling service delays constraints

A delay is often encountered when performing a visit. This delay can be expressed in terms
of distance (for example, to travel inside a large factory) or in terms of time (to unload the
truck, for instance).

For example, to model a service delay, you first define the dimensions t i me and vol une.
You set a constraint on the transit variable associated with vol une using the member
function I | oVi sit:: get Transi t Var. You then set a constraint on the delay variable
associated with t i me using the member function | | oVi sit: : get Del ayVar. The last line
of code expresses that the time needed to unload the truck is equal to 0.5 units of time per
unit of volume.

Il oEnv env;

Il oMbdel ndl (env);

Il oD mensi onl vol une(env);

ndl . add( vol ure) ;

I'l oD mension2 tine(env, |loEuclidean);

mdl . add(time);

I | oNode node(env);

IloVisit visit(node);

mdl . add(visit);

mdl . add(vi sit. get Transit Var(vol unre) == 10); /1 10 n8

mdl . add(vi sit. getDel ayVar(time) == .5*visit.getTransitVar(volune));
/1 .5 minute / nB

Modeling deadline constraints

It may be useful to set deadlines on vehicles. For example, in some problems the vehicle
must return to the depot before a certain time of the day.
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For example, to model deadlines, you first define the dimension t i me. You also use the
member functions | | oVehicl e:: getFirstVisit and |1 oVehicle::getlLastVisit
together with | | oVi si t: : get Cunul Var.

Il oEnv env;

Il oMbdel ndl (env);

I'l oDi mension2 time(env, |loEuclidean);
Il oNode depot (env);

IloVisit first(depot);

IloVisit |ast(depot);

Il oVehicle vehicle(first, last);

ndl . add( vehi cl e);

const |l oNumtimeDeadline = 17;

In the following code fragment, vehi cl e is constrained to start at §:

mdl . add(first.getCunul Var(time) == 8);

and to come back before 17:

mdl . add( | ast. get Qurmul Var (time) <= tineDeadline);

Modeling other side constraints

Dispatcher provides specific constraints that enable you to model other important side
constraints, such as lunch breaks or visit disjunctions.
Modeling vehicle breaks

A vehicle break is a period of time in which a vehicle is not available to make a visit, such as
during the driver’s lunch period. In Dispatcher, breaks are modeled as constraints. A break is
performed by a vehicle on a dimension (usually time). The break has a start time, a duration,
and a position in the route, all of which can vary. A break can interrupt a customer visit or
not, as desired.

To create a break where vehi cl e is the vehicle performing the break, t i me is the
dimension, st ar t Lunch is the start variable, and 1. O is the duration:

Il oNunVar startLunch(env, 12.0, 13.0);
Il oVehi cl eBreakCon | unch(vehicle, time, startLunch, 1.0)

Once the break is created it is added, just like any constraint:

mdl . add( | unch);
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After a break has been created and added to the routing plan, it must be instantiated. In
Dispatcher, this must be done when a move is taken. The following goal can be used for
doing so:

Il ol nstanti at eVehi cl eBreaks(env);

More than one break can be specified per vehicle, and breaks can be involved in meta-
constraints. For example:

mdl . add(l unch && (coffeel || coffee2));

For more information, see Chapter 8, Adding Vehicle Breaks.

When vehicle breaks are allowed to interrupt customer visits, two other visit-related
variables come into play. These are the duration variable and the end-cumul variable.

The duration variable represents the real time taken to process the visit. When a visit cannot
be broken by vehicle breaks, this is simply equal to the value of the delay variable of the
visit. However, in the case where visits can be so interrupted, the value of the duration
variable of a visit is equal to the value of the delay variable plus the durations of any vehicle
breaks which interrupt the visit.

At all times, the end-cumul variable is equal to the cumul variable plus the duration variable.
It represents the time at which processing of the visit is complete.

Modeling visit disjunctions

There are times when only one of two visits can be performed, or when alternative sites for a
delivery exist. To solve problems with these conditions, visit disjunctions can be created.

In Dispatcher, a visit can be performed (assigned to a vehicle) or unperformed. These
constraints can be used to set up visit disjunctions.

There are two constraints for stating that a visit has to be performed or not:

Il oConstraint IloVisit::performed() const;
Il oConstraint IloVisit::unperforned() const;

If there are two visits, and only one visit can be performed, a disjunction can be created as
follows:

mdl . add(visitl. perforned() != visit2.performed());

For more information, see Chapter 5, Adding Visit Disjunctions.
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Modeling costs and the objective

The total cost of a routing plan is determined by summing the total costs for all vehicles and
adding any costs related to unperformed visits. The objective is usually to minimize the cost
of the routing plan, though sometimes the objective may also include other goals, such as
minimizing the number of vehicles (see Chapter 4, Minimizing the Number of Vehicles).

The cost variable of the entire routing plan can be obtained with
I | oDi spat cher:: get Cost Var ().

Costs associated with visits

Visits can have a penalty cost associated with them, which represents the cost of not
performing the visit. Penalty costs can be expressed by the member function

Il oVisit::setPenaltyCost(penaltyCost).By default, this cost is set to

I'l ol nfi nity, which means that the visit must be performed.

Costs associated with vehicles

The total cost of a vehicle is determined by summing the cost for each dimension specified
for the vehicle and adding any fixed costs for that vehicle. If a fixed cost is specified, it is
added to the cost of the vehicle if the vehicle is in use (that is, if the vehicle performs any
visits other than its first and last visits). The cost variable of a vehicle can be obtained with
the member function | | oVehi cl e: : get Cost Var ().

Cost can vary with many different dimensions: the distance traveled, the time spent, or the
number of stops. Costs in Dispatcher are attached to vehicles via

I'l oVehicle::setCost(ll oD mension dim |1 oNum unitCost). Fixed costs are
expressed by the member function | | oVehi cl e: : set Cost (fi xedCost).

The following code shows how to express a cost in terms of distance.

Il oEnv env;

Il oMbdel ndl (env);

Il oD mensi on2 di stance(env, |loEuclidean); // in m.
mdl . add( di st ance);

Il oVehi cl e vehicl e(env);

vehi cl e. set Cost (di stance, 3.2); // $ 3.2 per nmle

The statement vehi cl e. set Cost (di st ance, 3.2) means that for each unit of distance
that the vehicle travels, 3.2 units of cost are accrued. Cost for the vehicle is computed by
multiplying the usage variable of the dimension (in this case, di st ance) by the coefficient
(3.2 in this case). If cost is specified in more than one dimension (for instance, t i me and

di st ance), the cost for each dimension specified for the vehicle is computed in the same
fashion.

Vehicle cost is bound as follows: the transit variables of all visits performed by the vehicle
(including the first and last visits representing the start and end points of the vehicle), are
added together to give the usage of the dimension for the vehicle. This usage is also
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reinforced by bounds computed from the cumulative variable at the last visit plus the transit
variable at the last visit, minus the cumulative variable at the first visit, as follows. Suppose
tinmeisanl | oD mension2:

IloVisit first = vehicle.getFirstVisit();

IloVisit last = vehicle.getLastVisit();

Il oNunVar usage = last.getCunul Var(time) + last.getTransitVar(tine) -
first.getCumul Var (tine);

For more information on modeling costs, see Chapter 11, Modeling Complex Costs.

Summary: The Dispatcher Model

The different objects and variables associated with vehicles and visits are summarized in the
two following tables.

Table 1.1 Objects Associated with a Vehicle

Object Name Accessor

capacity I oNum I | oVehi cl e: : get Capaci ty(! | oDi nmensionl d)
const ;

cost Il oNunvar |1 oVehicle::getCostVar() const;

first visit IloVisit IloVehicle::getFirstVisit() const;

index Ilolnt IloDispatcher::getlndex(lloVehicle) const;

last visit IloVisit IloVehicle::getLastVisit() const;

speed Il oNum I | oVehi cl e: : get Speed( || oDi nensi on2 d) const;

Table 1.2 Objects Associated with a Visit

Object Name Accessor

cumul variable Il oNunVar IloVisit::getCunul Var (Il oD nension d)
const ;

delay variable Il oNunVvar IloVisit::getDelayVar (Il oD nension2 d)
const ;

index Ilolnt IloDispatcher::getlndex(lloVisit) const;

next-variable IloVisitVar IloVisit::getNextVar() const;

prev-variable IloVisitVar IloVisit::getPrevVar() const;

transit variable Il oNunvar IloVisit::getTransitVar(ll oD mension d)
const ;
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Table 1.2 Objects Associated with a Visit

Object Name Accessor

travel variable Il oNumVar 11oVisit::getTravel Var (11 oD nension2 d);
vehicle variable || oVehi cl eVar |1 oVisit::getVehicleVar() const;

wait variable Il oNumar 11oVisit::getWaitVar(lloD nmension2 d);

Solve

Dispatcher uses a two-phase approach for solving routing problems. The first phase consists
of generating a solution that satisfies the problem. In phase two, you improve this first
solution using local search.

Solving a routing problem can be translated into the simple question: “Who does what?”” In
the case of the routing problem, this question can be answered by giving the list of visits
performed by each vehicle. This is a routing plan, which can be represented and accessed in
several ways:

O through an instance of the class | | oMbdel , which contains all the objects of the routing
plan, such as visits and vehicles;

O through an instance of the class | | oDi spat cher, to access or modify the values of the
model’s variables during or after a search;

O through an instance of the class | | oRout i ngSol ut i on, to access the routing plan
resulting from a search and stored in a solution.

To allow dynamic problem solving, optimization in Dispatcher is based on first generating a
solution, and then improving it using local search methods. As its name implies, local search
acts by locally modifying a given solution to decrease the cost using neighborhoods. The
central idea of a neighborhood is to define a set of solution changes that represent alternative
moves that can be taken. In the case of vehicle routing, this translates into modifying the
next-variables of some visit variables.

To achieve this in Dispatcher, a double representation of the problem is used. A passive
representation based on instances of | | oRout i ngSol ut i on, depicting the last valid
solution encountered, is associated with each decision variable in the problem—the next-
vars, prev-vars and performed-vars. The saved values of the passive representation can be
accessed through member functions such as

Il oRouti ngSol ution::getNext(lloVisit),

Il oRouti ngSol ution::getPrev(lloVisit) and

Il oRoutingSol ution::isPerformed(lloVisit).
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An active representation of the problem is used to search for a new, modified solution using
neighborhoods.

Thus, the process for solving a problem using Dispatcher is:

1. Generate, create, or input a first solution.

Store the first solution in an instance of | | oRout i ngSol ut i on.

Generate a new, modified, solution using a neighborhood.

Set the decision variables affected by the move operator to their new values.
Set the remaining decision variables to their saved values.

Propagate the constraints.

N o o  »w b

If the propagation fails, the new solution is refused. Otherwise, the solution is accepted
and the decision variables of the new solution are saved.

8. The domains of variables are restored to their initial values on backtracking.

Generating a first solution

In a normal Dispatcher application, you would generate a first solution using one of
Dispatcher’s predefined first solution generation functions. For more information, see
Chapter 3, Solving a Vehicle Routing Problem and Appendix A, Predefined First Solution
Heuristics. You could also load a first solution from a file or write your own first solution
generation method. For more information, see Chapter 17, Developing Your Own First
Solution Heuristics.

To demonstrate the concepts involved in local search, imagine that you have a simple
routing problem with one vehicle, one depot, and three customer visits.

Il oEnv env;

Il oModel mdl (env);

I | oNode depot (env, 0.0, 0.0);
Il oNode nl(env, 1.0, 1.0);

Il oNode n2(env, 1.0, 0.0);

I'l oNode n3(env, 0.0, 1.0);
IloVisit visitl(nl, "Visit 1");
IloVisit visit2(n2, "Visit 2");
IloVisit visit3(n3, "Visit 3");
mdl . add(visitl);

mdl . add(vi si t2);

mdl . add(visit3);

IloVisit first(depot, "Start"), |ast(depot, "End");
Il oVehicle w(first, last);

mdl . add(w) ;
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You set the cost of the vehicle to be proportional to the distance traveled | engt h.

I'l oDi nension2 | ength(env, IloEuclidean);
w. set Cost (| ength, 1);

You input a first solution where the vehicle starts at the depot, makes visit 1, then visit 2,
then visit 3, and finally returns to the depot. The cost of this routing plan would be 4.83
(2 +24/2). The following figure shows this routing plan.

Visit3 Visit 1

Depot Visit2

Figure 1.1 First Routing Solution Created from Scratch

Improving the solution using local search

You then use local search to modify the next-variables of some variables and search for a
routing plan with a lower cost. To do this, you use Dispatcher’s predefined neighborhoods
and search heuristics to guide how the alternative moves in a neighborhood are taken. For
more information, see Chapter 3, Solving a Vehicle Routing Problem and Appendix B,
Predefined Neighborhoods.

The improved solution has a cost of 4. The following figure shows this routing plan.

Visit3‘<7 ’ Visit 1

Depot.". Visit2

Figure 1.2 Solution Improved with Local Search
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Displaying the solution

Each vehicle is associated with a route. For each vehicle, the route it serves is identified by
the first visit and last visit. More formally, a route is a set of visits that are served by one
vehicle.

The route of a given vehicle is accessible through an iterator, an instance of the class

Il oDi spat cher:: Routelterator for iterating on the route depicted by the state of the
extracted variables or | | oRout i ngSol uti on: : Rout el t er at or for iterating on the route
saved in a solution. Both iterators are initialized with a vehicle.

Rout el t er at or: : oper at or ++ moves from one visit in the route to the next visit, while
Rout el t erat or: : oper at or * returns the current visit pointed to by the iterator. The
following code shows how to use such iterators to display the route associated with a
vehicle.

I'l oSol ver sol ver(nmdl);

I | oD spat cher di spatcher(sol ver);

for(ll oD spatcher::Routelterator ri(dispatcher, vehicle); ri.ok(); ++ri) {
IloVisit visit = *ri;
solver.out() << visit.getNane() << " ";

sol ver.out () << endl;
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Modeling a Vehicle Routing Problem

In this lesson, you will learn how to:

d

g
g
g

model a vehicle routing problem
create dimensions, nodes, visits, and vehicles
use IBM® ILOG® Concert Technology’s csv reader functionality

usetheclasses! | oDi nensi onl, | | oDi mensi on2, | | oCsvReader, | | oNode,
IloVisit,and!l| oVehicle

You will learn how to model asimple vehicle routing problem (VRP). To find asolution to a
problem using IBM® ILOG® Dispatcher, you will use the three-stage method: describe,
model, and solve. This lesson shows how to describe and model aVRP. The next lesson isa
continuation of this one and shows how to solve aVRP.

Describe

The problem of delivery by multiple vehicles is known as the Vehicle Routing Problem
(VRP). InaVRP, the goal isto build a set of routes, so that each visit is performed exactly
once. Theaim isto minimize the global cost of these routes. The side constraints of aVRP,
such astime windows or capacity constraints, make it necessary to create several routes. A
solution to a VRP assigns customers to routes and builds those routes.
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The following figure shows a sample solution for a VRP:

’ Customer

Depot

Figure2.1 Example of a Solution for a Vehicle Routing Problem

Describe the problem
Thefirst step isto write a natural language description of the problem.

The components of the routing model for this VRP include: vehicles, customers, and a
depot.

What are the constraints in this problem?

O Capacity constraints on vehicles. Vehicles can carry up to a maximum amount of goods,
which may be measured by weight, volume, number of parcels, and so on.

O Time constraints or windows related to customers. The customer’s time window is the
period of time during which a vehicle can make the visit.

O Opening and closing times at depots.
The objective is to minimize the cost of the delivery of all the goods.

Model

Once you have written a description of your problem, you can use Dispatcher classesto
model it. Dispatcher isbased on IBM® ILOG® Concert Technology and IBM® ILOG®

44 IBM ILOG DISPATCHER — USER’'S MANUAL



Model

Solver. If you are not familiar with these products, please refer to the Concert Technology
and Solver documentation.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial /
vrp_partial . cpp inyour development environment. Thisfileis aprogram that is only
partially completed. You will fill in the blanks in each step in thislesson. At the end of this
lesson, you will have completed the program code for modeling the problem. At the end of
the next lesson, you will have completed the code for solving the problem and you will be
able to compile and run it.

You will use object oriented programming techniques to write this program. In this lesson,
you create the Rout i nghbdel class, which is used to build the model of the vehicle routing
problem. In the next lesson, you will create the Rout i ngSol ver class, which isused to
solve the problem, and you will also create the main function and compile and run the
program.

Declare the RoutingModel class
The code for the declaration of the class Rout i nghbdel is provided for you:

cl ass Routi nghbdel {

11 oEnv _env;

I | oMbdel _mdl ;

I | oD nensi on2 _ting;

I I oD mensi on2 _di stance;
Il oD nensi onl _wei ght;

voi d addDi nensi ons();

voi d createll oNodes(const char* nodeFi| eNane);
voi d createVehicles(const char* vehicl eFi | eNane);
voi d createVisits(const char* visitsFileNane);

public:

Rout i nghodel (11 oEnv env, int argc, char* argv[]);
~Rout i nghbdel () {}

I'l oEnv getEnv() const { return _env; }

I oMbdel get Model () const { return _nmdl; }

h

TheclassRout i ngvbdel has five data members. The environment, an instance of the class
I I oEnv, manages internal modeling issues. It handles output, memory management for
modeling objects, and termination of search algorithms. The model, an instance of the class
I I oModel , isacontainer for modeling objects such as variables and constraints. For more
information on environments and models, see the IBM ILOG Solver Reference Manual. The
dimensions in this problem are time, distance, and weight. For more information on
dimensions, see Chapter 1, IBM ILOG Dispatcher Concepts.
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The classRout i nghbdel has four member functions, addDi nensi ons,

Cr eat el | oNodes, Cr eat eVehi cl es, and Cr eat eVi si t s, aswell asaconstructor. These
member functions and constructor are explained in the following sections. You can use the
public member functions get Env and get Model to return the environment and model.

Define the addDimensions function

The member function addDi mensi ons is used to create the three dimensions—weight,
time, and distance—and add them to the model. You must explicitly add the dimensions to
the model or Solver will not be able to use them in the search for a solution.

The following code is provided for you:

voi d RoutingMdel :: addDi nensi ons() {

Next, you create the weight dimension.

Create the weight dimension and add to model

Add the following code after the comment
[/ Create the weight dinmension and add to nodel

_wei ght =IloDi nensionl (_env, "weight");
_mdl . add(_wei ght);

Thedimension _wei ght isan instance of the subclass| | oDi nensi onl. Weight isa
dimension that isintrinsic to an object and depends only on that object. For example, a
vehicle can carry acertain amount of weight or avisit can require a vehicle to drop off or
pick up acertain amount of weight. The constructor for I | oDi mensi onl used in thislesson
takes two parameters: the environment and a name used for debug and trace purposes.

Now, you create the time and distance dimensions.

Create the time and distance dimensions and add to model

Add the following code after the comment
//Create the tinme and distance di nensions and add to nodel

_time =lloD nension2 (_env, |loEuclidean, "time");
_mdl . add(_time);

_distance =I1oD nmension2 (_env, |loEuclidean, "distance");

_mdl . add(_di st ance) ;
}
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Thedimensions_ti me and _di st ance are instances of the subclass | | oDi mensi on2.
Time and distance are both extrinsic to an object—they depend on something outside the
object itself. For example, the timeto travel from one visit to another depends on both those
visits. The constructor for I | oDi mensi on2 used in this lesson takes three parameters; the
environment, a distance function, and a name used for debug and trace purposes. The
distance function used is| | oEucl i dean, a predefined distance function that returns the
Euclidean distance between two locations. You can a so use the predefined distance function
I I oManhat t an, which computes the grid distance between locations. You can obtain
distancesfrom agraph using I | oDi spat cher Gr aph functionality (more on thisin
Chapter 4, Minimizing the Number of \ehicles) or define your own distance functions.

Define the createlloNodes function

Asyou remember from Chapter 1, IBM ILOG Dispatcher Concepts, Dispatcher represents
physical locations as nodes. Nodes can be depots, where the vehicles pick up goods to be
delivered, or customer locations, where the goods are delivered. These nodes are then used
to compute distances and times—and therefore cost—between customers and the depot. In
thislesson, a node is defined by coordinates that give its location.

You will use Concert Technology’s csv reader functionality to input the node data from acsv
file. Aninstance of theclass| | oCsvReader isused to read acsv file. The constructor takes
two parameters. Thefirst parameter isthe environment and the second parameter isthe name
of thecsv file.

Create the node csv reader
Add the following code after the comment // Creat e the node csv reader

voi d RoutingMdel : : createll oNodes(const char* nodeFil eNare) {
I | oCsvReader csvNodeReader (_env, nodeFil eNane);

Now, you use the nested class | | oCsvReader : : | t er at or to create an iterator to step
through all the lines of the csv datafile, except blank lines and commented lines. The

I 1 oCsvReader operator * returnsthe current instance of 1 | oCsvLi ne, which isthe current
linein the csv file. You use the member function | | oCsvLi ne: : get St ri ngByHeader to
return a pointer to the string contained in the field name in the csv line. In thislesson, this
nane is the name of the customer site or depot.
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Create the iterator
Add the following code after the comment / / Create the iterator
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {

Il oCsvLine line = *it;
char * nane = |ine.getStringByHeader("nane");

You then create an instance of | | oNode using the data from the csv file. The constructor for
I 1 oNode used in thislesson takes five parameters. The first parameter is the environment.
The second, third, and fourth parameters are the X, y, and z coordinates of the node. In this
lesson, the z coordinate is set to 0. The x and y coordinates are obtained by using the
member function | | oCsvLi ne: : get Fl oat ByHeader to return areference to the floating-
point values contained in the fieldsx and y in the csv line. The last parameter is a name used
for debug and trace purposes.

Create the node
Add the following code after the comment / / Creat e t he node

I'l oNode node(_env, Iine.getFl oat ByHeader ("x"),
|'i ne. get Fl oat ByHeader ("y"), 0, nane);

Next, you set a unique key on the node in order to be able to accessit easily when you create
vehicles and visits.

Set the key
Add the following code after the comment // Set t he key

node. set Key(nane) ;

Then, you move the iterator to the next line in the csv file using the
Il oCsvReader: : |terator operator ++.

Move to the next line in the csv file

Add the following code after the comment
/I Move to the next line in the csv file

++it;

}
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Finally, you should use the member function I | oCsvReader : : end to deallocate the
memory used by the csv reader. This code is provided for you:

csvNodeReader . end() ;

Define the createVehicles function

Asyou remember from Chapter 1, IBM ILOG Dispatcher Concepts, vehicles have start and
end visits and capacities. In thislesson, you will use Concert Technology's csv functionality
to input vehicle data from acsv file. You use the classes| | oCsvReader ,

Il oCsvReader::Iterator,andl| oCsvLi ne. Thiscodeis provided for you:

voi d RoutingMdel : : creat eVehi cl es(const char* vehicl eFil eNare) {
I | oCsvReader csvVehi cl eReader (_env, vehicl eFil eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {
IloCsvLine line = *it;

char * nanefirst = line.getStringByHeader("first");
char * nanel ast = |ine.getStringByHeader("last");
char * nane = |ine.getStringByHeader ("nane");

Il oNum capacity = |ine. getFl oat ByHeader (" capacity");

Next, you use the static member function | | oNode: : Fi nd to find the nodes associated with
the first and last visits the vehicle makes. This static member function takes two parameters:
the environment and the key associated to the node.

Find the first and last nodes
Add the following code after the comment // Find the first and | ast nodes

11 oNode nodel
I | oNode node2

I'l oNode: : Fi nd(_env, namefirst);
I I oNode: : Fi nd(_env, nanel ast);

Next, you create the vehicle'sfirst visit, an instance of theclass1 | oVi si t . InaVRP, the
first and last visits of avehicle usually take place at the depot. The constructor for

Il oVisit takestwo parameters: an instance of | | oNode and a name used for debug and
trace purposes.

Create the first visit
Add the following code after the comment // Create the first visit

IloVisit first(nodel, "depot");
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Then, you add constraints on thefirst visit to the model. The first constraint is that when the
vehicle makesitsfirst visit to the depot, it will not have delivered any weight. You also add

the constraint that the vehicle cannot leave the first visit—the depot—until after the depot’s
opening time.

Add constraints to the first visit
Add the following code after the comment / / Add constraints to the first visit

_ndl . add(first.getQumul Var (_wei ght) == 0);
_mdl . add(first.getCQumul Var(_tinme) >= |ine.getFl oat ByHeader ("open"));

Next, you create the vehicle's last visit, which al so takes place at the depot. You add the
constraint that the vehicle must arrive at the last visit—the depot—before the depot’s closing
time.

Create the last visit and add constraints

Add the following code after the comment
//Create the last visit and add constraints

IloVisit |ast(node2, "depot");
_ndl . add( | ast. get Cumul Var (_tine) <= |ine. get Fl oat ByHeader ("cl ose"));

Then you create the vehicle, an instance of the class| | oVehi cl e. The constructor for

Il oVehi cl e takes three parameters. The first two parameters are instances of | | oVi si t
representing the first and last visits of this vehicle—in this lesson, these both take place at
the depot. The last parameter is a name used for debug and trace purposes.

Create the vehicle
Add the following code after the comment / / Create the vehicle

Il oVehicle vehicle(first, last, nane);

After you create a vehicle, you set a proportional cost associated with operating this vehicle
using the member function I | oVehi cl e: : set Cost . This member function takes two
parameters. Thefirst parameter is adimension. In thislesson, the cost is proportiona to the
distance the vehicle travels. The second parameter associates a unit of cost per unit of
dimension. In thislesson, the cost is directly proportional to the distance traveled and this
parameter is set to 1.0.
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Set a cost for vehicle operation
Add the following code after the comment / / Set a cost for vehicle operation

vehi cl e. set Cost (_di stance, 1.0);

You also set the capacity of the vehicle using the member function
Il oVehi cl e: : set Capaci ty.

Set the vehicle capacity
Add the following code after the comment / / Set t he vehicle capacity

vehi cl e. set Capaci t y(_wei ght, capacity);

When you have finished creating the vehicle, you add it to the model.

Add the vehicle to the model
Add the following code after the comment // Add t he vehicle to the nodel

_mdl . add(vehicl e);

Finally, you move to the next line in the csv file. When the end of thefileis reached, you
deallocate the memory used by the csv reader. This code is provided for:

++it;

csvVehi cl eReader . end() ;

}

Define the createVisits function

Asyou remember from Chapter 1, IBM ILOG Dispatcher Concepts, visits occur at asingle
node and are performed by only one vehicle. A visit must be associated to a node, its
location. A visit also has a quantity—the amount of goods delivered to the location. A visit
can have a minimum time and a maximum time during which it can be performed—atime
window. Additionally, visits have a drop time—the amount time required to perform the
visit.
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In thislesson, you will use the csv reader functionality to input thisvisit datafrom acsv file.
You usetheclasses| | oCsvReader, || oCsvReader: :lterator,and! | oCsvLi ne. This
codeis provided for you:

voi d RoutingMdel ::createVisits(const char* visitsFileName) {
Il oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok()){
Il oCsvLine line = *it;
/lread visit data fromfiles
char * visitName = 1ine.getStringByHeader("nane");
char * nodeNane = |ine. get StringByHeader ("node");
I'l oNum quantity I'i ne. get Fl oat ByHeader ("quantity");
I'l oNum m nTi e |'i ne. get Fl oat ByHeader (" m nTi me") ;
I'l oNum maxTi me I'i ne. get Fl oat ByHeader (" naxTi ne") ;
I'l oNum dropTi ne = |i ne. get Fl oat ByHeader (" dropTi ne") ;

Next, you use the static member function I | oNode: : Fi nd to find the node associated with
the visit.

Find the visit node
Add the following code after the comment // Fi nd the visit node

Il oNode node = |l oNode: : Fi nd(_env, nodeNane);

Next, you create avisit using aninstance of 1 | oVi si t . The constructor for I | oVi si t takes
two parameters: an instance of | | oNode and a name for debug and trace purposes. The
instance of | | oNode represents the location of the visit. You add the constraint that the
amount of delay time at the visit must equal the drop time. You add the constraint that the
amount of weight dropped off at the visit must equal the quantity of goodsto be delivered at
the visit. You also add the constraint that the visit must be performed within the visit time
window.

Create the visit and add constraints

Add the following code after the comment

// Create the visit and add constraints
IloVisit visit(node, visitNane);
_ndl . add(visit.getDel ayVar(_tine) == dropTine);

_nmdl . add(visit.getTransitVar(_weight) == quantity);
_ndl . add(m nTime <= visit.getCQunmul Var(_tinme) <= maxTi ne);

Then, you add the visit to the model.

IBM ILOG DISPATCHER — USER’S MANUAL



Model

Add the visit to the model
Add the following code after the comment / / Add the visit to the nodel

_mdl . add(visit);

Finally, you move to the next line in the csv file. When the end of thefile is reached, you
deallocate the memory used by the csv reader. This code is provided for you:

++it;

}
csvVisi t Reader. end();
}

Define the RoutingModel constructor

The constructor allows you to specify the names of the input files using command line
syntax. If you do not specify input files, the defaults will be used. This constructor will be
called from the mai n function. It calls the following functions: addDi nensi ons,

creat el | oNodes, cr eat eVehi cl es, and creat eVi si ts. Thefollowing codeis
provided for you:

Rout i nghbdel : : Rout i nghbdel ( |1 oEnv env,
int argc,
char* argv[]):

_env(env), _mdl(env) {
addDi mensi ons() ;

//create |l oNodes
char * nodeFi | eNane;
if(argc < 2) nodeFileNane =
(char*) "../../../exanpl es/data/vrp20/vrp20nodes. csv";
el se nodeFi | eNare = argv[1];
cr eat el | oNodes( nodeFi | eNane) ;

/lcreate vehicles
char * vehicl esFi | eNaneg;
if(argc < 3) vehiclesFileNanme =
(char*) "../../../exanpl es/ data/vrp20/vrp20vehicl es. csv";
el se vehi cl esFil eNane = argv[2];
cr eat eVehi cl es(vehi cl esFi | eNane) ;

/lcreate visits
char * visitsFil eNare;
if(argc < 4) visitsFileNane =

(char*) "../..I/../exanpl es/data/vrp20/vrp20visits.csv";
el se visitsFileName = argv[3];
createVisits(visitsFileNane);
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Now you have finished creating the Rout i ngMbdel class. In the next lesson, you will create
theRout i ngSol ver classand compile and run the program. The complete VRP program is
listed at the end of Chapter 3, Solving a \ehicle Routing Problem.

Review Exercises

1. Tofind asolution using Dispatcher, you use the three-stage method: describe, model, and
solve. What do each of these stages involve?

2. What aretypical side constraintsin avehicle routing problem?

Suggested Answers

Exercise 1

To find a solution using Dispatcher, you use the three-stage method: describe, model, and
solve. What do each of these stages involve?

Suggested Answer
Thefirst stage is to describe the problem in natural language.
The second stage is to use Dispatcher classes to model the problem.

Thethird stage isto use local search to solve the routing problem.

Exercise 2

What aretypical side constraints in avehicle routing problem?

Suggested Answer

A Dispatcher model may include side constraints, such as capacity constraints, time
windows, and precedence constraints.
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Solving a Vehicle Routing Problem

In this lesson, you will learn how to:

d

g
g
g

solve a vehicle routing problem
generate afirst solution
improve the solution using local search

usetheclasses| | oDi spat cher, || oRouti ngSol ution, !l oGoal ,

Il oDi chot omi ze, || oRestoreSol ution, || oSavi ngsGenerate, | | oNHood,

Il oTwoOpt, 11 0O Opt, |1 oRel ocate, |l oCross, || oExchange, I | 0Si ngl eMove,
and || ol nprove

You will learn how to solve asimple vehicle routing problem (VRP). To find asolution to a
problem using IBM® ILOG® Dispatcher, you generate afirst solution and then improve
this solution using local search. Thislesson is a continuation of Chapter 2, Modeling a
\ehicle Routing Problem.

Solve

In many routing problems, good solutions must be computed very quickly. However, the
computational complexity of routing in general makesit impractical to use complete search
methods to obtain optimal solutions except for very small problems.
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Therefore, Dispatcher uses atwo-phase approach for solving routing problems. The first
phase consists of generating a solution that satisfies the problem. In phase two, you improve
thisfirst solution using local search.

Open the example file

Open the exampl e file that you worked on in Chapter 2, Modeling a \ehicle Routing
Problem in your development environment. In thislesson, you will continue to fill in the
blanks at each step. At the end of thislesson, you will have completed the program code and
you will be able to compile and run it.

You will use object oriented programming techniques to write this program. In the previous
lesson, you created the Rout i nghbdel class, which is used to model the problem. In this
lesson, you create the Rout i ngSol ver class, which isused to solve the problem. You will
also create the mai n function and compile and run the program.

Declare the RoutingSolver class
The code for the declaration of the classRout i ngSol ver is provided for you:

cl ass RoutingSol ver {

11 oEnv _env;
I | oMbdel _mdl ;
11 0Sol ver _sol ver;
I | oDi spat cher _di spat cher;
Il oRouti ngSol ution _solution;
Il oGoal _instanti at eCost;
Il oGoal _restoreSol ution;
Il oGoal _goal ;
public:

Rout i ngSol ver (Rout i nghbdel ndl);

~Rout i ngSol ver () {}

Il oBool findFirstSolution();

voi d i nproveWt hNhood() ;

void printlnformation(const char* =0) const;

The class Rout i ngSol ver has eight data members. The environment, an instance of the
class| | oEnv, manages internal modeling issues. The model, an instance of the class

I 1 oMbdel , isacontainer for modeling objects such as variables and constraints. An
instance of the class | | 0Sol ver isused to solve the problem expressed in the model. An
instance of the class | | oDi spat cher organizes al the details of arouting problem,
including routes, vehicles, visits, and costs. Aninstance of theclass| | oRout i ngSol uti on
stores the details of a solution to arouting problem. Three goals, instances of | | oGoal , are
used in the search for a solution. Goal s are the mechanism by which Solver implements
search strategies. For more information on goals, see the IBM ILOG Solver User’s Manual.
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Theclass Rout i ngSol ver hasthree member functions, f i ndFi r st Sol uti on,
i mpr oveW t hNhood, and pri nt I nf or mat i on, aswell as a constructor. These member
functions and constructor are explained in the following sections.

Define the RoutingSolver constructor

The constructor takes an instance of Rout i nghbdel as a parameter. The environment,
model, solver, dispatcher, and solution areinitialized. This constructor will be called from
the mai n function. The following code is provided for you:

Rout i ngSol ver: : Routi ngSol ver (Rout i nghbdel mdl):
_env(ndl . getEnv()),
_mdl (ndl . get Model ()),
_sol ver(mdl . get Mddel ()),
_di spat cher (_sol ver),
_solution(ndl.getMdel ()){

Next, the three goals used in the search for a solution are created.

Create the goal to instantiate cost
Add thefollowing code after thecomment// Creat e the goal to instantiate cost

_instantiateCost =
Il oDi chot omi ze(_env, _dispatcher.get CostVar(), |l oFalse);

You use the function I | oDi chot oni ze to instantiate the cost variable to its minimum
value—Dispatcher’s constraints only provide alower bound on the cost. The cost variableis
returned by the member function | | oDi spat cher : : get Cost Var. Thisvariableisthe sum
of the cost of the vehicles and of the unperformed visits. The function | | oDi chot oni ze
creates a goal which attempts to assign a value to the variable. To do so, it recursively
searches half the domain of the variable at atime. Since you are minimizing the cost
variable, you set the last parameter to | | oFal se, which triesthe lower half of the domain
first.

Next, you create the goal to restore the solution.

Create the goal to restore the solution

Add the following code after the comment
//Create the goal to restore the solution

_restoreSolution = |l oRestoreSol uti on(_env, _solution);
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This goal will be used in the solution improvement phase. Solver will try to iteratively
improve the solution. The last solution found will be the lowest cost solution. You will then
restore this last solution using the goal _r est or eSol uti on.

Now, you create the goal to find afirst solution.

Create the goal to find a first solution

Add the following code after the comment
[/ Create the goal to find a first solution

_goal = IloSavingsCGenerate(_env) & _instantiateCost;

}

You use the savings heuristic to create afirst solution using the predefined function

Il oSavi ngsGener at e. Figure 3.1 shows how the savings generation heuristic works. For
problems with multiple vehicles, it is very important to consider the trade-off between more
vehicles with shorter routes and fewer vehicles with longer routes. For example, the
following figure shows two ways of making visitsa and b.

Figure3.1 The Savings Generation Heuristic

The savings of serving aand b in the same route, denoted savings (a, b), is defined as
savings (a, b) = cost (a, Depot) + cost (Depot, b) — cost (a, b). The savings heuristic
generates a solution based on this equation.

You can use other predefined heuristics to find afirst solution including: sweep, nearest-to-
depot, nearest addition, insertion, and enumeration heuristics. For more information on
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predefined first solution heuristics, see Appendix A, Predefined First Solution Heuristics.
Thefirst solution can also be loaded from afile or you can write your own first solution
heuristic. For more information, see Chapter 17, Developing Your Own First Solution
Heuristics.

After the heuristic finds a first solution, you use the goal _i nst ant i at eCost to find the
cost associated with this solution.

Define the findFirstSolution function

Now, you create the function that searches for the first solution.

Find the first solution
Add the following code after the comment// Find the first sol ution

Il oBool RoutingSol ver::findFirstSolution() {
if (!_solver.solve(_goal)) {
_solver.error() << "Infeasible Routing Plan" << endl;
return || oFal se;

}

You use the member function | | oSol ver : : sol ve to search for asolution using _goal .
This goal searchesfor afirst solution using the savings heuristic. It then finds the cost
associated with thisfirst solution.

Next, you use the member function I I oRout i ngSol ut i on: : st or e to store the solution
and its cost. These will be used in the solution improvement phase.

Store the first solution
Add the following code after the comment // Store the first sol ution

_solution.store(_sol ver);
return Il oTrue;

}

Define the improveWithNHood function

After you have found afirst solution, you create the neighborhoods you will usein the
solution improvement phase. The central idea of the neighborhood is to define a set of
solution changes, or deltas, that represent alternative moves that can be taken.
Neighborhoods are classified in two groups: those that modify only one route are known as
intra-route neighborhoods; those that make changes between routes are known as inter-route
neighborhoods. Inter-route neighborhoods can sometimes be used to improve a single route
and thus become—strictly speaking—intra-route neighborhoods themselves.
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Create the neighborhoods
Add the following code after the comment / / Cr eat e t he nei ghbor hoods

voi d RoutingSol ver::i nproveWt hNhood() {
I oNHood nhood = |l oTwoQpt (_env)
11 oOr Qpt (_env)
I I oRel ocat e(_env)
Il oCross(_env)
I | oExchange(_env);
_solver.out() << "Inproving solution" << endl;

+ + + +

Thisneighborhood, an instance of | | oNHood, is composed of a combination of Dispatcher’'s
predefined neighborhoods. These neighborhoods include: Two-Opt, OrOpt, Rel ocate, Cross,
and Exchange. Figure 3.2 shows how the Two-Opt neighborhood works. In this example, the
cost is proportional to the length of the route. The move eliminates the crossing by
destroying two arcs and creating two new arcs. The resulting route is shorter, and thus less
costly. For information about how the other predefined neighborhoods work, see

Appendix B, Predefined Neighborhoods.

s..O/O\Q

Figure3.2 The Two-Opt Neighborhood

Now, you use iterative improvement techniques to modify the first solution using the
neighborhoods you just created. Local search uses search heuristics to guide how the
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aternative movesin aneighborhood are taken. The search isiterative in that it tries a series
of moves in order to decrease the cost of the solution found.

In this lesson, Dispatcher uses the first accept search heuristic. First accept search takes the
first legal cost decreasing move encountered. The search continues to take such moves until
the neighborhood contains no legal cost-reducing moves. This point is usually termed alocal
minimum. Theword local is used to signify that this point is not guaranteed—and, in fact, is
not usually—a global minimum. This method accepts any legal improving move and so is
not too expensive in terms of computational cost. Thus, it is preferred when the problem is
very large or an optimized solution is required as quickly as possible.

Dispatcher also offers the best accept search heuristic, which works like the first accept
except that best accept search takes the legal move from the neighborhood that decreases
cost by the greatest amount. Dispatcher also offers metaheuristics, such as guided local
search and tabu search, that allow neighborhood moves that degrade the current solution to
escape current local minimums. For more information, see Appendix C, Predefined Search
Heuristics and Metaheuristics.

Improve the solution
Add the following code after the comment / / | mpr ove t he sol ution

Il oGoal inprove = |10Singl eMve(_env,
_sol ution,
nhood,
Il ol mprove(_env),
_instantiateCost);
whil e (_sol ver.sol ve(inprove)) {

}

You use the function I | 0Si ngl eMove to return agoal that makes asingle local move as
defined by a neighborhood and a search heuristic. The first legal move reducing costs
results. The goal scans the neighborhood nhood using _sol ut i on asthe current solution.
Thefunction I | 0Si ngl eMove will first seeif it can make alegal, cost-decreasing move
using the neighborhood I | oTwoOpt . If it cannot, it tries| | oOr Opt , and so on. The search
heuristic 1 | ol npr ove isused to filter moves by implementing a greedy search heuristic. It
accepts only new routing plans that strictly decrease the cost and, thus, allows only
improvements in the objective. The subgoal _i nst ant i at eCost isexecuted after the
deltas from the neighborhood are applied to the current solution.

If a successful move can be found, the goal succeeds. The constrained variables are in the
state corresponding to the application of the move. This new stateissaved to _sol uti on
before the goal succeeds. If no successful move can be found, the goal fails, and _sol uti on
isleft unchanged. You then usethe rest or eSol uti on goal you created in the

Rout i ngSol ver constructor to restore thislast solution.
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Restore the last solution
Add the following code after the comment / / Restore the | ast sol ution

_sol ver. sol ve(_restoreSol ution);

Define the printinformation function

Thepri nt 1 nf ormati on function displays the routing plans found during the first solution
generation and solution improvement phases and their costs. This function also displays
information about the search, including number of variables, number of constraints, elapsed
time since creation of search, number of fails, and number of choice points. The number of
choice pointsislinked to the number of explored alternatives in the search tree. The number
of failsisthe number of incorrect decisions at choice points.

This codeis provided for you:

voi d RoutingSol ver::printlnformation(const char* headi ng) const {
i f (headi ng)
_sol ver. out () <<headi ng<<endI ;
_solver.printlnformation();
_di spatcher. printlnformation();
_solver.out() << "===============" << end|
<< "Cost : " << _dispatcher.getTotal Cost() << endl
<< "Nunber of vehicles used : "
<< _di spat cher. get Nunber Cf Vehi cl esUsed() << endl
<< "Sol ution ;" << endl
<< _di spatcher << endl;

Define the main function

After you finish creating the Rout i ngMbdel and Rout i ngSol ver classes and the

print | nformation function, you use them in the mai n function. You can use command
line syntax to pass the names of input files to the model. If you do not specify input files, the
defaultswill be used. Inthe mai n function, you first create an environment. Then you create
an instance of the Rout i ngMbdel class, which takes the environment and input files as
parameters. You create an instance of the Rout i ngSol ver class. This takes one parameter,
themodel. Youuseani f loop to find asolution. If Solver findsafirst solution, you print the
information and then improve the solution. When Solver finds a solution that cannot be
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improved any further by the first accept search heuristic, Solver prints that solution. The
following code is provided for you:

int min(int argc, char * argv[]) {
Il oEnv env;

try {
Rout i ngModel ndl (env, argc, argv);
Rout i ngSol ver sol ver (ndl);
if (solver.findFirstSolution()) {
sol ver.printinformation("***First Solution***");
sol ver. i nproveW t hNhood();
sol ver.printlnformation("***I nproved Sol ution***");

}
} catch(l1oException& ex) {
cerr << "Error: " << ex << endl;

env. end();
return O;

}

Compile and run the program

Compile and run the program. You will get results that show the routing plan and
information for both thefirst solution and the improved solution. Thefirst solution has a cost
of 417.834 units. The improved solution has a cost of 366.447 units. During the
improvement phase, Dispatcher made 11 moves and lowered the cost of the routing plan by
51.387 units. Both routing plans use four vehicles.
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First Solution Information

The first solution phase finds a solution with atotal cost of 417.834 units:

***Fjirst Solution***

Nunber of fails 76
Nunber of choice points 1051
Nurmber of vari abl es 869
Nunber of constraints 153
Reversi bl e stack (bytes) 92484
Sol ver heap (bytes) 478660
Sol ver gl obal heap (bytes) 50860
And stack (bytes) 20124
O stack (bytes) 44244
Search Stack (bytes) 4044
Constraint queue (bytes) 11160
Total menory used (bytes) 701576
El apsed tine since creation 0. 06
Nunber of nodes 21
Nurmber of visits 30
Nunber of vehicles 5
Nurmber of di mensi ons 3
Nunber of accepted noves 0

417.834

Nunber of vehicles used : 4

Improved Solution Information

The solution improvement phase finds a solution with atotal cost of 366.447 units after
making 11 cost-decreasing moves:

| nprovi ng sol ution
***| nproved Sol ution***

Nurmber of fails 0
Nurmber of choice points 0
Nurmber of vari abl es 869
Nunber of constraints 149
Reversi bl e stack (bytes) 92484
Sol ver heap (bytes) 478660
Sol ver gl obal heap (bytes) 62920
And stack (bytes) 20124
O stack (bytes) 44244
Search Stack (bytes) 4044
Constraint queue (bytes) 11160
Total menory used (bytes) 713636
El apsed time since creation 0
Nunber of nodes 21
Nurmber of visits 30
Nunber of vehicles 5
Nurmber of di mensi ons 3
Nunber of accepted noves 11
Cost 366. 447
Nurmber of vehicles used : 4
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First Solution Routing Plan

During the first solution phase, Dispatcher found the following routing plan using four
vehicles:

Sol ution :
Unperforned visits : None
vehiclel :

-> depot weight[0] tinme[0..2.76114] distance[0..Inf) -> visit18 weight[O0..87]
time[ 15. 8114. . 18.5725] distance[15.8114..Inf) -> visit7 weight[12..99]
time[35.8114..38.5725] distance[25.8114..Inf) -> visitl1l9 weight[17..104]
tinme[56.9917..59.7529] distance[36.9917..Inf) -> visitll weight[34..121]
time[ 74.0628..76.8239] distance[44.0628..Inf) -> visitl0 weight[46..133]
time[95.2431..98.0043] distance[55.2431..Inf) -> visit20 weight[62..149]
time[121.055..123. 816] distance[71.0545..Inf) -> visit3 weight[71..158]
time[ 153. 415. . 156. 176] di stance[93.4152..Inf) -> visit1l2 weight[84..171]
time[174.596..177.357] distance[104.596..Inf) -> visitl weight[103..190]
time[ 201. 239..204] distance[121.239..1nf) -> depot weight[113..200]
time[226.47..230] distance[136.47..Inf)
vehicle2 :

-> depot weight[0] tinme[O0..49.4126] distance[0..Inf) -> visit6 weight[O0..114]
time[11. 1803. . 60. 5929] distance[11.1803..Inf) -> visit5 weight[3..117]
time[ 31. 1803. . 80.5929] distance[21.1803..Inf) -> visit8 weight[29..143]
time[95..104.521] distance[35.1087..Inf) -> visitl7 weight[38..152]
time[118.928..128. 45] distance[49.0371..Inf) -> visitl1l6 weight[40..154]
time[ 140. 109. . 149. 63] di stance[ 60.2175..1nf) -> visitl1l4 weight[59..173]
time[161.289..170.81] distance[71.3978..Inf) -> visit2 weight[79..193]
time[192.479..202] distance[92.5874..1nf) -> depot weight[86..200]
time[220.479..230] distance[110.587..1nf)
vehicl e3 :

-> depot weight[0] tine[O0..40.5862] distance[0..Inf) -> visitl5 weight[0..173]
time[61..71] distance[30.4138..1nf) -> visit4 weight[8..181] tine[149..159]

di stance[ 59. 5686. .| nf) -> depot wei ght[27..200] tine[184..230]
di st ance[ 84. 5686. . | nf)
vehicle4 :

-> depot weight[0O] time[O0..74.9844] distance[0..Inf) -> visit9 weight[O0..161]
time[97..107] distance[32.0156..Inf) -> visitl1l3 weight[16..177] tine[159..169]
di stance[ 75. 0272. . Inf) -> depot wei ght[39..200] tine[180.18..230]

di st ance[ 86. 2076. . I nf)
vehi cl e5 : Unused

Hereis how to interpret this program output:
vehiclel :

-> depot weight[0] tine[0..2.76114] distance[O0..Inf) -> visitl8

wei ght[0..87] tine[15.8114..18.5725] distance[15.8114..1nf) indicates
that the truck (vehi cl el) leaves the depot at 0 time units. At this point, the truck has
traveled O distance units and delivered 0 weight units. Next, the truck arrives at customer 18,
not earlier than 15.8114 time units, and not later than 18.5725 time units. At this point, the
truck hastraveled at least 15.8114 distance units. The weight delivered at this point is still 0
weight units. Remember that weight is delivered after arrival.
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During the solution improvement phase, Dispatcher found the following routing plan:

Sol ution
Unperforned visits : None
vehiclel :

-> depot weight[0] tinme[0..25.8217] distance[0..Inf) -> visitl0 weight[0..112]
tinme[25.4951..51. 3168] distance[25.4951..Inf) -> visitll weight[16..128]
time[67..72.4972] distance[36.6754..1nf) -> visitl9 weight[28..140]
tinme[84.0711..89.5683] distance[43.7465..Inf) -> visit7 weight[45..157]
time[ 105. 251. . 110. 749] di stance[54.9268..1nf) -> visit18 wei ght[50..162]
time[ 125. 251..130. 749] distance[ 64.9268..Inf) -> visit6 weight[62..174]
time[ 146. 432..151. 929] distance[76.1072..1nf) -> visitl1l3 weight[65..177]
time[163.503..169] distance[83.1783..1nf) -> depot weight[88..200]
time[184.683..230] distance[94.3586..1nf)
vehicle2 :

-> depot weight[0] tinme[O0..60.4561] distance[0..Inf) -> visit5 weight[O0..124]
time[ 20. 6155. . 81. 0716] di stance[20. 6155..1nf) -> visit8 weight[26..150]
time[95..105] distance[34.5439..Inf) -> visitl7 weight[35..159]
tinme[ 118.928..144. 639] distance[48.4723..Inf) -> visitl6 weight[37..161]
time[ 140. 109. . 165. 82] di stance[ 59. 6526..1nf) -> visitl4 weight[56..180]
time[161. 289..187] distance[70.833..1nf) -> depot weight[76..200]
time[203. 305..230] distance[ 102.849..1nf)
vehicl e3 :

-> depot weight[0] tinme[0..30] distance[O0..Inf) -> visit2 weight[O..166]
time[18..48] distance[18..Inf) -> visitl5 weight[7..173] time[61..71]

di stance[31..Inf) -> visit4 weight[15..181] tine[149..159]

di stance[ 60. 1548. . I nf) -> depot wei ght[34..200] tinme[184..230]
di st ance[ 85. 1548. . I nf)

vehicl e4d :

-> depot weight[0] tine[O0..45.8197] distance[0..Inf) -> visitl2 weight[0..133]
time[15..60.8197] distance[15..Inf) -> visit3 weight[19..152] time[36.1803..82]

di stance[ 26.1803..Inf) -> visit9 weight[32..165] tine[97..107]

di stance[41. 1803..Inf) -> visit20 wei ght[48..181] time[118.18..177.508]
di stance[52.3607..1nf) -> visitl weight[57..190] tine[144.673..204]

di stance[ 68. 8531..1nf) -> depot wei ght[67..200] time[169.904..230]

di st ance[ 84. 0846. . | nf)

vehi cl e5 : Unused

Asyou can see, the improved solution still uses four vehicles, but with alower cost. This
solution also better balances the visits between the trucks. In the first solution routing plan,
vehicle 1 makes nine visits, vehicle 2 makes six visits, and vehicles 3 and 4 each make two
visits. In the improved solution routing plan, vehicle 1 makes seven visits, vehicles 2 and 4
each make five visits, and vehicle 3 makes three visits.

The complete program and output are listed in “Complete Program” on page 73. You can
also view it onlinein the Your Di spat cher Hone/ exanpl es/ src/ vrp. cpp file.

Review Exercises

66

1. What are the two phases to finding a solution using Dispatcher?
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2. What is aneighborhood?

3. Rewrite the example to sequentially generate first solutions using the following
predefined first solution heuristics: | | 0Savi ngsGener at e, | | oSweepGener at e,
I | oNear est Depot Gener at e, | | oNear est Addi ti onGener at e, and
Il ol nsertionGener at e. Analyze the output to see how the different first solution
heuristics change the first solution and its cost.

Suggested Answers

Exercise 1

What are the two phases to finding a solution using Dispatcher?

Suggested Answer

Dispatcher uses a two-phase method to solve problems. The first phase consists of
generating a first solution that satisfies the problem. In the second phase, you improve this
first solution using local search.

Exercise 2
What is a neighborhood?

Suggested Answer

The central idea of a neighborhood isto define a set of solution changes, or deltas, that
represent alternative moves that can be taken.

Exercise 3

Rewrite the example to sequentially generate first solutions using the following predefined
first solution heuristics: | | oSavi ngsCGener at e, | | oSweepCener at e,

I | oNear est Depot Gener at e, | | oNear est Addi ti onGener at e, and

Il ol nsertionGener at e. Analyze the output to see how the different first solution
heuristics change the first solution and its cost.
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Suggested Answer

To sequentially generate first solutions using different heuristics, create a function
I | oRout i ngSol ver: : sequenti al Gener at e. Thisfunctioniscalled in the mai n
function using sol ver . sequenti al Generate():

voi d RoutingSol ver::sequential Generate() {

gener at e(l | oSavi ngsGenerate(_env) & _instantiateCost,
(char *)"Savings");

generate(l | oSweepGenerate(_env) && _instantiateCost,
(char *)"Sweep");

gener at e( | | oNear est Depot Gener at e(_env) && _instanti at eCost,
(char *)"Nearest to Depot");

gener at e( || oNear est Addi ti onCGenerate(_env) && _instantiateCost,
(char *)"Nearest addition");

generate(llolnsertionGenerate(_env, _instantiateCost),
(char *)"Insertion");

Different first solution heuristics will work differently depending on the particulars of your
problem. In this example, using the sweep heuristic found the lowest cost solution, 270.403
units. The savings heuristic found the next lowest cost solution, 280.947 units, followed by
nearest-addition, insertion, and nearest-to-depot. The solution found using the nearest-to-
depot heuristic had a cost of 369.297 units. From this example, you can see that trying
different first solution heuristics can greatly change the cost of your final solution. For more
information on choosing the right first solution heuristic for you problem, see “Using the
predefined first solution heuristics” on page 407.

You can view this complete program and output online in the Your Di spat cher Hone/
exanpl es/ src/ gener at e. cpp file.
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The following output is generated for the savings heuristic:

Savi ngs

Nunber of fails . 38
Nurmber of choice points : 1052
Nunber of vari abl es : 390
Nurmber of constraints : 98
Reversi bl e stack (bytes) : 60324
Sol ver heap (bytes) : 337960
Sol ver gl obal heap (bytes) 1 42744
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) : 4044
Constraint queue (bytes) : 11160
Total menory used (bytes) : 520600
El apsed tine since creation : 0.047
Nurmber of nodes 112
Nunber of visits 21
Nurmber of vehicles 5
Nunber of di nensi ons D2
Nunber of accepted noves 0
Cost : 280.947

Nunber of vehicles used : 4

Sol ution

Unperformed visits : None

truckl :

-> depot weight[0..6] distance[O0..Inf) -> visit5 weight[O..6]
di stance[ 14. 1421. . Inf) -> visit10 wei ght[21..27] distance[28.3548..Inf) ->
visit9 weight[26..32] distance[40.3964..Inf) -> visitl weight[37..43]
di st ance[ 64. 6038..Inf) -> depot wei ght[44..50] distance[78.4963..1nf)
truck2
-> depot weight[0..4] distance[O0..Inf) -> visit3 weight[O0..4]
di stance[ 32.5576..Inf) -> visit2 weight[16..20] distance[47.8547..Inf) -> depot
wei ght [ 46. . 50] di stance[ 68.8785..1nf)
truck3
-> depot weight[0..8] distance[O0..Inf) -> visit8 weight[O0..38]
di stance[ 22. 0227..Inf) -> visit7 weight[23..31] distance[36.0584..Inf) -> depot
wei ght[42..50] distance[62.4781..1nf)
truck4
-> depot weight[0..7] distance[O..Inf) -> visit6 weight[O0..7]
di stance[ 11.4018..Inf) -> visit4 weight[15..22] distance[32.4256..Inf) ->
visitll wei ght[24..31] distance[59.0526..1nf) -> depot weight[43..50]
di stance[ 71. 0942. . I nf)
truck5 : Unused
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Sweep

Nunber of fails 14
Nurmber of choice points 1056
Nunber of vari abl es 390
Nurmber of constraints 93
Reversi bl e stack (bytes) 60324
Sol ver heap (bytes) 337960
Sol ver gl obal heap (bytes) 42744
And stack (bytes) 20124
O stack (bytes) 44244
Search Stack (bytes) 4044
Constraint queue (bytes) 11160
Total menory used (bytes) 520600
El apsed tine since creation 0
Nurmber of nodes 12
Nunber of visits 21
Nurmber of vehicles 5
Nunber of di nensi ons 2
Nunber of accepted noves 0

Cost . 270. 403
Nunber of vehicles used : 4
Sol uti on

Unperformed visits : None
truckl :

-> depot weight[O0..4] distance[0..Inf) -> visit4 weight[O..4]
di stance[ 17.2047..Inf) -> visit5 weight[9..13] distance[37.6007..Inf) ->
visit10 wei ght[30..34] distance[51.8134..Inf) -> visit9 weight[35..39]
di stance[ 63. 855. .1 nf) -> depot wei ght[46..50] distance[86.9418..1nf)
truck2
-> depot weight[0..1] distance[O..Inf) -> visitll weight[O0..1]
di stance[ 12. 0416..Inf) -> visit2 weight[19..20] distance[22.6717..Inf) -> depot
wei ght [ 49..50] distance[43.6955..1nf)
truck3
-> depot weight[0..4] distance[O0..Inf) -> visit3 weight[O0..4]
di stance[ 32. 5576..Inf) -> visitl weight[16..20] distance[51.767..Inf) -> visit8
wei ght[ 23..27] distance[ 63.4289..1nf) -> depot weight[46..50]
di st ance[ 85. 4516. . I nf)
truck4
-> depot weight[0..16] distance[O0..Inf) -> visit7 weight[O..16]
di stance[ 26.4197..Inf) -> visit6 weight[19..35] distance[42.9121..Inf) -> depot
wei ght[ 34..50] distance[54.3139..1nf)
truck5 : Unused
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The following output is generated for the nearest-to-depot heuristic:

Near est to Depot

Nunber
Nunber
Nunber
Nunber

of fails

of choice points
of variabl es

of constraints

Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constraint queue (bytes)
Total menory used (bytes)
El apsed tine since creation
Nurmber of nodes

Nunber of visits

Nurmber of vehicles

Nunber

Cost

of di nmensi ons
of accepted noves

369. 297

Nunber of vehicles used : 4
Sol uti on
Unperformed visits :
truckl :

None

13
1055
390

93
60324
337960
42744
20124
44244
4044
11160
520600
0

12

21

5

2

0

Suggested Answers

-> depot weight[0] distance[O..Inf) -> visit6 weight[O] distance[11.4018..1nf)
-> visitll weight[15] distance[33.2421..Inf) -> visitl weight[34]
di stance[45.3251..Inf) -> visit4 weight[41] distance[76.3896..Inf) -> depot
wei ght [ 50] di stance[ 93.5942. . 1nf)

truck2 :
-> depot weight[O0..1]

distance[0..Inf) -> visit5 weight[O0..1]

di stance[ 14. 1421. .Inf) -> visit8 weight[21..22] distance[47.3837..Inf) ->

visit10 wei ght[44..45]
di stance[ 121. 321. . I nf)
truck3 :

-> depot weight[O0..9]

di stance[ 93. 0017..Inf) -> depot wei ght[49..50]

distance[0..Inf) -> visit2 weight[O0..9]

di stance[ 21.0238..Inf) -> visit9 weight[30..39] distance[37.3026..Inf) -> depot
wei ght [ 41..50] distance[60.3894..1nf)

truck4 :

-> depot weight[0..15] distance[O0..Inf) -> visit7 weight[O..15]
di stance[ 26.4197..Inf) -> visit3 weight[19..34] distance[61.434..1nf) -> depot
wei ght[ 35..50] distance[93.9916..1nf)

truck5 : Unused
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The following output is generated for the nearest-addition heuristic:

Near est addition

Nunber of fails 21
Nurmber of choice points 1052
Nunber of vari abl es 390
Nurmber of constraints 98
Reversi bl e stack (bytes) 60324
Sol ver heap (bytes) 341980
Sol ver gl obal heap (bytes) 42744
And stack (bytes) 20124
O stack (bytes) 44244
Search Stack (bytes) 4044
Constraint queue (bytes) 11160
Total menory used (bytes) 524620
El apsed tine since creation 0.015
Nurmber of nodes 12
Nunber of visits 21
Nurmber of vehicles 5
Nunber of di nensi ons 2
Nunber of accepted noves 0
Cost 285. 232

Nunber of vehicles used : 4

Sol ution

Unperformed visits : None

truckl :

-> depot weight[0] distance[O..Inf) -> visit6 weight[O] distance[11.4018..1nf)
-> visit7 weight[15] distance[27.8942..Inf) -> visitl weight[34]

di stance[50.7196..Inf) -> visit4 weight[41] distance[81.7841..Inf) -> depot
wei ght [ 50] di stance[ 98.9887..1nf)
truck2

-> depot weight[0..1] distance[O..Inf) -> visitll weight[O0..1]

di stance[ 12. 0416..Inf) -> visit2 weight[19..20] distance[22.6717..Inf) -> depot
wei ght [ 49..50] distance[43.6955..1nf)
truck3

-> depot weight[0..13] distance[O..Inf) -> visit5 weight[O0..13]

di stance[ 14. 1421. . Inf) -> visit9 weight[21..34] distance[26.5115..Inf) ->
visit10 wei ght[32..45] distance[38.553..1nf) -> depot weight[37..50]

di st ance[ 66. 8727. . I nf)

truck4

-> depot weight[0..11] distance[0..Inf) -> visit8 weight[O..11]

di stance[ 22. 0227..Inf) -> visit3 weight[23..34] distance[43.1177..Inf) -> depot
wei ght[ 39..50] distance[75.6754..1nf)

truck5 : Unused

USER’'S MANUAL
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Complete Program

The following output is generated for the insertion heuristic:

I nsertion

Nunmber of fails ©11
Nurmber of choice points : 13680
Nurmber of vari abl es ;390
Nurmber of constraints : 93
Reversi bl e stack (bytes) : 60324
Sol ver heap (bytes) : 341980
Sol ver gl obal heap (bytes) : 473476
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
Constrai nt queue (bytes) ;11160
Total nenory used (bytes) : 955352
El apsed tine since creation : 0.078
Nunber of nodes : 12
Nurmber of visits 121
Nunber of vehicles 5
Nurmber of di mensi ons 2
Nunber of accepted noves 0

Cost : 320.843

Nurmber of vehicles used : 4

Sol ution

Unperformed visits : None

truckl :

-> depot weight[O0..4] distance[O0..Inf) -> visit4 weight[O..4]
di stance[ 17.2047..Inf) -> visit2 weight[9..13] distance[54.2182..Inf) ->visitl
wei ght [ 39..43] distance[ 66.5875..1nf) -> depot weight[46..50]

di st ance[ 80. 4799. . I nf)
truck2

-> depot weight[0..2] distance[O..Inf) -> visit5 weight[O0..2]

di stance[ 14. 1421. . Inf) -> visit9 weight[21..23] distance[26.5115..Inf) ->
visit3 weight[32..34] distance[57.5115..1nf) -> depot weight[48..50]

di st ance[ 90. 0691. . I nf)
truck3

-> depot weight[0..16] distance[O0..Inf) -> visit7 weight[O..16]

di stance[ 26.4197..Inf) -> visit6 weight[19..35] distance[42.9121..Inf) -> depot
wei ght[ 34..50] distance[54.3139..1nf)

truck4

-> depot weight[0..3] distance[O0..Inf) -> visit10 weight[O.. 3]

di stance[ 28.3196..Inf) -> visitll weight[5..8] distance[50.2513..Inf) ->visit8
wei ght [ 24..27] distance[ 73.9579..1nf) -> depot weight[47..50]

di st ance[ 95. 9806. . I nf)

truck5 : Unused

Complete Program

The complete VRP program follows. You can aso view it online in the
Your Di spat cher Home/ exanpl es/ src/ vr p. cpp file.
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/1 File: exanpl es/src/vrp.cpp
e R LR R
#i ncl ude <il dispat/il odi spatcher. h>

| LOSTLBEG N

N NN NN NN
/1 Modeling

cl ass Routi nghbdel {

Il oEnv _env;

I | oMbdel _mdl ;

I | oDi mensi on2 _ting;

I | oDi mensi on2 _di stance;
I | oDi mensi onl _wei ght;

voi d addD nensi ons();

voi d createll oNodes(const char* nodeFil eNane) ;
voi d creat eVehi cl es(const char* vehicl eFi |l eNare) ;
voi d createVisits(const char* visitsFileNane);

public:

Rout i nghodel (11 oEnv env, int argc, char* argv[]);
~Rout i nghbdel () {}

I'l oEnv getEnv() const { return _env; }

I oMbdel get Model () const { return _ndl; }

h

Rout i nghbdel : : Rout i nghbdel ( |1 oEnv env,
int argc,
char* argv[]):

_env(env), _mdl (env) {
addDi nensi ons() ;

/lcreate Il oNodes
char * nodeFi | eNang;
if(argc < 2) nodeFileNane =
(char*) “../../../exanpl es/data/vrp20/vrp20nodes. csv”;
el se nodeFi | eNane = argv[1];
creat el | oNodes(nodeFi | eNane) ;

//create vehicles
char * vehicl esFil eNane;
if(argc < 3) vehiclesFileNane =
(char*) “../../../exanpl es/data/vrp20/vrp20vehi cl es. csv”;
el se vehi cl esFi |l eNane = argv[ 2];
cr eat eVehi cl es(vehi cl esFi | eNane) ;

/lcreate visits
char * visitsFil eNang;
if(argc < 4) visitsFileNane =

(char*) “../../../exanpl es/ data/vrp20/vrp20visits.csv”;
el se vi sitsFil eName = argv[3];
createVisits(visitsFileNane);

}

/'l create distance functions for dinensions, add di nensi ons to nodel
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Complete Program

voi d Routi nghbdel : : addD nensi ons() {

_weight =IloD nmensionl (_env, “weight”);
_mdl . add(_wei ght);

_tine =lloD nension2 (_env, |loEuclidean, “time");
_mdl . add(_tinme);

_distance =Il oD nmension2 (_env, |loEuclidean, “distance”);
_mdl . add(_di st ance) ;
}

//create |l oNodes
voi d Routi nghWbdel : : createl |l oNodes(const char* nodeFil eNane) {
I oCsvReader csvNodeReader (_env, nodeFil eNane);

Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {

Il oCsvLine line = *it;

char * nane = |ine. getStringByHeader (“nane”);

Il oNode node(_env, Iine.getFl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”), 0, nane);

node. set Key(nane) ;

+H T

}

csvNodeReader . end() ;
}

//create vehicles
voi d Routi nghWbdel : : creat eVehi cl es(const char* vehicl eFi | eNane) {
I | oCsvReader csvVehi cl eReader (_env, vehicl eFi | eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {
Il oCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * nanel ast = line.getStringByHeader(“last”);
char * nane = |ine.get StringByHeader (“nane”);

Il oNum capacity = line. getFl oat ByHeader (“capacity”);
Il oNode nodel = Il oNode:: Find(_env, nanefirst);

Il oNode node2 = Il oNode:: Find(_env, nanelast);

IloVisit first(nodel, “depot”);

_ndl . add(first.getCunul Var (_wei ght) == 0);
_ndl . add(first.getCunul Var(_tine) >= |ine. get Fl oat ByHeader (“open”));

Il oVisit |ast(node2, “depot”);
_ndl . add( | ast. get Qunul Var (_tinme) <= line. getFl oat ByHeader (“cl ose”));

Il oVehicle vehicle(first, last, nane);

vehi cl e. set Cost (_di stance, 1.0);
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vehi cl e. set Capaci t y(_wei ght, capacity);
_mdl . add(vehicle);
++it;

csvVehi cl eReader . end() ;

}

/lcreate visits
voi d RoutinghWbdel :: createVisits(const char* visitsFileNanme) {
I | oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok())({
Il oCsvLine line = *it;
/lread visit data fromfiles
char * visitNane = |ine.getStringByHeader (“nane”);
char * nodeNane |'i ne. get StringByHeader (“node”);
Il oNum quantity I'i ne. get Fl oat ByHeader (“quantity”);
I'l oNum m nTi me I'i ne. get Fl oat ByHeader (“m nTi ne”);
I'l oNum maxTi me I'i ne. get Fl oat ByHeader (“ maxTi ne”) ;
I'l oNum dr opTi e I'i ne. get Fl oat ByHeader (“dr opTi nme”);

Il oNode node = Il oNode:: Fi nd(_env, nodeNane);

IloVisit visit(node, visitNane);

mdl . add(vi sit. getDel ayVar (_time) == dropTine);

mdl . add(vi sit.getTransitVar(_wei ght) == quantity);

_mdl . add(m nTime <= visit.getCurul Var (_tine) <= maxTi nme);
mdl . add(visit);

++it;

}
csvVi si t Reader . end() ;

}
NN NN NN
/1 Solving
cl ass RoutingSol ver {
Il oEnv _env;
I | oMbdel _nmdl ;
I'l oSol ver _sol ver;
I | oDi spat cher _di spat cher;
Il oRouti ngSolution _solution;
Il oGoal _instanti at eCost;
Il oGoal _restoreSol ution;
|| oGoal _goal ;
public:

Rout i ngSol ver (Rout i nghbdel ndl ) ;

~Rout i ngSol ver () {}

Il oBool findFirstSolution();

voi d i mproveW t hNhood();

void printlnfornmation(const char* =0) const;

b
Rout i ngSol ver: : Rout i ngSol ver (Rout i nghbdel ndl):
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Complete Program

_env(mdl . getEnv()),

_ndl (ndl . get Model ()),

_sol ver (ndl . get Mdel ()),
_di spat cher (_sol ver),

_sol ution(mdl . get Model ()){

_instantiateCost =

I'l oD chotom ze(_env, _dispatcher.getCostVar(), |loFalse);
_restoreSolution = |l oRestoreSol uti on(_env, _solution);
_goal = Il oSavingsCGenerate(_env) & _instantiateCost;

}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution() {
if (!_solver.solve(_goal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return Il oFal se;

}

_sol ution.store(_sol ver);
return Il oTrue;

}

/11 nprove sol ution using nhood
voi d Routi ngSol ver: : i nmproveWt hNhood() {
I oNHood nhood = |l oTwoQpt (_env)
11 oOr Opt (_env)
Il oRel ocat e(_env)
Il oCross(_env)
Il oExchange(_env);
_solver.out() << “Inproving solution” << endl;

+ + + +

Il oGoal inmprove = |l 0Singl eMove(_env,
_solution,
nhood,
I'l ol nprove(_env),
_instantiateCost);
whil e (_sol ver.sol ve(inprove)) {

}

_sol ver. sol ve(_restoreSol ution);

}

/1 Display D spatcher information
voi d RoutingSol ver::printlnfornmation(const char* headi ng) const {
i f (headi ng)
_sol ver. out () <<headi ng<<endl ;
_solver.printlnformation();
_dispatcher.printlnfornation();
_solver.out() << “===============" << end|
<< “Cost : “ << _dispatcher.getTotal Cost() << endl
<< “Nunber of vehicles used :
<< _di spat cher. get Nunber O Vehi cl esUsed() << endl
<< “Sol ution © " << endl
<< _di spatcher << endl;
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NN NN
int main(int argc, char * argv[]) {
11 oEnv env;
try {
Rout i ngMbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
if (solver.findFirstSolution()) {
solver.printinformation(“***First Solution***");
sol ver. i nproveWt hNhood() ;
solver.printlnformation(“***Inproved Solution***");

}
} catch(ll oException& ex) {
cerr << “Error: “ << ex << endl;

env. end();
return O;

Complete Output

/**

***Ejirst Sol ution***

Nurmber of fails ;76
Nunber of choice points : 1051
Nurmber of vari abl es ;869
Nunber of constraints : 153
Reversi bl e stack (bytes) ;92484
Sol ver heap (bytes) : 478660
Sol ver gl obal heap (bytes) : 50860
And stack (bytes) : 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
Constrai nt queue (bytes) ;11160
Total menory used (bytes) : 701576
El apsed tine since creation : 0.06
Nunber of nodes 21
Nurmber of visits ;30
Nunber of vehicles 5
Nurber of di mensi ons 03
Nunber of accepted noves 0
Cost : 417.834

Nurmber of vehicles used : 4

Sol ution :

Unperformed visits : None

vehiclel :

-> depot weight[0O] time[0..2.76114] distance[0..Inf) -> visit18 weight[O0..87]

time[ 15. 8114. .18. 5725] distance[15.8114..Inf) -> visit7 weight[12..99]

tine[ 35.8114..38.5725] distance[25.8114..Inf) -> visit1l9 weight[17..104]
time[56.9917..59. 7529] distance[36.9917..1nf) -> visitll weight[34..121]
time[74.0628..76.8239] distance[44.0628..I1nf) -> visitl0 wei ght[46..133]
time[ 95. 2431. . 98. 0043] distance[55.2431..1nf) -> visit20 weight[62..149]
time[121. 055. . 123.816] distance[71.0545..Inf) -> visit3 weight[71..158]
time[ 153. 415. . 156. 176] di stance[ 93. 4152..1nf) -> visit12 weight[84..171]
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Complete Program

time[174.596..177.357] distance[104.596..Inf) -> visitl weight[103..190]
time[ 201. 239..204] distance[121.239..Inf) -> depot weight[113..200]
time[226.47..230] distance[136.47..1nf)

vehicle2 :

-> depot weight[0O] time[O0..49.4126] distance[O0..Inf) -> visit6 weight[O0..114]
tinme[11. 1803. . 60. 5929] distance[11.1803..Inf) -> visit5 weight[3..117]
time[ 31. 1803. . 80.5929] distance[21.1803..Inf) -> visit8 weight[29..143]
time[95..104.521] distance[35.1087..1nf) -> visitl7 weight[38..152]
time[118.928..128. 45] distance[49.0371..Inf) -> visitl1l6 weight[40..154]
time[ 140. 109. . 149. 63] di stance[ 60.2175..1nf) -> visitl1l4 weight[59..173]
time[161.289..170.81] distance[71.3978..Inf) -> visit2 weight[79..193]
time[192.479..202] distance[92.5874..Inf) -> depot weight[86..200]
time[220. 479..230] distance[110.587..1nf)
vehicle3 :

-> depot weight[O] time[O0..40.5862] distance[0..Inf) -> visitl5 weight[O0..173]
tinme[61..71] distance[30.4138..1nf) -> visit4 weight[8..181] tine[149..159]

di stance[ 59. 5686..1nf) -> depot wei ght[27..200] time[184..230]
di st ance[ 84. 5686. . | nf)
vehicl e4 :

-> depot weight[0O] time[0..74.9844] distance[0..Inf) -> visit9 weight[O0..161]
time[97..107] distance[32.0156..Inf) -> visit1l3 weight[16..177] time[159..169]
di stance[ 75. 0272. . Inf) -> depot wei ght[39..200] tine[180.18..230]

di st ance[ 86. 2076. . | nf)
vehicl e5 : Unused

| nprovi ng sol ution

***| mproved Sol ution***

Nunber of fails 0
Nunber of choice points 0
Nunber of variabl es : 869
Nurmber of constraints ;149
Reversi bl e stack (bytes) 192484
Sol ver heap (bytes) . 478660
Sol ver gl obal heap (bytes) © 62920
And stack (bytes) ;20124
O stack (bytes) 1 44244
Search Stack (bytes) ;4044
Constrai nt queue (bytes) : 11160
Total nmenory used (bytes) : 713636
El apsed time since creation 0
Nurmber of nodes 21
Nunber of visits ;30
Nurmber of vehicles 5
Nunber of di mensi ons 3
Nunber of accepted noves 11
Cost : 366. 447

Nunber of vehicles used : 4

Sol ution

Unperformed visits : None

vehiclel :

-> depot weight[O] time[0..25.8217] distance[0..Inf) -> visitl1l0 weight[0..112]
time[25.4951..51. 3168] distance[25.4951..Inf) -> visitll weight[16..128]
time[67..72.4972] distance[36.6754..Inf) -> visitl1l9 weight[28..140]
time[ 84.0711..89.5683] distance[43.7465..I1nf) -> visit7 weight[45..157]
time[ 105. 251. . 110. 749] di stance[ 54. 9268..1nf) -> visit18 wei ght[50..162]
time[ 125. 251..130. 749] di stance[ 64.9268..Inf) -> visit6 weight[62..174]
time[ 146. 432. . 151. 929] di stance[ 76.1072..1nf) -> visit13 wei ght[65..177]
time[ 163.503..169] distance[83.1783..1nf) -> depot weight[88..200]
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time[ 184. 683..230] distance[94.3586..Inf)
vehicle2 :

-> depot weight[0O] time[O0..60.4561] distance[O0..Inf) -> visit5 weight[O0..124]
time[ 20. 6155..81.0716] distance[20.6155..Inf) -> visit8 wei ght[26..150]
time[95..105] distance[34.5439..Inf) -> visitl7 weight[35..159]
time[118.928..144.639] distance[48.4723..Inf) -> visitl1l6 weight[37..161]
time[ 140. 109. . 165. 82] di stance[ 59. 6526..1nf) -> visit1l4 wei ght[56..180]
time[161.289..187] distance[70.833..Inf) -> depot weight[76..200]
time[ 203. 305. . 230] di stance[ 102. 849. . I nf)
vehicle3 :

-> depot weight[0O] time[0..30] distance[O0..Inf) -> visit2 weight[O..166]
tinme[18..48] distance[18..Inf) -> visitl5 weight[7..173] tinme[61..71]
distance[31..Inf) -> visit4 weight[15..181] tine[149..159]

di stance[ 60. 1548. . I nf) -> depot wei ght[34..200] tinme[184..230]
di st ance[ 85. 1548. . I nf)
vehicle4 :

-> depot weight[O] time[O0..45.8197] distance[0..Inf) -> visitl1l2 weight[O0..133]
tinme[15..60.8197] distance[15..Inf) -> visit3 weight[19..152] tine[36.1803..82]
di stance[ 26. 1803..1nf) -> visit9 weight[32..165] tinme[97..107]

di stance[ 41.1803..Inf) -> visit20 weight[48..181] tine[118.18..177.508]
di stance[ 52. 3607..Inf) -> visitl weight[57..190] tinme[144.673..204]

di stance[ 68.8531..Inf) -> depot weight[67..200] tinme[169.904..230]

di st ance[ 84. 0846. . | nf)

vehicl e5 : Unused

Press any key to continue

*/
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Minimizing the Number of Vehicles

In this lesson, you will learn how to:
O minimize the number of vehiclesin arouting problem
O create aroad network graph and compute shortest paths

O usethe classes and functions| | oDi spat cher Graph, | | oG aphDi st ance,
I | ovbkePer f or ned, | | oMakeUnper f or med, | | oSwapPer f or m
Il oRouti ngSol ution:: Routelterator,
Il oRout i ngSol uti on:: get RouteSi ze,and Il oVisit::setPenal t yCost

You will learn how to solve avehicle routing problem (VRP) where the main objectiveisto
reduce the number of vehicles. Dispatcher’s graph functionality is aso introduced in this
lesson. You will learn how to create a graph representing aroad network and to compute the
shortest paths between visits from this graph. The graph functionality can be used to
compute distance and time dimensions in any routing problem. Conversely, you could also
use Euclidean, Manhattan, or another type of distance computation for the problem in this
lesson.
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Describe

This problem isthe same as the problem presented in Chapter 2, Modeling a Vehicle Routing
Problem except that the objective is to reduce the number of vehicles before minimizing
distance or time.

Describe the problem
Thefirst step isto write a natural language description of the problem.

The components of the routing model for this problem are the same as for a standard VRP:
vehicles, customers, and a depot.

The constraintsin this problem are the same as those in a standard VRP: time windows,
vehicle capacity, and visit quantities.

The objective is to minimize the number of vehicles used as well as minimizing the total
length of the solution.

Model

82

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial/

mi nvehcl _parti al . cpp inyour development environment. Thisfileisaprogram that is
only partially completed. You will fill in the blanks in each step in thislesson. At the end of
thislesson, you will have completed the code for the problem and you will be able to
compile and run it.

Asin Chapter 2, Modeling a Vehicle Routing Problem, you create a Rout i nghodel class,
which isused to model the problem.
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Declare the RoutingModel class
The code for the declaration of the class Rout i nghbdel is provided for you:

cl ass Routi nghbdel {

Il oEnv _env;

|1 oMbdel _mdl;

I | oDi spat cherGraph _graph;
I I oD mensi on2 _tine;
Il oD nensi onl _wei ght;

voi d addDi nensi ons();

voi d | oadG aphl nformation (char* arcFil eName, char* turnFileNane);
voi d | ast M nut eG aphChanges ();

voi d createll oNodes(char* nodeFil eNane, char* coor dFil eNane) ;

voi d createVehicl es(char* vehicl eFil eNane) ;

voi d createVisits(char* visitsFileNane);

public:

Rout i nghodel (11 oEnv env, int argc, char* argv[]);
~Rout i nghbdel () {}

I'l oEnv getEnv() const { return _env; }

I oMbdel get Model () const { return _nmdl; }

h

There are only afew differences between the Rout i ngMbdel class used in a standard VRP
and the Rout i nghvbdel class used in this problem.

The dimensionsin this problem are time and weight. Unlike in Chapter 2, Modeling a
\ehicle Routing Problem, distance is not a dimension. In this example, only the dimensions
representing time and weight are required to set side constraints and to compute the cost.
However, you could add a distance dimension if you wanted to include thisdimensionin the
model.

The graph, an instance of theclass | | oDi spat cher G- aph, alows you create agraph
representing a road network topology on which instances of 1 | oNode can be positioned.
This graph is composed of graph nodes—which are different from | | oNodes—and arcs
connecting these graph nodes. The cost in time and distance for traversing an arc is loaded
from afile, aswell as any penalties associated with making turns. See “ Define the
RoutingModel constructor” on page 84.

I oDi spat cher G aph computes the shortest paths between nodes for each vehicle. It is
this shortest path that is used to create the dimension _t i e in this problem. See“ Definethe
addDimensions function” on page 87.

You must associate the graph nodes with instances of 1 | oNode that represent depot and visit
locations. See “ Define the createlloNodes function” on page 87.

The class Rout i ngMbdel introduces two member functions related to
I oDi spat cher Graph functionality: | oadGr aphl nf or mati on and
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| ast M nut eG aphChanges. See “ Define the loadGraphlnformation function” on page 85
and “ Define the lastMinuteGraphChanges function” on page 86.

Define the RoutingModel constructor

The constructor is defined asin Chapter 2, Modeling a \ehicle Routing Problem, except that
it also allows you to specify the names of the input files relating to the road network graph. If
you do not specify input files, the defaults will be used. In addition to files with node,
vehicle, and visit data, asin Chapter 2, Modeling a Vehicle Routing Problem, this
constructor loads information from an arc file, aturn file, and anode coordinatesfile. The
arc file contains the arc name, the “from” graph node, the “to” graph node, the time to
traverse the arc, and the distance between the two graph nodes that define the arc. The turn
file contains two arcs and the time penalty associated with the turn between the two arcs. For
example, aleft turn may take longer than aright turn at certain intersections. By default, all
turns are permitted with no penalty. The node coordinates file contains the name of a graph
node and its x and y coordinates. It is used to associate a graph node and an | | oNode
representing avisit location.

This constructor will be called from the mai n function. It calls the following functions:
addDi nmensi ons, | oadG aphl nf or mati on, cr eat el | oNodes, cr eat eVehi cl es, and
createVisits.
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The following code is provided for you:

Rout i nghbdel : : Rout i nghbdel ( |1 oEnv env,
int argc,
char* argv[]):

_env(env), _mdl(env), _graph(env) {
addDi mensi ons() ;

/1 Load dispatcher graph information fromfile, and
/1 add instance-specific features.
char * arcFil eNang;
if(argc < 2) arcFileName =
(char*) "../../../exanpl es/ dat a/ di spat cher GraphDat a/ gri dNet wor k. csv";
el se arcFil eName = argv[1];
char * turnFil eNane;
if(argc < 3) turnFileNane =
(char*) "../../../exanpl es/ dat a/ di spat cher G aphDat a/ t ur nDat a. csv";
el se turnFil eName = argv[2];
| oadG aphl nf ormati on (arcFil eNane, turnFileNang);

/Il Create |l oNodes and associate themto graph nodes
char * nodeFi | eNane;
if(argc < 4) nodeFileNane =
(char*) "../../../exanpl es/data/vrp200/vrp200nodes. csv";
el se nodeFi | eNarre = argv[3];
char * nodeCoordsFil e;
if(argc < 5) nodeCoordsFile =
(char*) "../../..lexanpl es/ dat a/ di spat cher G aphDat a/ coor dTabl e. csv";
el se nodeCoordsFil e = argv[4];
cr eat el | oNodes( nodeFi | eNane, nodeCoordsFile);

/1 Create vehicles
char * vehicl esFi | eNaneg;
if(argc < 6) vehiclesFileNanme =
(char*) "../../../exanpl es/data/vrp200/vrp200vehi cl es. csv";
el se vehi cl esFil eNane = argv[5];
cr eat eVehi cl es(vehi cl esFi | eNane) ;

I/l Create visits
char * visitsFil eNare;
if(argc < 7) visitsFileNane =

(char*) "../../../exanpl es/data/vrp200/vrp200visits.csv";
el se visitsFileName = argv[6];
createVisits(visitsFileNane);

Define the loadGraphinformation function

First, you build the road network graph using the function | oadG aphl nf or mat i on. This
function takes the arc file and turn file as parameters. The member function

I oDi spat cher Graph: : cr eat eAr csFronFi | e loads the network topology from a csv
file and creates all necessary arcs and nodes. The member function

I | oDi spat cheG aph: : | oadAr cDi mensi onDat aFr onFi | e loads the arc cost
information relating to the dimension _t i me from the arc file. The member function
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I | oDi spat cher Graph: : | oadTur nDi mensi onDat aFr onFi | e loads turn penalty
information from the turn file. By default, all turns are allowed with no penalty. The

| oadG aphl nf or mat i on function callsthel ast M nut eG aphChanges function to
alow for direct manipulation of the road network graph.

Load the graph information
Add the following code after the comment / / Load t he graph information

voi d Routi ngMbdel : : | oadG aphl nfornmation ( char* arcFil eNare,
char* turnFil eNare) {
_graph.createArcsFronFile (arcFil eNane);
_graph. | oadAr cDi nmensi onDat aFronfi |l e (arcFil eNare, _tinme);
_graph. | oadTur nD nmensi onDat aFr onFi | e(turnFi | eNane, _tine);
| ast M nut eG aphChanges() ;
}

Define the lastMinuteGraphChanges function

A road network graph may need to be modified directly at the last minute due to traffic,
accidents, or construction work. | | oDi spat cher Gr aph includes functionality to allow you
to modify the network topology and costs by direct manipulation. The member function

Il oDi spat cher Graph: : f or bi dAr cUse setsthe cost of the arc to infinity. The member
function I | oDi spat cher Gr aph: : set Tur nPenal t y setsthe penalty cost of turning from
one arc to another along the dimension. In this example, the penalty for turning from arc
1323 to arc 1544 is 12 time units.

Make last minute graph modifications

Add the following code after the comment
/1 Make | ast mnute graph nodifications

voi d RoutingMdel::|astM nuteG aphChanges () {
_graph. f or bi dAr cUse(_gr aph. get ArcByEnds(2785-1, 2785));
_graph. f or bi dArcUse(_graph. get ArcByEnds(2785+1, 2785));
_graph. f or bi dAr cUse(_gr aph. get ArcByEnds(2785-56, 2785));
_graph. set TurnPenal ty(_graph. get Arc(1323), _graph.getArc(1544), _time, 12);
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Define the addDimensions function

The member function addDi nmensi ons is used to create the two dimensions, _wei ght and
_ti me, and add them to the model. The weight dimension is created in the same way asin
Chapter 2, Modeling a \ehicle Routing Problem. This code is provided for you:

voi d Routi ngModel : : addD nmensi ons() {
_weight =lIloD nmensionl (_env, "weight");
_mdl . add( _wei ght);

The time is computed from the road network graph. The dimension _t i me is an instance of
thesubclass| | oDi mensi on2. The constructor for | | oDi mensi on2 takesthree parameters:
the environment, a distance function, and a name used for debug and trace purposes. In this
lesson, the distancefunctionisSP_t i ne. Thisisthe shortest path in time computed from the
road network graph. To create SP_t i ne, you use the function | | oG aphDi st ance, which
returns an instance of |1 1 oDi st ance for which the distance—or time—between two nodes
for a specified vehicle is the value of the shortest path between the two nodes using the
specified vehicle.

Create the time dimension and add to model

Add the following code after the comment
// Create the tine dinension and add to nodel

Il oDistance SP_time = |l oG aphDi stance (_graph);
_time =lloD nension2 (_env, SP_tine, "tinme");
_mdl . add(_time);

}

In this example, you could also use the predefined distance functions| | oEucl i dean or
I 1 oManhat t an or define your own distance function.

Define the createlloNodes function

You create the nodes in the same way you did in Chapter 2, Modeling a Vehicle Routing
Problem, except that you must associate the graph nodes to the instances of | | oNode. You
use the csv reader functionality to input node data and node coordinate data from csv files.
You use the member function | | oDi spat cher Gr aph: : associ at ebyCoordslI nFi |l e to
look up the coordinates of agiven | | oNode inacsv file and automatically associateit to the
graph node with matching coordinates.
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Associate the graph nodes to the lloNodes

Add the following code after the comment
/1 Associ ate the graph nodes to the || oNode

_graph. associ at eByCoor dsl nFi | e (node, coordFileNang);

Here is the complete code for defining the cr eat el | oNodes function:

voi d Routi ngMbdel : : creat el |l oNodes(char* nodeFi | eNane, char* coordFil eNane) {
Il oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
Il oCsvLine line = *it;
char * nane = |ine.getStringByHeader ("nane");
Il oNode node(_env, |ine.getFl oat ByHeader ("x"),
|'i ne. get Fl oat ByHeader ("y"), 0, nane);
node. set Key( nane) ;

_graph. associ at eByCoor dsl nFi | e (node, coordFileNang);
++it;

}
csvNodeReader . end() ;
}

Define the createVehicles function

You create vehiclesin the same way you did in Chapter 2, Modeling a Vehicle Routing
Problem. You use csv reader functionality to input vehicle datafrom acsv file. The vehicles
have start and end visits. You add side constraints that the vehicles must |eave the depot after
it opens and return to the depot before it closes. You set the capacities of the vehicles using
Il oVehi cl e: : set Capaci ty and thedimension _wei ght . Using
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Il oVehi cl e: : set Cost, the cost of each vehicle is set to be directly proportional to the
dimension _t i me. Thiscode s provided for you:

voi d RoutingMdel :: createVehicl es(char* vehicl eFi | eNane) {
I | oCsvReader csvVehicl eReader (_env, vehicl eFil eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {
Il oCsvLine line = *it;

char * namefirst = |ine.getStringByHeader("first");
char * narel ast = |ine.getStringByHeader("last");
char * name = |ine. get StringByHeader ("nane");

I'l oNum capacity = |ine. getFl oat ByHeader (" capacity");
Il oNode nodel = Il oNode:: Find(_env, nanefirst);

I oNode node2 = Il oNode:: Find(_env, nanelast);

IloVisit first(nodel, "depot");

_nmdl . add(first.getQumul Var (_wei ght) == 0);

_ndl . add(first.getCunul Var(_ti ne) >= |ine. get Fl oat ByHeader (" open"));
IloVisit |ast(node2, "depot");

_ndl . add(| ast. get Cunul Var (_tine) <= l|ine. get Fl oat ByHeader ("cl ose"));
Il oVehicle vehicle(first, last, nane);

vehi cl e. set Cost (_ti ne, 1.0);

vehi cl e. set Capaci t y(_wei ght, capacity);

_ndl . add(vehicl e);

++it;

csvVehi cl eReader. end() ;

}

Define the createVisits function

You create visits in the same way you did in Chapter 2, Modeling a \ehicle Routing
Problem, except that you set a penalty cost for not performing avisit. You use csv reader
functionality to input visit data from acsv file. A visit must be associated to a node, its
location. A visit also has a quantity—the amount of goods delivered to the location. A visit
can have a minimum time and a maximum time during which it can be performed—atime
window. Additionally, visits have a drop time—the amount time required to perform the
visit. These side constraints are modeled using the dimensions _t i me and _wei ght and the
delay, transit, and cumulative variables associated with the visit.

You use the member function | | oVi si t: : set Penal t yCost to set the cost of not
performing avisit to 1000 cost units. This allows the visit to not be performed. During the
solution improvement phase of problem solving, you will want to be able to allow some
visits to be temporarily unperformed. The penalty cost allows you to do this. See the section
“Solve” on page 90 for more information.
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Set the penalty cost on unperformed visits

Add the following code after the comment
/1Set the penalty cost on unperforned visits

vi si t.set Penal t yCost (1000);

Here is the complete code defining the cr eat eVi si t s function:

voi d RoutingMbdel ::createVisits(char* visitsFileNane) {
I oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok()){
Il oCsvLine line = *it;
//read visit data fromfiles
char * visitNane = |ine.getStringByHeader ("nane");
char * nodeNane = |ine. get StringByHeader (" node");
Il oNum quantity = line. getFl oat ByHeader ("quantity");
IloNum m nTime = line.getFl oat ByHeader ("m nTi me");
Il oNum maxTi me = line. get Fl oat ByHeader (" maxTi nme");
Il oNum dropTi me = |ine. getFl oat ByHeader (" dropTi me");
Il oNode node = |l oNode: : Fi nd(_env, nodeNane);
IloVisit visit(node, visitNane);
nmdl . add(vi sit. getDel ayVar(_tinme) == dropTine);
mdl . add(visit.getTransitVar(_wei ght) == quantity);
mdl . add(m nTime <= visit.getCQumul Var (_tine) <= nmaxTi ne);
_mdl . add(visit);

vi sit. set Penal t yCost (1000);
++it;

}
csvVi sit Reader. end();
}

Solve

Because the standard approach to vehicle routing problems described in Lesson 3 Solving a
\ehicle Routing Problem can be inefficient when tackling the problem of minimizing the
number of vehicles used to solve a VRP, this lesson presents another method, based on the
use of instances of I | oRout i ngSol ut i on and dynamic insertion of visits.

Here is a short description of the proposed heuristic:
1. Find afirst solution.
2. Savethecurrent solutionin_sol uti on, aninstance of I | oRout i ngSol uti on.

3. Improve thefirst solution using neighborhoods.
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4. Close any empty vehicles so that they cannot take part in any solution.

5. Let v bethe non-empty vehicle with the fewest visits. Empty v by constraining the visits
assigned to it so that they must be performed by some other vehicle, disabling v, and
finding anew solution. (There will always be a solution if the visits have afinite penalty
cost and can therefore be unperformed.)

Improve the new solution, minimizing its cost.
If there are no unperformed visits, go to 2.

If there are unperformed visits, enable v, and restore sol ut i on.

© © N 2

The solution with the minimal number of vehiclesissol uti on.

Asin Chapter 3, Solving a Vehicle Routing Problem, you create the Rout i ngSol ver class,
which is used to solve the vehicle routing problem.

Declare the RoutingSolver class
The code for the declaration of the classRout i ngSol ver is provided for you:

cl ass RoutingSol ver {

Il oEnv _env;

I | oModel _nmdl;

Il oSol ver _sol ver;

I | oDi spat cher _di spat cher;

Il oRouti ngSol uti on _sol ution;

Il oGoal _instantiat eCost;
|| oGoal _gener at eGoal ;

Il oGoal _restoreSol ution;

Il oVehicl e get Shortest Route ();

public:
Rout i ngSol ver (Rout i nghbdel mndl);
~Rout i ngSol ver () {}
Il oBool findFirstSolution ();
voi d i nproveWt hNhood ();
voi d cl oseEnptyVehicles ();
voi d reduceActiveVehicles ();
void printlnformation(const char* =0) const;

There are only afew differences between the Rout i ngSol ver classusedin astandard VRP
and the Rout i ngSol ver class used in this problem. There are three additional member
functions. get Shor t est Rout e, cl oseEnpt yVehi cl es, andr educeAct i veVehi cl es.
These member functions are explained in the following sections.
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Define the RoutingSolver constructor

The Rout i ngSol ver constructor is defined asin Chapter 3, Solving a Vehicle Routing
Problem. It takes an instance of Rout i nghbdel as a parameter. The environment, model,
solver, dispatcher, and solution are initialized. The goa to instantiate cost is created using
thefunction | | oDi chot oni ze. You use the predefined first solution generation heuristic
Il 0Savi ngsGener at e to createthefirst solution. The goal to restore the solution is created
using | | oRest or eSol ut i on. This constructor will be called from the nai n function. This
codeis provided for you:

Rout i ngSol ver: : Rout i ngSol ver ( Rout i nghbdel ndl):
env(mdl . get Env()),
mdl (ndl . get Model ()),
sol ver (ndl . get Model ()),
di spat cher (_sol ver),
sol ution(ndl . get Model ()){
_instantiateCost =

Il oDi chot om ze(_env, _dispatcher.getCostVar(), |loFalse);
_generateCoal = |l o0Savi ngsCGenerate(_env) &% _instantiateCost;
_restoreSolution = |l oRestoreSol uti on(_env, _solution);

}

Define the findFirstSolution function

Now, you create the function that searches for the first solution. This function isthe same as
the one you created in Chapter 3, Solving a \ehicle Routing Problem. You search for a
solution using _gener at eGoal and store the solution and its cost using the member
function I | oRout i ngSol uti on: : st ore. Thiscodeis provided for you:

Il oBool RoutingSol ver::findFirstSolution() {
if (!_solver.solve(_generateCoal)) {
_solver.error() << "Infeasible Routing Plan" << endl;
return Il oFal se;

_solution.store(_sol ver);
return Il oTrue;

}

Define the improveWithNHood function

After you have found afirst solution, you create the neighborhoods you will use in the
solution improvement phase. Asin Chapter 3, Solving a \ehicle Routing Problem, you use
the predefined neighborhoods | | oRel ocat e, | | oExchange, | | oCross, | | oTwoOpt , and
I1 oOr Opt . Additionally, you use three other predefined neighborhoods:

I 1 oMakePer f or ned, I | oMakeUnper f or med, and | | oSwapPer f or m The function

I | oMakePer f or med returns a neighborhood that modifies a solution by inserting an
unperformed visit after a performed one. The function | | oMakeUnper f or ned returns a
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neighborhood that modifies a solution by causing a performed visit to be unperformed. The
function | | oSwapPer f or mreturns aneighborhood that modifies a solution by exchanging a
performed visit with an unperformed one. These neighborhoods are used to improve a
solution after emptying a vehicle and constraining the visits assigned to it to be performed
by some other vehicle.

For more information about how predefined neighborhoods work, see Appendix B,
Predefined Neighborhoods.

Create the neighborhoods
Add the following code after the comment / / Cr eat e t he nei ghbor hoods

voi d RoutingSol ver::i nproveWt hNhood() {
Il oNHood nhood = (Il oRel ocate(_env) + Il oExchange(_env) + Il oCross(_env))
+ (Il oTwoQpt (_env) + 11 oQ Opt(_env))
+ (11 ovakePerf or med(_env)
+ || oMakeUnper f or med(_env)
+ 11 oSwapPerform(_env));

Therest of the function is defined asin Chapter 3, Solving a Vehicle Routing Problem. You
usethefunction 1 | 0Si ngl eMove to return agoal that makes a single local move as defined
by a neighborhood and a search heuristic. The following code is provided for you:

_solver.out() << "Inproving solution" << endl;
Il oGoal inprove = |10Singl eMve(_env,
_sol ution,
nhood,
Il ol mprove(_env),
_instantiateCost);
whil e (_sol ver.sol ve(inprove)) {

_sol ver.sol ve(_restoreSol ution);

}

Define the closeEmptyVehicles function

Next, you define the cl oseEnpt yVehi cl es function. You use an instance of

Il ol t erator andthe member function | | oRout i ngSol uti on: : get Rout eSi ze to
locate any vehicles that have an empty route. Vehicles that are not used in the solution have a
route size of O (zero). You constrain these vehicles to be closed by adding the constraint that
the next-variable of their first visit is set equal to their last visit. In other words, they never
|eave the depot.
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Close empty vehicles
Add the following code after the comment / / Cl ose enpty vehicl es

voi d RoutingSol ver:: cl oseEnpt yVehi cl es() {
for (llolterator<lloVehicle> iter(_env); iter.ok(); ++iter) {
Il oVehicle vehicle = *iter;
Ilolnt size = _sol ution. get RouteSi ze(vehicle);
if (size == 0) {
_mdl . add(vehicle.getFirstVisit().getNextVar() == vehicle.getLastVisit());
}
}
}

Define the getShortestRoute function

Now you locate the vehicle with the smallest number of visits, since thisis vehicle that you
will want to empty. An || ol t er at or isused to search through the vehiclesin the problem.
The member function | | oRout i ngSol ut i on: : get Rout eSi ze returns the number of
visitsin the stored route of each vehicle.

Find the vehicle with the shortest route

Add the following code after the comment
/1 Find the vehicle with the shortest route

I'l oVehi cl e RoutingSol ver:: get Shortest Route() {
Il olnt bestSize = 1000000;
Il oVehi cl e best Vehi cl e;
for (llolterator<lloVehicle> iter(_env); iter.ok(); ++iter) {
Il oVehicle vehicle = *iter;
Ilolnt size = _sol ution. get Rout eSi ze(vehicle);
if (size < bestSize & size !=0) {
best Si ze = si ze;
best Vehi cl e = vehi cl e;

}

return best Vehicl e;

}

Define the reduceActiveVehicles function

To reduce the number of active vehicles, you first use the function get Shor t est Rout e to
find the vehicle with the smallest number of visits. You make a copy of the solution and use
anl | oRouti ngSol ution:: Rout el terator to move through the route of the selected
vehicle. You add a vehicle incompatibility constraint on each visit associated with the
vehicle, stating that the visit should not be assigned to the vehicle you are trying to empty.
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Empty the vehicle
Add the following code after the comment / / Enpty t he vehicle

voi d RoutingSol ver::reduceActiveVehicles () {
Il oVehi cl e vehicle = get ShortestRoute();
I'l oRout i ngSol uti on sol Copy(_env);
Il oBool vehicleC osed = Il oTrue;
Il oGal sync = |l oRestoreSolution(_env, _solution)
&& |1 oStoreSol ution(_env, _solution);
whil e (vehicled osed & vehicle.getlnpl()) {
sol Copy. copy(_sol ution);
_solver.out() << "Enptying " << vehicle.getNane() << " ..." << endl
Il oAnd andCt (_env);
_mdl . add(andQt) ;
for (Il oRoutingSolution::Routelterator iter(sol Copy, vehicle)
iter.ok();
++iter) {
IloVisit visit = *iter
if (lvisit.isFirstVisit() & !visit.isLastVisit()) {
andCt . add(vehicle !'= visit.getVehicleVar());

You then remove the visit from the solution, which sets the state of the visit to unperformed
in the solution. You usethefunction| | ol nsert Vi si t toinsert the unperformed visit back
into the routing plan. This goal always succeeds because the visit has a finite penalty cost,
which allows it be unperformed.

Insert the unperformed visits into the routing plan

Add the following code after the comment
//1nsert the unperformed visits into the routing plan

_solution.remove(visit)

_sol ver. sol ve(sync);

Il oGoal insert = IlolnsertVisit(_env, visit, _solution)
_sol ver.sol ve(insert);

_solution.add(visit);

_solution.store(_sol ver);

}
}

Then you improve the solution, using the neighborhoods I | ovakePer f or med,

I 1 oMakeUnper f or med, and I | oSwapPer f or mto try to perform the visits belonging to the
emptied vehicle. If, after improvement, the number of unperformed visitsis 0 (zero) and the
vehicleis still empty, then this vehicleis closed by constraining the next-variable of the first
visit to be set equal to the last visit of the vehicle. You then search for the next vehicle to
empty, that is the one whose route size is now shortest. When you cannot empty any more
vehicles and still perform all the visits, the loop breaks and the last vehicle that was
unsuccessfully emptied is added back to the routing solution.
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Improve the solution
Add the following code after the comment / / | nprove t he sol ution

i mproveW t hNhood() ;
if (_solution.getNunberOf UnperformedVisits() == 0
&& _sol ution. get Rout eSi ze(vehicle) == 0) {
_mdl . add(vehicle.getFirstVisit().getNextVar()
== vehicle.getlLastVisit());
vehi cl e = get Shortest Route();

el se {
_ndl . remove(andC) ;
_sol ution. copy(sol Copy) ;
vehi cl ed osed = || oFal se;

}

Finally, you restore the last solution found, which is the solution that uses the smallest
number of vehicles.

Restore the solution
Add the following code after the comment / / Rest ore the sol ution

_sol ver. sol ve(_restoreSol ution);

}

Define the printinformation function

Thepri nt 1 nf ormat i on function isthe same asin Chapter 3, Solving a \ehicle Routing
Problem. This code is provided for you:

voi d RoutingSol ver::printlnformation(const char* heading) const {
i f (headi ng)
_sol ver. out () <<headi ng<<endI ;
_solver.printlnfornmation();
_di spatcher.printlnformation();
_SO| ver . out () << "z========—=—===—===" << endl|
<< "Cost ;" << _dispatcher.getTotal Cost() << endl
<< "Nunber of vehicles used :
<< _di spat cher. get Nunber O Vehi cl esUsed() << endl
<< "Sol ution ;" << endl
<< _dispatcher << endl;
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Solve

Define the main function

After you finish creating the Rout i ngMbdel and Rout i ngSol ver classes and the

print | nformati on function, you use them in the mai n function. You can use command
line syntax to pass the names of input files to the model. If you do not specify input files, the
defaultswill be used. Inthe mai n function, you first create an environment. Then you creste
an instance of the Rout i ngMbdel class, which takes the environment and input files as
parameters. You create an instance of the Rout i ngSol ver class. Thistakes one parameter,
themodel. Youuseani f loop to find asolution. If Dispatcher finds afirst solution, you
print the information and then improve the solution. Then you close al empty vehicles. You
usethefunctionr educeAct i veVehi cl es to search for the vehicle with the fewest number
of visitsand empty it. You try to find a new solution without using this vehicle. If you find a
new solution, you improveit. After solution improvement, you empty the vehicle that now
has the fewest number of visits. When you cannot empty any more vehicles and till find a
solution, you have minimized the number of vehicles. This solution is then printed. The
following code is provided for you:

int main(int argc, char * argv[]) {
11 oEnv env;
try {
Rout i ngvbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (ndl);
if (solver.findFirstSolution()) {
solver.printinformation("***First Solution***");
sol ver. i nproveW t hNhood() ;
solver.printInformation("***Solution after inprovements w th nhood***");
sol ver. cl oseEnpt yVehi cl es();
sol ver.reduceActiveVehicl es();
sol ver.printInformation("***Solution after reducing active vehicles***");

}
} catch(ll oException& ex) {
cerr << "Error: " << ex << endl;

env. end();
return O;

}

Compile and run the program

Compile and run the program. You will get results that show the routing plan and
information for the first solution, the initial improved solution, and the solution found after
reducing the number of active vehicles. The first solution uses 20 vehicles. Theinitia
improved solution uses 17 vehicles. The solution found after reducing the number of active
vehicles uses 16 vehicles.
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First solution information

The first solution phase finds a solution using 20 vehicles with atotal cost of 2554.03 units:

***Ejirst Sol ution***
Nunber of fails

Nunber of choice points
Nurmber of vari abl es

Nunber of constraints
Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constraint queue (bytes)
Total menory used (bytes)
El apsed tine since creation
Nunber of nodes

Nurmber of visits

Nunber of vehicles

Nurmber of di mensi ons
Nunber of accepted noves

Cost . 2554.03
Nunber of vehicles used : 20

Improved Solution Information
The solution improvement phase finds a solution using 17 vehicles with atotal cost of

2073.11 units-:

50659
1077
5504
881
578904
2504836
1187724
20124
44244
4044
13164
4353040
9. 483
201

300

50

2

0

***Sol ution after inprovements with nhood***

Nunber of fails

Nunber of choice points
Nunber of vari abl es

Nurmber of constraints
Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constrai nt queue (bytes)
Total menory used (bytes)
El apsed tine since creation
Nurmber of nodes

Nunber of visits

Nurmber of vehicles

Nunber of di nensi ons
Nunber of accepted noves

Cost . 2073. 11
Nunber of vehicles used : 17
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5504
878
578904
2089268
1203804
20124
44244
4044
35196
3975584
0. 07
201

300

50

2
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Review Exercises

Solution information after reducing active vehicles

After solution improvement, vehicle 20 has the fewest number of visits. (See the section
“Complete Output” on page 106.) Ther educeAct i veVehi cl es function empties vehicle
20, assigns its visits to other vehicles, and improves the solution. Now, vehicle 7 has the
fewest number of visits. Ther educeAct i veVehi cl es function empties vehicle 7, tries to
assign its visits to other vehicles, but is not able to do so. The last solution found is restored.
The solution after reducing active vehicles uses 16 vehicles with atotal cost of 2072.93
units:

Enpt yi ng vehicl e20 ...

| mprovi ng sol ution

Enpt yi ng vehicle7 ..

| mprovi ng sol ution

***Sol ution after reducing active vehicl es***

Nunber of fails 0
Nunber of choice points 0
Nurmber of vari abl es : 5504
Nunber of constraints © 917
Reversi bl e stack (bytes) : 578904
Sol ver heap (bytes) : 2089592
Sol ver gl obal heap (bytes) : 1207824
And stack (bytes) : 20124
O stack (bytes) 1 44244
Search Stack (bytes) © 4044
Constraint queue (bytes) : 35196
Total menory used (bytes) : 3979928
El apsed time since creation : 0.061
Nunber of nodes ;201
Nurmber of visits : 300
Nunber of vehicles : 50
Nurmber of di mensi ons 2
Nunber of accepted noves : 238
Cost : 2072.93

Nunber of vehicles used : 16

The complete program and output are listed in “Complete Program” on page 100. You can
also view it onlinein the Your Di spat cher Hore/ exanpl es/ src/ mi nvehcl . cpp file.

Review Exercises

1. How do you associate the graph nodes created using | | oDi spat cher Gr aph: : Node
with the nodes created using | | oNode?

2. How isthevisit penalty cost used in this problem?
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Suggested Answers

Exercise 1

How do you associate the graph nodes created using I | oDi spat cher Gr aph: : Node with
the nodes created using | | oNode?

Suggested Answer

You use the member function | | oDi spat cher G- aph: : associ at ebyCoor dsl nFi | e to
look up the coordinates of agiven | | oNode inacsv file and automatically associateit to the
graph node with matching coordinates.

Exercise 2

How isthe visit penalty cost used in this problem?

Suggested Answer

You use the member function | | oVi si t: : set Penal t yCost to set the cost of not
performing avisit to 1000 cost units. This allows the visit to not be performed. During the
solution improvement phase of problem solving, you will want to be able to allow some
visits to be temporarily unperformed. The penalty cost allows you to do this.

Complete Program

100

The complete program follows. You can also view it onlinein the Your Di spat cher Hone/
exanpl es/ src/ m nvehcl . cpp file.

[ B e I ¥ CH+ -*-

/1 File: exanples/src/ mnvehcl.cpp
e e e LR PP PP e

#incl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
NN NN NN
/1 Model i ng
cl ass Routinghodel {

I'l oEnv _env;

I | oMbdel _mdl ;

I | oDi spat cher Graph _graph;

I | oDi mensi on2 _ting;

I I oDi nensi onl _wei ght;

voi d addD nensi ons();
voi d | oadG aphl nfornmation (char* arcFileNanme, char* turnFileNane);
voi d | ast M nut eG aphChanges ();
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Complete Program

voi d createll oNodes(char* nodeFi | eNane, char* coordFil eNane);
voi d createVehicl es(char* vehicl eFi | eNare) ;
void createVisits(char* visitsFileNane);

public:

Rout i nghodel (11 oEnv env, int argc, char* argv[]);
~Rout i nghbdel () {}

I'l oEnv get Env() const { return _env; }

I oMbdel get Model () const { return _ndl; }

h

/| Create distance functions for dinensions, add dinensions to nodel
voi d Routi nghbdel : : addD nmensi ons() {

_weight =lloD nmensionl (_env, “weight”);

_mdl . add( _wei ght) ;

Il oDi stance SP_time = Il oG aphD stance (_graph);
_tine =lloDnension2 (_env, SP_tinme, “tine”);
_mdl . add(_tinme);

}

Rout i nghbdel : : Rout i nghbdel ( || oEnv env,

int argc,

char* argv[]):
_env(env), _mdl(env), _graph(env) {
addDi nensi ons() ;

/1 Load dispatcher graph information fromfile, and
/1 add instance-specific features.
char * arcFil eNane;
if(argc < 2) arcFileName =
(char*) “../../../exanpl es/ data/ di spat cher G aphDat a/ gri dNet wor k. csv”;
el se arcFil eNane = argv[1];
char * turnFil eNang;
if(argc < 3) turnFileNane =
(char*) “../../..lexanpl es/ data/ di spat cher G aphDat a/ t urnDat a. csv”;
el se turnFil eName = argv[2];
| oadG aphl nformati on (arcFil eNane, turnFileNane);

/Il Create |l oNodes and associate themto graph nodes
char * nodeFi | eNaneg;
if(argc < 4) nodeFileNane =
(char*) “../../../exanpl es/datal/vrp200/ vr p200nodes. csv”;
el se nodeFi | eNarme = argv[3];
char * nodeCoordsFil e;
if(argc < 5) nodeCoordsFile =
(char*) “../../../exanpl es/ data/ di spat cher G aphDat a/ coor dTabl e. csv”;
el se nodeCoor dsFil e = argv[4];
creat el | oNodes(nodeFi | eName, nodeCoordsFile);

I/ Create vehicles
char * vehicl esFil eNane;
if(argc < 6) vehiclesFileNane =
(char*) “../../../exanpl es/data/vrp200/vrp200vehi cl es. csv”;
el se vehi cl esFi | eNane = argv[5];
cr eat eVehi cl es(vehi cl esFi | eNare) ;

/Il Create visits
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char * visitsFil eNare;
if(argc < 7) visitsFileNane =

(char*) “../../../exanpl es/datal/vrp200/ vrp200visits.csv”;
el se visitsFileNane = argv[6];
createVisits(visitsFileNane);

}

/1 Load network topol ogy and travel costs fromfiles.
voi d Routi nghWbdel : : |1 oadG aphl nfornation ( char* arcFil eNane,
char* turnFil eNane) {
_graph. creat eArcsFronfil e (arcFil eNane);
_graph. | oadAr cD nensi onDat aFronfil e (arcFil eNane, _tine);
_graph. | oadTur nDi mensi onDat aFronti | e(turnFi | eNare, _tinme);
| ast M nut eG aphChanges() ;

}

/1 Make nodifications to network conditions based on | atest information.
voi d Routi nghbdel : : | ast M nut eGraphChanges () {

_graph. f or bi dArcUse(_graph. get ArcByEnds(2785-1, 2785));

_graph. f or bi dArcUse(_graph. get ArcByEnds(2785+1, 2785));

_graph. f or bi dArcUse(_gr aph. get Ar cByEnds(2785-56, 2785));

_graph. set TurnPenal ty(_graph. get Arc(1323), _graph.getArc(1544), _time, 12);
}

I/l Create |l oNodes
voi d Routi nghWbdel : : createl |l oNodes(char* nodeFi | eNane, char* coordFil eNane) {
I oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
Il oCsvLine line = *it;
char * nane = |ine.get StringByHeader (“nane”);
Il oNode node(_env, |ine.getFl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”), 0, nane);
node. set Key( nane) ;

_graph. associ at eByCoor dsl nFil e (node, coordFil eNare);
++it;

}
csvNodeReader . end() ;
}

// Create vehicles
voi d Routi nghWbdel : : creat eVehi cl es(char* vehicl eFi | eNane) {
I | oCsvReader csvVehi cl eReader (_env, vehicl eFi | eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {
Il oCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * narel ast = line.getStringByHeader (“last”);
char * nane = |ine.get StringByHeader (“nane”);

I'l oNum capacity = |ine. get Fl oat ByHeader (“capacity”);
Il oNode nodel = Il oNode:: Find(_env, nanefirst);

Il oNode node2 = Il oNode: : Fi nd(_env, nanelast);

IloVisit first(nodel, “depot”);

_ndl . add(first.getCunul Var (_wei ght) == 0);

_ndl . add(first.getCunul Var(_tinme) >= |ine.getFl oat ByHeader (“open”));
Il oVisit |ast(node2, “depot”);
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_nmdl . add( | ast. get Qunul Var (_tinme) <= line. getFl oat ByHeader (“cl ose”));
Il oVehicle vehicle(first, last, nane);

vehi cl e. set Cost (_ti ne, 1.0);

vehi cl e. set Capaci t y(_wei ght, capacity);

_mdl . add(vehicle);

++it;

csvVehi cl eReader. end() ;

}

// Create visits
voi d Routi nghWbdel :: createVisits(char* visitsFileNane) {
I oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok()){
Il oCsvLine line = *it;
//read visit data fromfiles
char * visitNane = |ine.getStringByHeader (“nane”);
char * nodeNane |'i ne. get StringByHeader (“node”);
Il oNum quantity I'i ne. get Fl oat ByHeader (“quantity”);
I'l oNum m nTi me I'i ne. get Fl oat ByHeader (“ni nTi ne”) ;
I'l oNum maxTi me I'i ne. get Fl oat ByHeader (“ naxTi ne”) ;
Il oNum dropTi me = |ine. get Fl oat ByHeader (“dropTi me”);
Il oNode node = |l oNode:: Fi nd(_env, nodeNane);
IloVisit visit(node, visitNane);
mdl . add(vi sit. getDel ayVar (_tinme) == dropTine);
mdl . add(vi sit.get TransitVar(_wei ght) == quantity);
mdl . add(m nTime <= visit.getQumul Var (_tine) <= maxTine);
_mdl . add(visit);

vi sit. set Penal t yCost (1000);
++it;

}
csvVi si t Reader . end() ;

}
PHECTEETEET bbb i i i i iy
/1 Solving
cl ass RoutingSol ver {
Il oEnv _env;
| | oMbdel _nmdl
I'l oSol ver _sol ver;
I | oDi spat cher _di spat cher;
Il oRoutingSolution _solution;
|| oGoal _instanti at eCost;
Il oGoal _gener at eCoal ;
Il oGoal _restoreSol ution;
Il oVehicl e get Shortest Route ();
public:

Rout i ngSol ver (Rout i nghbdel ndl);

~Rout i ngSol ver () {}

Il oBool findFirstSolution ();

voi d i mproveWt hNhood ();

voi d cl oseEnptyVehicles ();

voi d reduceActiveVehicles ();

void printlnformation(const char* =0) const;
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}s

Rout i ngSol ver: : Routi ngSol ver ( Routi ngMbdel ndl):
_env(ndl . getEnv()),
_mdl (ndl . get Model ()),
_sol ver (ndl . get Mbdel ()),
_di spat cher (_sol ver),
_sol ution(ndl . get Model ()){
_instantiateCost =

Il oD chot om ze(_env, _dispatcher.getCostVar(), |l oFalse);
_generateCoal = |l o0Savi ngsGenerate(_env) & _instantiateCost;
_restoreSolution = |l oRestoreSol uti on(_env, _solution);

}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution() {
if (!_solver.solve(_generateCoal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return Il oFal se;
}
_sol ution. store(_sol ver);
return Il oTrue;

}

/ /1 mprove sol ution using nhood
voi d Routi ngSol ver: : i nmproveWthNhood() {
I oNHood nhood = (Il oRel ocate(_env) + Il oExchange(_env) + Il oCross(_env))
+ (Il oTwoQpt (_env) + 11 oOrOpt(_env))
+ (11 oMakePerf or med(_env)
+ |1 ovakeUnper f or med(_env)
+ 11 oSwapPerform(_env));

_solver.out() << “Inproving solution” << endl;
Il oGoal inprove = |l0Singl eMve(_env,
_solution,
nhood,
I'l ol mprove(_env),
_instantiateCost);
whil e (_sol ver.sol ve(inprove)) {
}
_sol ver. sol ve(_restoreSol ution);

}

voi d Routi ngSol ver:: cl oseEnpt yVehi cles() {
for (Ilolterator<lloVehicle> iter(_env); iter.ok(); ++iter) {
Il oVehicle vehicle = *iter;
Ilolnt size = _sol ution. get RouteSize(vehicle);
if (size == 0) {
_mdl . add(vehicle.getFirstVisit().getNextVar() == vehicle.getLastVisit());
}
}
}

I'l oVehi cl e RoutingSol ver:: get Shortest Route() {
Ilolnt bestSize = 1000000;
I | oVehi cl e best Vehicl e;
for (Ilolterator<lloVehicle> iter(_env); iter.ok(); ++iter) {
Il oVehicle vehicle = *iter;
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Ilolnt size = _sol ution. get RouteSi ze(vehicle);
if (size < bestSize & size !=0) {
best Si ze = si ze;
best Vehi cl e = vehicl e;
}
}
return best Vehi cl e;

}

voi d RoutingSol ver::reduceActiveVehicles () {
I I oVehi cl e vehicle = get ShortestRoute();
I I oRout i ngSol uti on sol Copy(_env);
Il oBool vehicledosed = Il oTrue;
Il oGoal sync = |l oRestoreSol ution(_env, _solution)
&% |1 oStoreSol ution(_env, _solution);
whil e (vehicled osed & vehicle.getlnpl()) {
sol Copy. copy(_sol ution);
_solver.out() << “Enptying “ << vehicle.getNane() << “ ...” << endl;
Il oAnd andCt (_env);
_mdl . add(andQ) ;
for (Il oRoutingSolution::Routelterator iter(sol Copy, vehicle);
iter.ok();
++iter) {
IloVisit visit = *iter;
if (lvisit.isFirstVisit() & !visit.isLastVisit()) {
andCt . add(vehicle != visit.getVehicleVar());

_solution.renmove(visit);
_sol ver. sol ve(sync);
Il oGoal insert = IlolnsertVisit(_env, visit, _solution);
_sol ver. sol ve(insert);
_solution.add(visit);
_sol ution.store(_sol ver);
}
}

i nproveW t hNhood() ;
if (_solution.getNunberOf UnperfornmedVisits() ==
&& _sol ution. get Rout eSi ze(vehicle) == 0) {
_nmdl . add(vehicle.getFirstVisit().getNextVar()
== vehicle.getLastVisit());

vehi cl e = get Shortest Route();

}

el se {
_mdl . remove(andC) ;
_sol uti on. copy(sol Copy);
vehi cl e osed = || oFal se;

}

}

_sol ver. sol ve(_restoreSol ution);

}

/1 Display D spatcher information
voi d RoutingSol ver::printlnfornation(const char* headi ng) const {
i f (headi ng)
_sol ver. out () <<headi ng<<endl ;
_solver.printlnformation();

IBM ILOG DISPATCHER — USER’'S MANUAL 105



_di spatcher.printlnformation();
_SOI ver . out () << Y zmzzzz==—=—=—=—=====" << end|
<< “Cost : “ << _dispatcher.getTotal Cost() << endl
<< “Nunber of vehicles used : *“
<< _di spat cher. get Nunber O Vehi cl esUsed() << endl
<< “Sol ution © Y << endl
<< _di spatcher << endl;

}

N NN NN
int main(int argc, char * argv[]) {
11 oEnv env;
try {
Rout i ngMbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
if (solver.findFirstSolution()) {
solver.printinformation(“***First Solution***");
sol ver. i nproveWt hNhood() ;
solver.printInformation(“***Solution after inprovements wi th nhood***");
sol ver. cl oseEnpt yVehi cl es() ;
sol ver.reduceActiveVehicl es();
solver.printInformation(“***Sol uti on after reducing active vehicles***");

}
} catch(1l oException& ex) {

cerr << “Error:

}
env. end();
return O;

© << ex << endl;

Complete Output
/**

***Fjrst Solution***

Nurmber of fails 50659
Nunber of choice points 1077
Nurmber of vari abl es 5504
Nunber of constraints 881
Reversi bl e stack (bytes) 578904
Sol ver heap (bytes) 2504836
Sol ver gl obal heap (bytes) 1187724
And stack (bytes) 20124
O stack (bytes) 44244
Search Stack (bytes) 4044
Constrai nt queue (bytes) 13164
Total menory used (bytes) 4353040
El apsed tine since creation 9.483
Nunber of nodes 201
Nurmber of visits 300
Nunber of vehicles 50
Nurber of di mensi ons 2
Nunber of accepted noves 0

Cost . 2554.03

Nurmber of vehicles used : 20

Sol ution
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Complete Program

Unperformed visits : None
vehiclel :

-> depot weight[O0] tine[0..95.8002] -> visit34 weight[0]
tinme[0.89247..96.6927] -> visit54 weight[20] tine[10.9266..106.727] -> visit74
wei ght [ 40] tine[20.9608..116.761] -> visit94 weight[60] time[30.9949..126.795]
-> visit114 weight[80] tinme[41.0291..136.829] -> visitl134 weight[100]
time[51. 0632..146.863] -> visitl54 weight[120] tine[61.0974..156.898] ->
visit174 weight[140] tine[71.1315..166.932] -> visit194 weight[160]
time[81.1657..176.966] -> visitl4d weight[180] tine[91.1998..187] -> depot
wei ght [ 200] ti ne[ 102. 092. . 230]
vehicle2 :

-> depot weight[0O] tinme[0..48.4869] -> visitl1ll7 weight[OQ]
time[0.808264..49.2952] -> visit137 weight[2] tine[10.8423..59.3293] ->
vi sit157 weight[4] time[20.8764..69.3633] -> visitl77 weight[6]
time[30.9104..79.3974] -> visit197 weight[8] time[40.9445..89.4314] -> visit36
wei ght[10] tine[51.2..99.687] -> visit56 weight[29] tine[61.2348..109.722] ->
Visit76 weight[48] time[71.2696..119.757] -> visit96 weight[67]
tinme[81.3044..129.791] -> visitl1l6 weight[86] tine[91.3391..139.826] ->
visit136 weight[105] tine[101.374..149.861] -> visitl1l56 weight[124]
tinme[111.409..159.896] -> visitl76 weight[143] tinme[121.443..169.93] ->
visit196 weight[162] tine[131.478..179.965] -> visitl6 weight[181]
time[141.513..190] -> depot weight[200] tine[152.371..230]
vehicl e3 :

-> depot weight[O] tine[0..55.5455] -> visit97 weight[O..1]
time[0.808264..56.3537] -> visit191 weight[2..3] tine[67..67.1946] -> visit39
wei ght [ 14..15] tine[77.167..77.3617] -> visit59 weight[31..32]
time[87.2006..87.3953] -> visit79 weight[48..49] tine[97.2342..97.4289] ->
Vi sit99 wei ght[65..66] time[107.268..107.462] -> visit1l19 weight[82..83]
time[117.301..117.496] -> visit139 weight[99..100] tinme[127.335..127.53] ->
vi sit159 weight[116..117] tine[137.369..137.563] -> visitl1l79 weight[133..134]
time[ 147. 402..147.597] -> visit199 weight[150..151] tine[157.436..157.63] ->
visitl9 weight[167..168] tine[167.469..167.664] -> visit7 wei ght[184..185]
time[177.731..177.926] -> visit27 weight[189..190] tine[187.768..187.963] ->
visit47 weight[194..195] tine[197.805..198] -> depot weight[199..200]
time[ 208. 427. . 230]
vehicle4 :

-> depot weight[O] time[0..76.375] -> visitl1l66 weight[O..1]
tinme[0.409416..76.7844] -> visit186 weight[3..4] tine[10.4645..86.8395] ->
visit85 weight[6..7] tine[20.7051..97.0801] -> visitl05 weight[32..33]
time[ 30.746..107.121] -> visit125 weight[58..59] tine[40.787..117.162] ->
vi sit145 wei ght[84..85] tine[50.8279..127.203] -> visit165 weight[110..111]
tinme[ 60.8689..137.244] -> visit185 weight[136..137] tine[70.9098..147.285] ->
vi sit37 weight[162..163] tine[81.096..157.471] -> visit57 weight[164..165]
tinme[91. 1301..167.505] -> visit77 weight[166..167] tine[101.164..177.539] ->
visitl7 weight[168..169] tine[111.198..187.573] -> visit5 wei ght[170..171]
tinme[121.384..197.759] -> visit6 weight[196..197] tine[131.625..208] -> depot
wei ght [ 199..200] tinme[ 142. 034. . 230]
vehicl e5 :

-> depot weight[0] tine[0..5.70798] -> visit40 weight[O0]
time[0.741903..6.44988] -> visit60 weight[9] time[10.7752..16.4832] -> visit80
wei ght [ 18] ti me[ 20. 8086. . 26. 5166] -> visit100 wei ght[27] time[ 30.8419. . 36.5499]
-> visit120 wei ght[36] time[40.8753..46.5832] -> visitl40 wei ght[45]
time[ 50.9086..56.6166] -> visitl1l60 weight[54] tine[60.9419..66.6499] ->
visit180 wei ght[63] tine[70.9753..76.6832] -> visit200 wei ght[72]
time[ 81.0086..86.7166] -> visit20 weight[81] tinme[91.0419..96.7499] -> visit9
wei ght[90] tine[101.292..107] -> visit3 weight[106] tine[111l.542..136.8] ->
visit23 weight[119] time[121.576..146.833] -> visit43 weight[132]
tinme[131. 609..156.867] -> visit63 weight[145] tine[141.642..166.9] -> visit83
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wei ght [ 158] tine[151.676..176.933] -> visit1l03 weight[171]
time[161.709..186.967] -> visitl123 weight[184] time[171.742..197] -> visit26
wei ght [ 197] tine[182. 663..208] -> depot wei ght[200] tine[193.073..230]

vehicl e6 :

-> depot weight[0] tine[0..3.69563] -> visitl58 weight[O0]
tinme[0.490256..4.18588] -> visitl78 weight[12] tine[10.5339..14.2296] ->
Vi sit198 weight[24] tinme[20.5776..24.2732] -> visit67 weight[36]
tinme[ 30. 7804..34.4761] -> visit87 weight[41] time[40.8176..44.5133] -> visit1l07
wei ght [ 46] tine[ 50. 8548..54. 5505] -> visit127 weight[51] tine[60.892..64.5877]
-> visit147 weight[56] tinme[70.9292..74.6249] -> visit167 weight[61]
time[ 80.9664..84.662] -> visitl87 weight[66] tinme[91.0036..94.6992] -> visitl88
wei ght[71] tine[101.304..105] -> visit45 weight[80] tine[1l1ll.641..137.094] ->
visit65 weight[106] tinme[121.682..147.135] -> visit25 weight[132]
tinme[131.723..157.176] -> visit18 weight[158] tine[142.035..167.488] -> visit38
wei ght [ 170] tine[152.078..177.532] -> visit58 weight[182]
tinme[162.122..187.576] -> visit46 weight[194] tine[172.491..197.945] -> visit66
wei ght [ 197] tine[ 182.546..208] -> depot wei ght[200] tine[192.956..230]
vehicl e7 :

-> depot weight[0] time[0..5.95457] -> visit70 weight[O..1]
tinme[0.589454. .6.54403] -> visit90 weight[16..17] tine[10.6236..16.5782] ->
visit110 weight[32..33] time[20.6578..26.6123] -> visitl30 weight[48..49]
tinme[ 30.6919..36.6465] -> visitl50 weight[64..65] tine[40.7261..46.6806] ->
visit170 weight[80..81] time[50.7602..56.7148] -> visit190 weight[96..97]
tinme[ 60. 7944. .66. 7489] -> visitll weight[112..113] tine[71.0454..77] -> visit10
wei ght [ 124..125] tine[81. 2965..150. 78] -> visit30 wei ght[ 140. . 141]
tinme[91. 3307..160. 815] -> visit50 weight[156..157] tine[101.365..170.849] ->
visitl weight[172..173] tinme[111.742..181.226] -> visit2l weight[182..183]
tinme[121.778..191.262] -> visit2 weight[192..193] tine[132.516..202] -> depot
wei ght [ 199. . 200] tine[ 142. 926. . 230]
vehicl e8 :

-> depot weight[O] time[0..5.71284] -> visit4l weight[O0..11]
tinme[0.446525..6.15937] -> visit6l weight[10..21] tine[10.4823..16.1952] ->
visit81 weight[20..31] time[20.5181..26.231] -> visitl1l01l weight[30..41]
tinme[ 30. 5539..36.2668] -> visitl2l weight[40..51] tine[40.5897..46.3026] ->
vi sit141 weight[50..61] time[50.6255..56.3384] -> visitl6l weight[60..71]
tinme[ 60.6613..66.3742] -> visit181 weight[70..81] tine[70.6971..76.4099] ->
visit163 weight[80..91] time[81.0037..86.7165] -> visit183 weight[93..104]
tinme[91.037..96.7498] -> visit189 weight[106..117] tine[101.287..107] ->
Vi sit143 weight[122..133] tine[111.537..141.029] -> visit4 weight[135..146]
tinme[149..151.446] -> visit22 weight[154..165] tinme[159.401..161.847] ->
visit42 weight[161..172] tine[169.439..171.886] -> visit62 weight[168..179]
tinme[179.478..181.924] -> visit82 weight[175..186] tine[189.516..191.962] ->
visit102 weight[182..193] tine[199.554..202] -> depot weight[189..200]
time[ 209. 964. . 230]
vehicl e9 :

-> depot weight[0] tinme[0..3.12711] -> visit142 weight[0..23]
time[0.409943..3.53706] -> visit162 weight[7..30] tine[10.4481..13.5752] ->
visit182 weight[14..37] tinme[20.4863..23.6134] -> visit86 weight[21..44]
time[30.999..34.1262] -> visitl106 weight[24..47] tine[41.0541..44.1812] ->
visit126 wei ght[27..50] tine[51.1092..54.2363] -> visitl46 weight[30..53]
tinme[61.1643..64.2914] -> visit98 weight[33..56] tine[71.5335..74.6606] ->
visit118 wei ght[45..68] tinme[81.5772..84.7043] -> visitl138 weight[57..80]
time[91.6209..94.748] -> visit168 weight[69..92] tine[101.873..105] -> visit78
wei ght [ 78..101] tine[112.125..153.476] -> visitl1l3 weight[90..113]
time[159..164.073] -> visit122 weight[113..136] tine[169.281..174.355] ->
visitl2 weight[120..143] tine[179.858..184.931] -> visit32 weight[139..162]
time[189.892..194.966] -> visit52 weight[158..181] tinme[199.927..205] -> depot
wei ght [ 177..200] tine[210.235. . 230]
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vehicl el0 :

-> depot weight[0O] tinme[0..56.0521] -> visit92 weight[O0..32]
time[0.308232..56.3604] -> visit11l2 weight[19..51] tine[10.3427..66.3949] ->
visit132 wei ght[38..70] tine[20.3772..76.4294] -> visit152 weight[57..89]
time[30.4117..86.4639] -> visitl72 weight[76..108] tine[40.4462..96.4984] ->
visit169 weight[95..127] tine[97..107] -> visit192 weight[111..143]
time[ 107.502. . 148. 665] -> visit24 weight[130..162] tine[149..159] -> visit72
wei ght [ 149..181] tine[ 159. 335..205] -> depot wei ght[168..200]
time[ 169. 643. . 230]
vehicl ell :

-> depot weight[O] time[0..64.929] -> visit195 weight[O0..113]
tinme[61..65.6378] -> visitl71l weight[8..121] tinme[72.3622..77] -> visitl48
wei ght [ 20..133] tine[95..95.9483] -> visit29 weight[29..142] tine[106.052..107]
-> visit44 weight[45..158] tine[149..158.426] -> visit33 weight[64..177]
time[ 159.574..169] -> depot weight[87..200] tine[169.937..230]
vehicl el2 :

-> depot weight[O] time[0..64.929] -> visitl75 weight[O0..113]
tinme[61..65.6378] -> visitl51 weight[8..121] tinme[72.3622..77] -> visitl28
wei ght [ 20..133] tine[95..95.9483] -> visit49 weight[29..142] tine[106.052..107]
-> visit64 weight[45..158] tine[149..158.426] -> visit53 weight[64..177]
time[ 159.574..169] -> depot weight[87..200] tine[169.937..230]
vehicl el3 :

-> depot weight[O] time[O0..64.929] -> visitl1l55 weight[O0..113]
tinme[61..65.6378] -> visit131 weight[8..121] tinme[72.3622..77] -> visitl08
wei ght [ 20..133] tine[95..95.9483] -> visit69 weight[29..142] tine[106.052..107]
-> visit84 weight[45..158] tine[149..158.426] -> visit73 weight[64..177]
time[ 159.574..169] -> depot weight[87..200] tine[169.937..230]
vehicl eld :

-> depot weight[O] time[0..64.929] -> visitl135 weight[O0..113]
time[61..65.6378] -> visitlll weight[8..121] tine[72.3622..77] -> visit88
wei ght [ 20..133] tine[95..95.9483] -> visit89 weight[29..142] tine[106.052..107]
-> visit104 wei ght[45..158] time[149..158.426] -> visit93 weight[64..177]
time[ 159.574..169] -> depot weight[87..200] tine[169.937..230]
vehicl el5 :

-> depot weight[O] time[0..64.929] -> visitl1ll5 weight[O0..113]
tinme[61..65.6378] -> visit9l weight[8..121] tine[72.3622..77] -> visit68
wei ght [ 20..133] tine[95..95.9483] -> visitl1l09 weight[29..142]
tinme[ 106. 052..107] -> visitl1l24 weight[45..158] tine[149..158.426] -> visit113
wei ght [ 64..177] time[159.574..169] -> depot wei ght[87..200] tine[169.937..230]
vehicl el6 :

-> depot weight[O] time[0..64.929] -> visit95 weight[0..113] time[61..65.6378]
-> visit71 weight[8..121] time[72.3622..77] -> visit48 weight[20..133]
time[95..95.9483] -> visit129 weight[29..142] tine[106.052..107] -> visitl44
wei ght [ 45..158] tine[149..158.426] -> visitl1l33 weight[64..177]
time[159.574..169] -> depot weight[87..200] tine[169.937..230]
vehi cl el7 :

-> depot weight[O] time[0..64.929] -> visit75 weight[0..113] time[61..65.6378]
-> visit5l weight[8..121] time[72.3622..77] -> visit28 weight[20..133]
tinme[95..95.9483] -> visit149 weight[29..142] tine[106.052..107] -> visit164
wei ght [ 45..158] tine[149..158.426] -> visit1l53 weight[64..177]
time[159.574..169] -> depot weight[87..200] tine[169.937..230]
vehicl el8 :

-> depot weight[O] time[0..64.929] -> visit55 weight[0..129] tinme[61..65.6378]
-> visit3l weight[8..137] time[72.3622..77] -> visit8 weight[20..149]
time[95..105] -> visitl1l84 weight[29..158] tinme[149..158.426] -> visitl73
wei ght[48..177] tine[159.574..169] -> depot weight[71..200] tine[169.937..230]
vehicl el9 :

-> depot weight[0] tinme[0..70.2912] -> visit35 weight[0..169] tinme[61..71] ->
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visit193 weight[8..177] time[159..169] -> depot weight[31..200]
time[ 169. 363. . 230]
vehi cl e20 :

-> depot weight[0] tine[0..70.2912] -> visitl5 weight[O0..192] tine[61..71] ->
depot wei ght[8 200] tine[71.7088..230]
vehi cl e21 Unused
vehi cl e22 : Unused
vehi cl e23 : Unused
vehi cl e24 : Unused
vehi cl e25 : Unused
vehi cl e26 : Unused
vehi cl e27 : Unused
vehi cl e28 : Unused
vehi cl €29 : Unused
vehi cl e30 : Unused
vehi cl e31 : Unused
vehi cl €32 : Unused
vehi cl e33 : Unused
vehi cl e34 : Unused
vehi cl e35 : Unused
vehi cl e36 : Unused
vehi cl e37 : Unused
vehi cl e38 : Unused
vehi cl e39 : Unused
vehi cl e40 : Unused
vehi cl e41 : Unused
vehi cl e42 : Unused
vehi cl e43 : Unused
vehi cl e44 : Unused
vehi cl e45 : Unused
vehi cl e46 : Unused
vehi cl e47 : Unused
vehi cl e48 : Unused
vehi cl e49 : Unused
vehi cl €50 : Unused
| mprovi ng soI ution
***Solution after i rrproverrents wi th nhood***

Nurmber of fails : O
Nunber of choice points :

Nurmber of vari abl es : 5504
Nunber of constraints . 878
Reversi bl e stack (bytes) : 578904
Sol ver heap (bytes) : 2089268
Sol ver gl obal heap (bytes) ;1203804
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) : 4044
Constraint queue (bytes) : 35196
Total menory used (bytes) : 3975584
El apsed tine since creation : 0.07
Nunber of nodes ;201
Nurmber of visits : 300
Nunber of vehicles : 50
Nurmber of di mensi ons 2
Nunber of accepted noves 1222
Cost : 2073.11

Nunber of vehicles used : 17
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Complete Program

Sol ution :
Unperformed visits : None
vehicl el : Unused

vehicl e2 : Unused

vehi cl e3 : Unused

vehicl e4 : Unused

vehicl e5 :

-> depot weight[0] tinme[0..5.70798] -> visit40 weight[O0..4]
tinme[0.741903..6.44988] -> visit60 weight[9..13] tine[10.7752..16.4832] ->
visit80 weight[18..22] tine[20.8086..26.5166] -> visitl00 wei ght[27..31]
time[ 30.8419..36.5499] -> visitl20 weight[36..40] tine[40.8753..46.5832] ->
Vi si t 140 weight[45..49] time[50.9086..56.6166] -> visitl60 weight[54..58]
time[ 60.9419..66.6499] -> visitl180 weight[63..67] tine[70.9753..76.6832] ->
Vi sit200 weight[72..76] time[81.0086..86.7166] -> visit20 weight[81..85]
tinme[91.0419..96.7499] -> visit9 weight[90..94] tinme[101.292..107] -> visit83
wei ght [ 106. . 110] tine[111.542..118.483] -> visit1l03 wei ght[119..123]
time[121.576..128.516] -> visit123 weight[132..136] tine[131.609..138.55] ->
visit3 weight[145..149] tine[141.642..148.583] -> visit184 weight[158..162]
time[152.059..159] -> visit192 weight[177..181] time[162.394..205] -> depot
wei ght [ 196. . 200] time[ 172. 702. . 230]
vehi cl e6 :

-> depot weight[0O] tinme[0..43.3555] -> visit30 weight[O0..56]
time[0.589454. .43.9449] -> visit119 weight[16..72] tine[10.845..54.2005] ->
visit59 weight[33..89] tine[20.8786..64.2341] -> visit31 weight[50..106]
time[67..74.4011] -> visit147 weight[62..118] tine[77.261..84.662] -> visitl27
wei ght [ 67..123] tine[87.2981..94.6992] -> visitl188 weight[72..128]
tinme[97.5989..105] -> visitl7 weight[81..137] tine[107.907..117.811] -> visit97
wei ght [ 83..139] tine[117.942..127.845] -> visitl1l57 weight[85..141]
tinme[127.976..137.879] -> visit196 weight[87..143] tine[138.231..148.135] ->
visit4 weight[106..162] time[149.096..159] -> visit52 weight[125..181]
tinme[159.431..205] -> depot weight[144..200] tine[169.739..230]
vehi cl e7 :

-> depot weight[O] time[O0..76.1618] -> visitll weight[O0..124] tine[67..77] ->
visitl0 weight[12..136] tinme[77.2511..96.5791] -> visit109 weight[28..152]
time[97..107] -> visit63 weight[44..168] tine[107.25..194.749] -> visit32
wei ght [ 57..181] tine[117.502..205] -> depot weight[76..200] tine[127.81..230]
vehi cl e8 :

-> depot weight[0O] tinme[0..5.64133] -> visit4l weight[O0..5]
time[0.446525..6.08785] -> visit6l weight[10..15] tine[10.4823..16.1236] ->
visit81 wei ght[20..25] tine[20.5181..26.1594] -> visit1l01 weight[30.. 35]
time[ 30.5539..36.1952] -> visitl21l weight[40..45] tine[40.5897..46.231] ->
vi sit141 weight[50..55] time[50.6255..56.2668] -> visitl6l weight[60..65]
time[ 60. 6613. .66.3026] -> visit2l weight[70..75] tine[70.6971..76.3384] ->
visit163 wei ght[80..85] time[81.0037..86.645] -> visit183 weight[93..98]
tinme[91.037..96.6783] -> visitl89 weight[106..111] tine[101.287..106.928] ->
visit99 weight[122..127] tine[111.964..117.605] -> visitl1l37 weight[139..144]
tinme[122.639..128.28] -> visit1ll7 weight[141..146] tine[132.673..138.314] ->
visit25 weight[143..148] tine[142.859..148.5] -> visit86 weight[169..174]
tinme[153.099..158.741] -> visit1l3 weight[172..177] tine[163.359..169] -> depot
wei ght [ 195..200] tine[173.722..230]
vehi cl e9 :

-> depot weight[0] time[0..56.2644] -> visit182 weight[O0..4]
tinme[0.409943..56.6744] -> visit35 weight[7..11] time[61..66.9732] -> visit34
wei ght[15..19] tine[71.3385..77.3117] -> visit36 weight[35..39]
tinme[ 81.5948..87.568] -> visit48 weight[54..58] tinme[95..97.986] -> visit85
wei ght [ 63..67] tine[105.336..108.322] -> visitl05 weight[89..93]
tinme[115.377..118.363] -> visitl45 weight[115..119] tine[125.418..128.404] ->
visit45 weight[141..145] tine[135.459..138.445] -> visit1l46 weight[167..171]
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time[145.7..148.686] -> visit26 weight[170..174] tine[155.755..158.741] ->
visitl73 weight[173..177] tinme[166.014..169] -> depot wei ght[196..200]
time[176.377..230]

vehicl el0 :

-> depot weight[O] time[O0..45.5461] -> visitl1ll2 weight[O0..1]
time[0.308232..45.8543] -> visit132 weight[19..20] tine[10.3427..55.8888] ->
visit152 weight[38..39] time[20.3772..65.9233] -> visitl72 weight[57..58]
time[30.4117..75.9578] -> visitl1l2 weight[76..77] tine[40.4462..85.9923] ->
visit43 weight[95..96] tine[50.6977..96.2438] -> visitl1l69 wei ght[108..109]
time[97..106.494] -> visit110 weight[124..125] tine[107.421..116.915] ->
visit199 wei ght[140..141] tine[117.676..127.17] -> visit197 weight[157..158]
tinme[128.351..137.845] -> visitl77 weight[159..160] tine[138.385..147.879] ->
visit24 weight[161..162] tine[149.506..159] -> visit72 wei ght[180..181]
tinme[159. 841..205] -> depot wei ght[199..200] tine[170.149..230]
vehicl ell :

-> depot weight[0] tinme[0..32.7593] -> visit122 weight[O0..1]
time[0.409943..33.1692] -> visit54 weight[7..8] tine[10.8925..43.6518] ->
visit74 weight[27..28] tine[20.9266..53.6859] -> visitl95 weight[47..48]
time[61..64.0244] -> visit1l71 weight[55..56] tine[72.3622..75.3866] -> visitl87
wei ght[67..68] tine[82.6231..85.6475] -> visitl48 weight[72..73]
time[95..95.9483] -> visit29 weight[81..82] tine[106.052..107] -> visitl34
wei ght[97..98] tine[117.579..127.497] -> visit11l4 weight[117..118]
time[127. 614..137.532] -> visit94 weight[137..138] tine[137.648..147.566] ->
vi sit44 weight[157..158] tine[149..158.426] -> visit33 weight[176..177]
time[ 159.574..169] -> depot weight[199..200] tine[169.937..230]
vehicl el2 :

-> depot weight[O] time[O0..65.6019] -> visit50 weight[O0..21]
tinme[0.589454. . 66.1914] -> visit151 weight[16..37] tine[67..76.4425] -> visit67
wei ght[28..49] tine[77.261..86.7034] -> visitl1l28 wei ght[33..54]
tinme[95..97.0042] -> visit56 weight[42..63] tinme[105.418..107.422] -> visit136
wei ght [ 61..82] tine[115.453..117.457] -> visit116 wei ght[80..101]
tinme[125.488..127.492] -> visit96 weight[99..120] tine[135.522..137.527] ->
visit76 weight[118..139] tine[145.557..147.561] -> visit84 weight[137..158]
time[ 156.422..158.426] -> visit73 weight[156..177] tinme[166.996..169] -> depot
wei ght [ 179..200] tine[177.359..230]
vehicl el3 :

-> depot weight[0O] time[O0..54.2267] -> visit22 weight[O0..19]
tinme[0.409943..54.6366] -> visitl55 weight[7..26] tine[61..64.9355] -> visitl4
wei ght [ 15..34] tine[71.3385..75.274] -> visit1l6 weight[35..54]
tinme[81.5948..85.5303] -> visitl08 weight[54..73] tine[95..95.9483] -> visit69
wei ght [ 63..82] tine[106.052..107] -> visitl54 weight[79..98]
tinme[117.579..127.497] -> visit194 weight[99..118] tine[127.614..137.532] ->
visitl74 weight[119..138] tine[137.648..147.566] -> visit64 weight[139..158]
time[ 149..158.426] -> visit53 weight[158..177] tine[159.574..169] -> depot
wei ght [ 181..200] tinme[ 169. 937..230]
vehicl eld :

-> depot weight[0O] tinme[0..63.3156] -> visitl35 weight[O0..57]
time[61..64.0244] -> visitlll weight[8..65] tinme[72.3622..75.3866] -> visit47
wei ght[20..77] tine[82.6231..85.6475] -> visit88 weight[25..82]
time[95..95.9483] -> visit89 weight[34..91] tinme[106.052..107] -> visit70
wei ght [ 50..107] tine[116.473..117.865] -> visit90 weight[66..123]
tinme[126.507..127.899] -> visitl weight[82..139] tine[136.884..138.276] ->
visit143 wei ght[92..149] tine[147.191..148.583] -> visitl1l24 weight[105..162]
time[157.608..159] -> visit92 weight[124..181] tine[167.942..205] -> depot
wei ght [ 143..200] tine[178.251..230]
vehi cl el5 :

-> depot weight[0O] time[0..54.929] -> visit42 weight[O0..72]
time[0.409943..55.339] -> visitll5 weight[7..79] time[61..65.6378] -> visitol
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wei ght [ 15..87] time[72.3622..77] -> visit150 weight[27..99]
tinme[82.6132..96.5791] -> visit49 weight[43..115] tine[97..107] -> visitl70
wei ght [ 59..131] tine[107.421..153.318] -> visit87 weight[75..147]
tinme[117.769..163.666] -> visit38 weight[80..152] tine[127.972..173.869] ->
visit58 weight[92..164] tine[138.016..183.913] -> visit158 weight[104..176]
tinme[148.059..193.956] -> visitll8 weight[116..188] tine[158.103..204] -> depot
wei ght [ 128..200] tine[ 168.593. . 230]

vehicl el6 :

-> depot weight[O] time[0..54.929] -> visit62 weight[O0..36]
tinme[0.409943..55.339] -> visit95 weight[7..43] tinme[61..65.6378] -> visit71
wei ght [ 15..51] time[72.3622..77] -> visit190 weight[27..63]
tinme[82.6132..95.9518] -> visitl29 weight[43..79] time[97..106.373] -> visit130
wei ght [ 59..95] tine[107.421..116.794] -> visit159 weight[75..111]
tinme[117.676..127.049] -> visit139 weight[92..128] tine[127.71..137.083] ->
visit23 weight[109..145] tine[138.637..148.009] -> visitl44 weight[122..158]
time[ 149. 054..158.426] -> visit133 weight[141..177] tine[159.627..169] -> depot
wei ght [ 164..200] tine[ 169. 99..230]
vehicl el7 :

-> depot weight[O] time[0..52.7706] -> visit82 weight[O0..64]
tinme[0.409943..53.1805] -> visit75 weight[7..71] time[61..63.4794] -> visit51
wei ght[15..79] tine[72.3622..74.8416] -> visitl79 weight[27..91]
tinme[82.5292..85.0086] -> visit28 weight[44..108] time[95..95.3838] -> visitl49
wei ght [ 53..117] tine[106. 052..106.436] -> visit27 weight[69..133]
tinme[116.821..117.205] -> visit7 weight[74..138] tine[126.858..127.242] ->
visit167 wei ght[79..143] tine[136.895..137.279] -> visit181 weight[84..148]
tinme[147.319..147.703] -> visit164 weight[94..158] tine[158.043..158.426] ->
vi sit153 weight[113..177] tine[168.616..169] -> depot weight[136..200]
time[178.979..230]
vehicl el8 :

-> depot weight[0O] tinme[0..52.3532] -> visitl1l42 weight[O0..46]
time[0.409943..52.7631] -> visit55 weight[7..53] tine[61..63.062] -> visitl3l
wei ght [ 15..61] tine[72.3622..74.4241] -> visit39 weight[27..73]
time[82.5292..84.5911] -> visit79 weight[44..90] tine[92.5628..94.6248] ->
visit8 weight[61..107] time[102.938..105] -> visit65 weight[70..116]
time[113.274..118.349] -> visitl1l25 weight[96..142] tinme[123.315..128.39] ->
visit106 weight[122..168] tine[133.556..138.631] -> visitl26 weight[125..171]
time[ 143. 611..148.686] -> visitl1l66 weight[128..174] tine[153.666..158.741] ->
visit113 weight[131..177] tine[163.925..169] -> depot weight[154..200]
time[ 174. 288. . 230]
vehicl el9 :

-> depot weight[O] time[O0..14.9558] -> visit66 weight[O0..38]
tinme[0.409416. .15. 3652] -> visit1l86 weight[3..41] tine[10.4645..25.4203] ->
visit6 weight[6..44] tine[20.5196..35.4753] -> visitl78 weight[9..47]
time[ 30. 8888. .45.8446] -> visit198 weight[21..59] tine[40.9325..55.8883] ->
visit107 weight[33..71] time[51.1353..66.0911] -> visit191 weight[38..76]
time[67..76.3521] -> visitl9 weight[50..88] time[77.167..86.5191] -> visit68
wei ght [ 67..105] tine[95..96.8943] -> visit77 weight[76..114]
time[ 105. 309..107.203] -> visit57 weight[78..116] tine[115.343..117.237] ->
vi sit37 weight[80..118] tine[125.377..127.271] -> visit176 weight[82..120]
time[ 135. 632..137.527] -> visit1l56 weight[101..139] tine[145.667..147.561] ->
Vi sit104 weight[120..158] tine[156.532..158.426] -> visit93 weight[139..177]
tinme[167.106..169] -> depot wei ght[162..200] tine[177.469..230]
vehi cl e20 :

-> depot weight[0] tinme[0..60.2912] -> visit162 weight[O0..178]
time[0.409943..60.7011] -> visitl5 weight[7..185] tinme[61..71] -> visit2
wei ght [ 15..193] tine[71.2989..202] -> depot weight[22..200] tine[81.7088..230]
vehi cl e21 :

-> depot weight[0] tinme[0..53.0535] -> visitl02 weight[O..24]
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time[0.409943. . 53. 4634] -> visit175 weight[7..31] tine[61..63.7623] -> visit138
wei ght [ 15. . 39] time[ 71. 8984. . 74. 6606] -> visit78 wei ght[27..51]
time[81.9421..84.7043] -> visit98 weight[39..63] tine[91.9857..94.748] ->

visit168

time[ 112

visit185

time[ 142

visit193
time[ 173.

wei ght [ 51..75] time[102.238..105] -> visit18 wei ght[60..84]
49..118.106] -> visit5 weight[72..96] tine[122.802..128.418] ->

wei ght [ 98..122] tine[132.843..138.459] -> visitl65 weight[124..148]
884..148.5] -> visit46 wei ght[150..174] tinme[153.124..158. 741] ->
wei ght [ 153..177] tine[ 163.384..169] -> depot wei ght[176..200]

747. . 230]

vehi cl e22 Unused
vehi cl €23 : Unused
vehi cl e24 : Unused
vehi cl €25 : Unused
vehi cl €26 : Unused
vehi cl e27 : Unused
vehi cl e28 : Unused
vehi cl €29 : Unused
vehi cl e30 : Unused
vehi cl e31 : Unused
vehi cl e32 : Unused
vehi cl e33 : Unused
vehi cl e34 : Unused
vehi cl e35 : Unused
vehi cl e36 : Unused
vehi cl e37 : Unused
vehi cl e38 : Unused
vehi cl e39 : Unused
vehi cl e40 : Unused
vehi cl e41 : Unused
vehi cl e42 : Unused
vehi cl e43 : Unused
vehi cl e44 : Unused
vehi cl e45 : Unused
vehi cl e46 : Unused
vehi cl e47 : Unused
vehi cl e48 : Unused
vehi cl e49 : Unused
vehi cl e50 Unused

Enpt yi ng

veh| cle20 ...

| mprovi ng sol ution

Enpt yi ng

vehicle7 ...

| mprovi ng sol ution
***Sol ution after reducing actl ve vehicl es***

Nunber of fails 0
Nunber of choice points 0
Nunber of vari abl es . 5504
Nurmber of constraints © 917
Reversi bl e stack (bytes) : 578904
Sol ver heap (bytes) : 2089592
Sol ver gl obal heap (bytes) 11207824
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) : 4044
Constraint queue (bytes) : 35196
Total menory used (bytes) : 3979928
El apsed tine since creation : 0.061
Nurmber of nodes : 201
Nunber of visits : 300
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Nunber of vehicles . 50
Nunber of di nmensi ons 2

Nunber of accepted noves : 238
Cost . 2072.93

Nunber of vehicles used : 16

Sol uti on

Unperformed visits : None
vehicl el : Unused

vehicl e2 : Unused

vehi cl e3 : Unused

vehicl e4 : Unused

vehicl e5 :

-> depot weight[0] time[0..5.70798] -> visit40 weight[O0..4]
tinme[0.741903..6.44988] -> visit60 weight[9..13] tine[10.7752..16.4832] ->
vi sit80 weight[18..22] tine[20.8086..26.5166] -> visitl00 wei ght[27..31]
time[ 30.8419..36.5499] -> visitl20 weight[36..40] tine[40.8753..46.5832] ->
Vi si t 140 wei ght[45..49] time[50.9086..56.6166] -> visitl60 weight[54..58]
time[ 60.9419..66.6499] -> visitl180 weight[63..67] tine[70.9753..76.6832] ->
Vi si t200 weight[72..76] time[81.0086..86.7166] -> visit20 weight[81..85]
tinme[91.0419..96.7499] -> visit9 weight[90..94] tinme[101.292..107] -> visit83
wei ght [ 106..110] tine[111.542..118.483] -> visitl1l03 wei ght[119..123]
time[121.576..128.516] -> visit123 weight[132..136] tine[131.609..138.55] ->
visit3 weight[145..149] tine[141.642..148.583] -> visit184 weight[158..162]
time[ 152. 059..159] -> visit192 weight[177..181] time[162.394..205] -> depot
wei ght [ 196. . 200] time[ 172. 702. . 230]
vehi cl e6 :

-> depot weight[0O] tinme[0..43.3555] -> visit30 weight[O0..56]
time[0.589454. .43.9449] -> visitl11l9 weight[16..72] tine[10.845..54.2005] ->
visit59 weight[33..89] tine[20.8786..64.2341] -> visit31 weight[50..106]
time[67..74.4011] -> visit147 weight[62..118] tine[77.261..84.662] -> visitl27
wei ght [ 67..123] tine[87.2981..94.6992] -> visitl188 weight[72..128]
time[97.5989..105] -> visitl7 weight[81..137] tine[107.907..117.811] -> visit97
wei ght [ 83..139] tine[117.942..127.845] -> visit157 weight[85..141]
time[127.976..137.879] -> visitl196 weight[87..143] tine[138.231..148.135] ->
visit4 weight[106..162] time[149.096..159] -> visit52 weight[125..181]
tinme[159.431..205] -> depot weight[144..200] tine[169.739..230]
vehicl e7 :

-> depot weight[O] time[0..54.929] -> visit2 weight[O0..109]
time[0.409943..55.339] -> visitl5 weight[7..116] tine[61..65.6378] -> visitll
wei ght [ 15..124] tine[72.3622..77] -> visitl1l0 weight[27..136]
time[82.6132..96.5791] -> visitl09 weight[43..152] tinme[97..107] -> visit63
wei ght [ 59..168] tine[107.25..194.749] -> visit32 weight[72..181]
tinme[117.502..205] -> depot wei ght[91..200] time[127.81..230]
vehi cl e8 :

-> depot weight[O] tine[0..5.64133] -> visit4l weight[O..5]
tinme[0.446525..6.08785] -> visit6l weight[10..15] tine[10.4823..16.1236] ->
visit81 weight[20..25] tine[20.5181..26.1594] -> visitl1l01l wei ght[30..35]
tinme[ 30.5539..36.1952] -> visitl21 weight[40..45] tine[40.5897..46.231] ->
vi sit141 wei ght[50..55] tine[50.6255..56.2668] -> visitl6l weight[60..65]
tinme[ 60.6613..66.3026] -> visit2l weight[70..75] tine[70.6971..76.3384] ->
vi sit163 wei ght[80..85] tine[81.0037..86.645] -> visitl83 weight[93..98]
tinme[91.037..96.6783] -> visitl1l89 weight[106..111] tine[101.287..106.928] ->
visit99 weight[122..127] tine[111.964..117.605] -> visitl1l37 weight[139..144]
tinme[122.639..128.28] -> visit1ll7 weight[141..146] tine[132.673..138.314] ->
visit25 weight[143..148] tine[142.859..148.5] -> visit86 weight[169..174]
tinme[153.099..158.741] -> visitl3 weight[172..177] tinme[163.359..169] -> depot
wei ght [ 195..200] tine[173.722..230]
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vehicl e9 :

-> depot weight[0O] tinme[0..56.2644] -> visitl182 weight[O0..4]
time[0.409943..56.6744] -> visit35 weight[7..11] tine[61..66.9732] -> visit34
wei ght[15..19] tine[71.3385..77.3117] -> visit36 weight[35..39]
time[81.5948..87.568] -> visit48 weight[54..58] time[95..97.986] -> visit85
wei ght [ 63..67] tine[105.336..108.322] -> visitl05 weight[89..93]
time[ 115. 377..118.363] -> visitl45 weight[115..119] tine[125.418..128.404] ->
vi si t45 wei ght[141..145] tine[135.459..138.445] -> visit146 weight[167..171]
time[145.7..148.686] -> visit26 weight[170..174] tine[155.755..158.741] ->
visitl73 weight[173..177] tine[166.014..169] -> depot wei ght[196..200]
time[176.377..230]
vehicl el0 :

-> depot weight[0O] time[O0..45.5461] -> visitl1ll2 weight[O0..1]
time[0.308232..45.8543] -> visit132 weight[19..20] tine[10.3427..55.8888] ->
visit152 weight[38..39] time[20.3772..65.9233] -> visitl72 weight[57..58]
time[30.4117..75.9578] -> visitl1l2 weight[76..77] tine[40.4462..85.9923] ->
visit43 weight[95..96] tine[50.6977..96.2438] -> visitl1l69 wei ght[108..109]
time[97..106.494] -> visit110 weight[124..125] tine[107.421..116.915] ->
vi sit199 wei ght[140..141] tine[117.676..127.17] -> visit197 wei ght[157..158]
tinme[128.351..137.845] -> visitl77 weight[159..160] tine[138.385..147.879] ->
visit24 weight[161..162] tine[149.506..159] -> visit72 wei ght[180..181]
tinme[159. 841..205] -> depot wei ght[199..200] tine[170.149..230]
vehicl ell :

-> depot weight[0] time[0..32.7593] -> visit122 weight[O0..1]
time[0.409943..33.1692] -> visit54 weight[7..8] tine[10.8925..43.6518] ->
visit74 weight[27..28] time[20.9266..53.6859] -> visitl1l95 weight[47..48]
time[61..64.0244] -> visit1l71 weight[55..56] tinme[72.3622..75.3866] -> visitl87
wei ght[67..68] tine[82.6231..85.6475] -> visitl48 weight[72..73]
time[95..95.9483] -> visit29 weight[81..82] tine[106.052..107] -> visitl34
wei ght[97..98] tine[117.579..127.497] -> visit11l4 weight[117..118]
time[127.614..137.532] -> visit94 weight[137..138] tine[137.648..147.566] ->
vi sit44 weight[157..158] tine[149..158.426] -> visit33 weight[176..177]
time[ 159.574..169] -> depot weight[199..200] tine[169.937..230]
vehicl el2 :

-> depot weight[0O] time[O0..65.6019] -> visit50 weight[O0..21]
tinme[0.589454. .66.1914] -> visit151 weight[16..37] tine[67..76.4425] -> visit67
wei ght[28..49] tine[77.261..86.7034] -> visitl1l28 weight[33..54]
tinme[95..97.0042] -> visit56 weight[42..63] tinme[105.418..107.422] -> visit136
wei ght [ 61..82] tine[115.453..117.457] -> visit116 wei ght[80..101]
tinme[125.488..127.492] -> visit96 weight[99..120] tine[135.522..137.527] ->
visit76 weight[118..139] tine[145.557..147.561] -> visit84 weight[137..158]
time[ 156.422..158.426] -> visit73 weight[156..177] tinme[166.996..169] -> depot
wei ght [ 179..200] tine[177.359..230]
vehicl el3 :

-> depot weight[0O] tinme[O0..54.2267] -> visit22 weight[O0..19]
tinme[0.409943..54.6366] -> visitl55 weight[7..26] tine[61..64.9355] -> visitl4
wei ght [ 15..34] tine[71.3385..75.274] -> visitl1l6 weight[35..54]
time[81.5948..85.5303] -> visitl08 weight[54..73] tine[95..95.9483] -> visit69
wei ght [ 63..82] tine[106.052..107] -> visitl54 weight[79..98]
time[117.579..127.497] -> visit194 weight[99..118] tine[127.614..137.532] ->
visitl74 weight[119..138] tine[137.648..147.566] -> visit64 weight[139..158]
tinme[149..158.426] -> visit53 weight[158..177] tine[159.574..169] -> depot
wei ght [ 181..200] tinme[ 169. 937..230]
vehicl eld :

-> depot weight[0O] tinme[0..53.3156] -> visitl62 weight[O0..50]
tinme[0.409943..53.7256] -> visitl135 weight[7..57] time[61..64.0244] -> visitlll
wei ght [ 15. . 65] tine[72.3622..75.3866] -> visit47 weight[27..77]
tinme[ 82.6231..85.6475] -> visit88 weight[32..82] tinme[95..95.9483] -> visit89

IBM ILOG DISPATCHER — USER’S MANUAL



Complete Program

wei ght [41..91] tinme[106.052..107] -> visit70 weight[57..107]
time[116.473..117.865] -> visit90 weight[73..123] tine[126.507..127.899] ->
visitl weight[89..139] time[136.884..138.276] -> visitl43 weight[99..149]
time[147.191..148.583] -> visitl24 weight[112..162] tine[157.608..159] ->
visit92 weight[131..181] tine[167.942..205] -> depot weight[150..200]
tinme[178. 251. . 230]

vehicl el5 :

-> depot weight[0O] tinme[0..54.929] -> visit42 weight[O0..72]
time[0.409943..55.339] -> visitl1l5 weight[7..79] tine[61..65.6378] -> visit9l
wei ght [ 15..87] tine[72.3622..77] -> visit150 weight[27..99]
time[82.6132..96.5791] -> visit49 weight[43..115] tine[97..107] -> visitl70
wei ght [ 59..131] tine[107.421..153.318] -> visit87 weight[75..147]
time[117.769..163.666] -> visit38 weight[80..152] tine[127.972..173.869] ->
visit58 weight[92..164] tine[138.016..183.913] -> visit158 weight[104..176]
time[ 148. 059..193.956] -> visitl1ll8 weight[116..188] tine[158.103..204] -> depot
wei ght [ 128..200] tine[ 168. 593..230]
vehicl el6 :

-> depot weight[0O] tinme[0..54.929] -> visit62 weight[O0..36]
time[0.409943..55.339] -> visit95 weight[7..43] tinme[61..65.6378] -> visit71
wei ght [ 15..51] tine[72.3622..77] -> visit190 weight[27..63]
time[82.6132..95.9518] -> visitl1l29 weight[43..79] tine[97..106.373] -> visit130
wei ght [ 59..95] tine[107.421..116.794] -> visit159 weight[75..111]
time[117.676..127.049] -> visit1l39 weight[92..128] tinme[127.71..137.083] ->
visit23 wei ght[109..145] tine[138.637..148.009] -> visitl44 weight[122..158]
time[ 149. 054. . 158. 426] -> visit133 weight[141..177] tine[159.627..169] -> depot
wei ght [ 164..200] tine[169.99..230]
vehicl el7 :

-> depot weight[0O] tinme[0..52.7706] -> visit82 weight[O0..64]
time[0.409943..53.1805] -> visit75 weight[7..71] tine[61..63.4794] -> visit5l
wei ght[15..79] tine[72.3622..74.8416] -> visitl79 weight[27..91]
time[82.5292..85.0086] -> visit28 weight[44..108] tine[95..95.3838] -> visitl49
wei ght [ 53..117] tine[106. 052..106.436] -> visit27 weight[69..133]
time[116.821..117.205] -> visit7 weight[74..138] tine[126.858..127.242] ->
visit167 weight[79..143] tine[136.895..137.279] -> visit181 weight[84..148]
time[ 147.319..147.703] -> visitl1l64 weight[94..158] tine[158.043..158.426] ->
visit153 weight[113..177] tine[168.616..169] -> depot weight[136..200]
time[178.979..230]
vehicl el8 :

-> depot weight[0O] time[0..52.3532] -> visitl42 weight[O0..46]
tinme[0.409943..52.7631] -> visit55 weight[7..53] tinme[61..63.062] -> visitl3l
wei ght [ 15..61] tinme[72.3622..74.4241] -> visit39 weight[27..73]
tinme[82.5292..84.5911] -> visit79 weight[44..90] tine[92.5628..94.6248] ->
visit8 weight[61..107] time[102.938..105] -> visit65 weight[70..116]
tinme[113.274..118.349] -> visit125 weight[96..142] tine[123.315..128.39] ->
vi sit106 wei ght[122..168] tine[133.556..138.631] -> visitl26 wei ght[125..171]
tinme[143. 611..148.686] -> visitl66 weight[128..174] tine[153.666..158.741] ->
visit113 weight[131..177] tine[163.925..169] -> depot weight[154..200]
time[ 174. 288. . 230]
vehicl el9 :

-> depot weight[0] time[0..14.9558] -> visit66 weight[O0..38]
time[0.409416. .15.3652] -> visit186 weight[3..41] tine[10.4645..25.4203] ->
visit6 weight[6..44] tinme[20.5196..35.4753] -> visitl78 weight[9..47]
time[ 30. 8888..45.8446] -> visitl1l98 weight[21..59] tine[40.9325..55.8883] ->
visit107 wei ght[33..71] tine[51.1353..66.0911] -> visitl191 weight[38..76]
tinme[67..76.3521] -> visitl9 weight[50..88] tinme[77.167..86.5191] -> visit68
wei ght [ 67..105] tine[95..96.8943] -> visit77 weight[76..114]
time[ 105. 309..107.203] -> visit57 weight[78..116] tine[115.343..117.237] ->
visit37 weight[80..118] time[125.377..127.271] -> visit176 weight[82..120]

IBM ILOG DISPATCHER — USER’'S MANUAL 117



118

time[135.632..137.527] -> visitl56 weight[101..139] tine[145.667..147.561] ->
vi sit104 wei ght[120..158] tine[156.532..158.426] -> visit93 weight[139..177]
time[167.106..169] -> depot wei ght[162..200] tine[177.469..230]

vehi cl e20 : Unused

vehi cl e21 :

-> depot weight[0O] tinme[0..53.0535] -> visitl102 weight[O0..24]
time[0.409943..53.4634] -> visitl75 weight[7..31] time[61..63.7623] -> visitl38
wei ght [ 15..39] tine[71.8984..74.6606] -> visit78 weight[27..51]
tinme[81.9421..84.7043] -> visit98 weight[39..63] tine[91.9857..94.748] ->
visit168 weight[51..75] time[102.238..105] -> visitl1l8 weight[60..84]
tinme[112.49..118.106] -> visit5 weight[72..96] tinme[122.802..128.418] ->
visit185 weight[98..122] tine[132.843..138.459] -> visitl65 weight[124..148]
tinme[142.884..148.5] -> visit46 wei ght[150..174] tine[153.124..158.741] ->
visit193 weight[153..177] tine[163.384..169] -> depot wei ght[176..200]
time[173.747..230]
vehi cl e22 : Unused
vehi cl e23 : Unused
vehi cl e24 : Unused
vehi cl €25 : Unused
vehi cl €26 : Unused
vehi cl e27 : Unused
vehi cl e28 : Unused
vehi cl e29 : Unused
vehi cl e30 : Unused
vehi cl e31 : Unused
vehi cl €32 : Unused
vehi cl e33 : Unused
vehi cl e34 : Unused
vehi cl e35 : Unused
vehi cl €36 : Unused
vehi cl e37 : Unused
vehi cl e38 : Unused
vehi cl e39 : Unused
vehi cl e40 : Unused
vehi cl e41 : Unused
vehi cl e42 : Unused
vehi cl e43 : Unused
vehi cl e44 : Unused
vehi cl e45 : Unused
vehi cl e46 : Unused
vehi cl e47 : Unused
vehi cl e48 : Unused
vehi cl e49 : Unused
vehi cl e50 : Unused

*/
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Adding Visit Disjunctions

In this lesson, you will learn how to:
O add visit disunctions
O modify an existing routing plan by adding or removing visits

O usetheclassesand functions| | ol nsertVisit, |l oRoutingSol ution::renove,
I | oRouti ngSol ution::add, || oNHoodArray, | | oConcat enat e,
IloVisit::performed,|loVisit::unperforned,and!!|oVisitArray

You will learn how to model and solve a vehicle routing problem (VRP) where only one of a
pair of visits can be performed or where there are alternate sites available for avisit. For
example, a customer may have more than one site available to receive deliveries. Dispatcher
provides visit digjunctions to model these types of problems.

You will also learn how to add and remove visits from an existing routing plan in adynamic
problem. In many situations, it may be necessary to take an order and add a visit to an
existing routing plan. It may also be the case that an order is cancelled by a customer.
Recomputing the plan from scratch would be far too time-consuming, so Dispatcher allows
you to add or remove avisit by modifying an existing solution.
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Describe

This problem presented here is similar to a standard VRP, except that each delivery to a
customer is represented by two visits, only one of which can be performed. Each of these
visits has a penalty cost for not being performed, and the total cost of the solution includes
the penalty cost of the unperformed visits.

Describe the problem
Thefirst step isto write a natural language description of the problem.

The components of the routing model for this problem are the same as for a standard VRP:
vehicles, customers, and adepot. However, each delivery to acustomer isrepresented by two
alternative visits.

The constraintsin this problem are the same as those in a standard VRP: time windows,
vehicle capacity, and visit quantities.

The objective is to minimize the total cost of the solution. This cost includes the penalty
costs for not performing the visit in each pair that is unperformed.

Model

120

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial/

di sjunct _parti al . cpp inyour development environment. Thisfileisaprogram that is
only partially completed. You will fill in the blanks in each step in thislesson. At the end of
thislesson, you will have completed the code for the problem and you will be able to
compile and run it.

Asin Chapter 2, Modeling a Vehicle Routing Problem, you create a Rout i nghodel class,
which isused to model the problem.
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Declare the RoutingModel class
The code for the declaration of the class Rout i nghbdel is provided for you:

cl ass Routi nghbdel {

11 oEnv _env;

I | ovbdel _mdl ;

I | oDi spat cherGraph _graph;

I I oD nmensi onl _wei ght;

I | oD nensi on2 _ting;

I I oD mensi on2 _di stance;
I | oNHoodAr r ay _swapArray;

voi d addDi nensi ons();
voi d | oadG aphl nformation (const char * arcFil eNang,
const char* turnFileNane);
voi d | ast M nut eG aphChanges ();
voi d createll oNodes(const char * nodeFi | eName, const char* coordFil eNane);
voi d createVehicles(const char * vehicl eFi | eNane) ;
voi d createVisits(const char * visitsFileNane);

public:
Rout i nghbdel (11 oEnv env, int argc, char* argv[]);
~Rout i nghbdel () {}
Il oEnv get Env() const { return _env; }
I oModel get Model () const { return _ndl; }
|| oNHoodArray get SwapArray() const {return _swapArray;}
IloVisit createAdditional Visits (int argc, char* argv[]);
voi d renoveVisit (lloVisit);

There are only afew differences between the Rout i ngMbdel class used in a standard VRP
and the Rout i nghbdel class used in this problem.

The dimensionsin this problem are time, weight, and distance.

Aninstance of theclass | | oDi spat cher G aph allows you create a graph representing a
road network topology on which instances of | | oNode can be positioned.

Il oDi spat cher G aph computes the shortest paths between nodes for each vehicle. It is
this shortest path that is used to create the dimensions_ti me and _di st ance inthis
problem. See “ Define the addDimensions function” on page 124. Dispatcher’s graph
functionality isintroduced in Chapter 4, Minimizing the Number of \ehicles.

The function get SwapAr r ay is used to access a neighborhood created to swap aternative
visits and implement visit disunctions. See “ Define the createVisits function” on page 125.
The member functionscr eat eAddi ti onal Vi sits andrenmoveVi si t areused to add and
remove visits from the model. See “ Define the createAdditional Visits function” on page 128
and “ Define the function removeVisit” on page 128.
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Define the RoutingModel constructor

The constructor is defined asin Chapter 4, Minimizing the Number of Vehicles. If you do not
specify input files, the defaults will be used. This constructor will be called from the nai n
function. It calls the following functions: addDi mensi ons, | oadGr aphl nf or nati on,
creat el | oNodes, cr eat eVehi cl es,andcreateVisits.

The following code is provided for you:

Rout i nghbdel : : Rout i nghbdel ( || oEnv env,
int argc,
char* argv[]):
_env(env), _mdl(env), _graph(env) {
addDi mensi ons() ;

// Load dispatcher graph information and add instance-specific features.
char * arcFil eNane;
if(argc < 2) arcFileNane =
(char*) "../../../lexanpl es/ data/ di spat cher G aphDat a/ gri dNet wor k. csv";
el se arcFil eNane = argv[1];
char * turnFil eNang;
if(argc < 3) turnFileNane =
(char*) "../../../exanpl es/ dat a/ di spat cher G aphDat a/ t ur nDat a. csv";
el se turnFil eName = argv[2];
| oadG aphl nformation (arcFil eName, turnFileNang);

//create |1 oNodes and associate themto graph nodes
char * nodeFi | eNane;
if(argc < 4) nodeFileNane =
(char*) "../../../exanpl es/datal/vrp50/vrp50nodes. csv";
el se nodeFi | eNarme = argv[ 3];
char * nodeCoordsFil e;
if(argc < 5) nodeCoordsFile =
(char*) "../../../exanpl es/ dat al/ di spat cher G aphDat a/ coor dTabl e. csv";
el se nodeCoordsFil e = argv[4];
creat el | oNodes(nodeFi | eNanme, nodeCoordsFile);

//create vehicles
char * vehicl esFi | eNang;
if(argc < 6) vehiclesFileNane =
(char*) "../../..lexanpl es/ data/vrp50/vrp50vehicl es. csv";
el se vehi cl esFi | eNane = argv[5];
creat eVehi cl es(vehi cl esFi | eNang) ;

/lcreate visits
char * visitsFil eNare;
if(argc < 7) visitsFileNane =

(char*) "../../[../lexanpl es/data/vrp50/vrp50visits.csv";
el se visitsFileNane = argv[6];
createVisits(visitsFileNane);
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Define the loadGraphinformation function

Thel oadG aphl nf or mat i on function is defined as in Chapter 4, Minimizing the Number
of \ehicles. First, you build the road network graph using the function
| oadG aphl nf or mat i on. Then you load the network topology from a csv file and create
al necessary arcs and nodes. The member function
I 1 oDi spat cher Graph: : | oadAr cDi mensi onDat aFr onFi | e loads the arc cost
information relating to the dimensions _t i me and _di st ance. The member function
I 1 oDi spat cher Graph: : |1 oadTur nDi mensi onDat aFr onFi | e loads turn penalty
information from the turn file. By default, all turns are allowed with no penalty. The
| oadG aphl nf or mat i on function callsthel ast M nut eG aphChanges function to
allow for direct manipulation of the road network graph. The following code is provided for
you:
voi d RoutingMdel :: | oadG aphl nformation ( const char* arcFil eNane,
const char* turnFileNane) {

_graph. createArcsFronFil e (arcFil eNane);

_graph. | oadAr cD nensi onDat aFronfil e (arcFil eNare, _tinme);

_graph. | oadAr cDi nensi onDat aFronfi |l e (arcFil eNarme, _di stance);

_graph. | oadTur nDi nensi onDat aFronFi | e(turnFi | eNanme, _tine);

| ast M nut eG aphChanges() ;
}

Define the lastMinuteGraphChanges function

Thel ast M nut eG aphChanges function is defined asin Chapter 4, Minimizing the
Number of Vehicles. The following codeis provided for you:

voi d RoutingMdel ::|astM nuteG aphChanges () {
_graph. f or bi dArcUse(_graph. get ArcByEnds(2785-1, 2785));
_graph. f or bi dAr cUse(_gr aph. get ArcByEnds(2785+1, 2785));
_graph. f orbi dArcUse(_gr aph. get ArcByEnds(2785-56, 2785));
_graph. set TurnPenal t y(_graph. get Arc(1323), _graph.getArc(1544), _time, 12);
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Define the addDimensions function

The addDi nensi ons function is defined asin Chapter 4, Minimizing the Number of
\ehicles. The_t i me and _di st ance dimensions are computed using the shortest path from
the road network graph. This code is provided for you:

voi d Routi ngModel : : addD nmensi ons() {
_weight =lIloD nmensionl (_env, "weight");
_mdl . add( _wei ght);

Il oDistance SP_tine = |l oG aphDi stance (_graph);
_tine =lloD nmension2 (_env, SP_ tine, "tine");
_mdl . add(_time);

Il oDi stance SP_distance = || oG aphDi stance (_graph);
_distance =I1oDi nension2 (_env, SP_distance, "distance");
_nmdl . add( _di st ance) ;

}

In this example, you could also use the predefined distance functions | | oEucl i dean or
I I oManhat t an or define your own distance function.

Define the createlloNodes function

Thecr eat el | oNodes function is defined as in Chapter 4, Minimizing the Number of
\ehicles. You use IBM® ILOG® Concert Technology’s csv functionality to input node data
and node coordinate data from csv files. You use the member function

Il oDi spat cher Graph: : associ at ebyCoor dsl nFi | e tolook up the coordinates of a
given | | oNode inacsv file and automatically associate it to the graph node with matching
coordinates. Here is the complete code for defining the cr eat el | oNodes function:

voi d RoutingMdel ::createll oNodes(const char * nodeFi| eNane,
const char* coordFil eNane) {

I | oCsvReader csvNodeReader (_env, nodeFi| eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {

Il oCsvLine line = *it;

char * name = |ine. get StringByHeader ("nane");

I | oNode node(_env, line.getFl oat ByHeader ("x"),

l'i ne. get Fl oat ByHeader ("y"), 0, nane);

node. set Key( nare) ;

_graph. associ at eByCoor dsl nFi | e (node, coordFil eNane);

++it;

}
csvNodeReader . end() ;
}
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Define the createVehicles function

Thecr eat eVehi cl es function is defined asin Chapter 4, Minimizing the Number of
\ehicles. You use csv reader functionality to input vehicle datafrom acsv file. The vehicles
have start and end visits. You add side constraints that the vehicles must |eave the depot after
it opens and return to the depot before it closes. You set the capacities of the vehicles using
Il oVehi cl e: : set Capaci ty and thedimension _wei ght . Using

Il oVehi cl e: : set Cost , the cost of each vehicle is set to be directly proportional to the
dimensions_t i me and _di st ance. Thiscode is provided for you:

voi d RoutingMdel :: createVehicl es(const char * vehicl eFil eNane) {
Il oCsvReader csvVehi cl eReader (_env, vehicl eFil eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {
IloCsvLine line = *it;

char * namefirst = |ine.getStringByHeader("first");
char * namel ast = line.getStringByHeader("last");
char * name = |ine. get StringByHeader ("name");

I'l oNum capacity = |ine. get Fl oat ByHeader (" capacity");
Il oNode nodel = Il oNode:: Find(_env, nanefirst);

Il oNode node2 = Il oNode: : Fi nd(_env, nanel ast);

IloVisit first(nodel, "depot");

_ndl . add(first.getCunul Var (_wei ght) == 0);

IloVisit |ast(node2, "depot");

_ndl . add(| ast. get Cunul Var (_di stance) >= | i ne. get Fl oat ByHeader (" open"));
_nmdl . add(| ast. get Cunul Var (_di stance) <= line. get Fl oat ByHeader ("cl ose"));
I'l oVehi cl e vehicle(first, last, nane);

vehi cl e. set Capaci t y(_wei ght, capacity);

vehicle.setCost(_tine, 1.0);

vehi cl e. set Cost (_di stance, 1.0);

_ndl . add(vehicl e);

++it;

csvVehi cl eReader. end() ;

}

Define the createVisits function

Now you create the visits. In this problem, since each visit can be performed at either of two
aternative sites, the visits are created in pairs. These pairs are themselves each a
neighborhood, since they represent alternative moves that can be taken in a search for a
solution—they can be swapped or exchanged with each other. The array of neighborhoods
_swapArray is created using the constructor | | oNHoodAr r ay. This constructor creates an
array of neighborhoods associated with environment _env. The size of the array is the value
returned by csvVi si t Reader . get NoOf | t ens divided by 2. There are half as many
neighborhood pairs as there are visits.
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Create the visit swap array
Add the following code after the comment // Create the visit swap array

voi d RoutingMbdel : :createVisits( const char* visitsFileNanme) {
I oCsvReader csvVisitReader(_env, visitsFileNane);
_swapArray = ||l oNHoodArray (_env, csvVisitReader.get NunberOfltens()/2);
Ilolnt i=0;
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok()){

Now the pairs of visits are created. Each visit of apair is created in the same way. You use
csv reader functionality to input visit datafrom acsv file. A visit must be associated to a
node, itslocation. A visit also has a quantity—the amount of goods delivered to the location.
A visit can have aminimum time and a maximum time during which it can be performed—a
time window. Additionally, visits have a drop time—the amount time reguired to perform
the visit. These side constraints are modeling using the dimensions _t i me and _wei ght and
the delay, transit, and cumulative variables associated with the visit.

You use the member function | | oVi si t : : set Penal t yCost to set the cost of not
performing vi si t 1 to 20 units. This allows the visit to not be performed, since only one
visit of each pair will be performed.

Create the first visit of the pair
Add the following code after thecomment// Create the first visit of the pair

Il oCsvLine linel = *it;

/lread visit data fromfiles

char * visitNamel = |inel. get StringByHeader (" nane");
char * nodeNanel = |inel. get Stri ngByHeader (" node");

Il oNum quantityl = |inel. getFl oat ByHeader ("quantity");

I'l oNum mi nTi mel = |inel. get Fl oat ByHeader (" m nTi ne");
I'l oNum maxTi mel = |inel. get Fl oat ByHeader (" maxTi ne") ;
Il oNode nodel = Il oNode: : Fi nd(_env, nodeNanel);

IloVisit visitl(nodel, visitNamel);

_ndl . add(visitl. getTransitVar(_weight) == quantityl);

vi sitl. set Penal t yCost (20);

_ndl . add(m nTi mel <= visitl.getCumul Var(_tinme) <= naxTinel);
_mdl . add(visitl);

++it;

The second visit of the pair is created in the same way as the first, except that it has a
different penalty cost. You use the member function | | oVi si t : : set Penal t yCost to set
the cost of not performing vi si t 2 to 10 units. This means that the solution will be more
likely to include thevi si t 1 of each pair, rather than thevi si t 2 of each pair, since the
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penalty for not performing vi si t 1 of each pair is higher than the penalty for not performing
vi si t 2. The following code is provided for you:

Il oCsvLine line2 = *it,;

char * visitName2 = |ine2. get StringByHeader (" nane");
char * nodeNane2 i ne2. get Stri ngByHeader (" node") ;

Il oNum quantity2 = |ine2. get Fl oat ByHeader ("quantity");

I'l oNum m nTi me2 = |ine2. get Fl oat ByHeader (" m nTi ne");
I'l oNum maxTi me2 = |i ne2. get Fl oat ByHeader (" maxTi ne") ;
Il oNode node2 = || oNode: : Fi nd(_env, nodeNane2);

IloVisit visit2(node2, visitNanme2);

_mdl . add(visit2. getTransitVar(_weight) == quantity2);

vi sit 2. set Penal t yCost (10) ;

_mdl . add(m nTi me2 <= visit2.getCumul Var (_tine) <= maxTi ne2);
_ndl . add(visit2);

++it;

Once both visits are created, you post a constraint that ensures that only one of the two visits
is performed. You use the member function | | oVi si t : : unper f or med to add this
constraint.

Add the visit disjunction constraint

Add the following code after the comment
/1 Add the visit disjunction constraint

_ndl . add(visitl. unperforned() + visit2. unperformed() == 1);

You then create an array of visitsthat includesvi si t 1 and vi si t 2. You create a
neighborhood using the function I | oSwapPer f or mthat will modify the solution by
exchanging the performed visit of the pair with the unperformed visit of the pair. Thisis
used in the solution improvement phase.

Create the swap neighborhood
Add the following code after the comment / / Creat e t he swap nei ghbor hood
IloVisitArray visits(_env, 2);
visits[0] = visitl;, visits[1l] = visit2
_sy\apArray[ i] = 1loSwapPerforn{_env, visits);

++i

}
csvVi si t Reader. end() ;
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Define the createAdditionalVisits function

To create anew visit in the model, you create an instance of | | oNode corresponding to the
customer location. You use the member function

Il oDi spat cher G aph: : associ at eByCoor dsl nFi | e to look up the coordinates of this
I 1 oNode in acsv file and automatically associate it to the graph node with matching
coordinates. You then create an instance of 1 | oVi si t located at the customer node. This
visit has adelay time of 10 units, a quantity of 12 units, and a time window. You use the
member function | | oMbdel : : add( |1 oVi sit) toadd the visit from the model.

Create an additional visit
Add the following code after the comment // Create an addi tional visit

Il oVisit RoutinghMdel::createAdditional Visits (int argc, char * argv[]) {
char * nodeCoordsFil e;
if(argc < 5) nodeCoordsFile =
(char*) "../..l../exanpl es/ data/ di spat cher G aphDat a/ coor dTabl e. csv";
el se nodeCoor dsFil e = argv[4];
I | oNode custoner(_env, 43, 63);
_graph. associ at eByCoor dsl nFi |l e (customer, nodeCoordsFile);
IloVisit visit(custoner, "Extra visit");
_nmdl . add(visit.getDelayVar(_time) == 10);
_mdl . add(visit.getTransitVar(_wei ght) == 12);
_mdl . add(70 <= visit.getCQumul Var (_tine) <= 120);
_mdl . add(visit);
return visit;

Define the function removeVisit

You use the member function | | oModel : : renmove(l | oVi sit) toremove avisit fromthe
model.

Remove the visit from the model
Add the following code after the comment / / Renove the visit fromthe nodel
voi d RoutingModel ::removeVisit (lloVisit visit) {

_mdl . rermove(visit);

}
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Solve

You search for a solution using the two-phase approach shown in Chapter 3, Solving a
\ehicle Routing Problem. The only difference is that you use the swap neighborhoods you
created from the visit pairs. You also dynamically modify the solution by adding and
removing avisit from an existing routing plan.

Asin Chapter 3, Solving a \ehicle Routing Problem, you create the Rout i ngSol ver class,
which is used to solve the vehicle routing problem.

Declare the RoutingSolver class
The code for the declaration of the class Rout i ngSol ver isprovided for you:

cl ass RoutingSol ver {

Il oEnv _env;

I | oModel _mdl ;

Il oSol ver _sol ver;

I | oDi spat cher _di spat cher;

Il oRouti ngSol ution _sol ution;

Il oGoal _instanti at eCost;

Il oGoal _gener al Goal ;

Il oGoal _restoreSol ution;
public:

Rout i ngSol ver (Rout i ngvbdel mdl ) ;

~Rout i ngSol ver () {}

Il oBool findFirstSolution ();

voi d i nproveWt hNhood (|1 oNHoodArray swap);

Il oBool addNewVvisit (lloVisit visit);

Il oBool renoveVisitAndResolve (IloVisit visit);
void printlnformation(const char* =0) const;

There are only afew differences between the Rout i ngSol ver classusedin astandard VRP
and the Rout i ngSol ver class used in this problem. There are two additional member
functions: addNewVi si t andr enoveVi si t AndResol ve. These member functions are
explained in the following sections.

Define the RoutingSolver constructor

The Rout i ngSol ver constructor isdefined asin Chapter 3, Solving a Vehicle Routing
Problem. It takes an instance of Rout i ngMbdel as a parameter. The environment, model,
solver, dispatcher, and solution are initialized. The goa to instantiate cost is created using
thefunction | | oDi chot oni ze. You use the predefined first solution generation heuristic
Il 0Savi ngsGener at e to createthefirst solution. The goa to restore the solution is created
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using I | oRest or eSol ut i on. This constructor will be called from the nai n function. This
codeis provided for you:

Rout i ngSol ver: : Routi ngSol ver (Rout i nghbdel mdl):
_env(ndl . getEnv()),
_mdl (ndl . get Model ()),
_sol ver (mdl . get Model ()),
_di spat cher (_sol ver),
_solution(ndl.get Mdel ()){
_instantiateCost =

Il oDi chot omi ze(_env, _dispatcher. get CostVar(), |loFalse);
_general Goal = |l oSavingsCGenerate(_env) &% _instantiateCost;
_restoreSolution = |l oRestoreSol uti on(_env, _solution);

}

Define the findFirstSolution function

Now, you create the function that searches for the first solution. This function is the same as
the one you created in Chapter 3, Solving a \ehicle Routing Problem. You search for a
solution using _gener al Goal and store the solution and its cost using the member function
Il oRout i ngSol uti on:: store. Thiscodeis provided for you:

Il oBool RoutingSol ver::findFirstSolution() {
if (!_solver.solve(_general Goal)) {
_solver.error() << "Infeasible Routing Plan" << endl;
return |l oFal se;
}
_sol ution.store(_solver);
return Il oTrue;

}

Define the improveWithNHood function

After you have found afirst solution, you create the neighborhoods you will usein the
solution improvement phase. You use the constructor | | oNHoodAr r ay to create an array of
six neighborhoods called nhoodAr r ay. Five of these neighborhoods are the predefined
neighborhoods | | oRel ocat e, | | oExchange, | | oCross, | | oTwoOpt,and I | oOr Opt .
The neighborhood nhoodAr r ay[ 2] iscreated using the function | | oConcat enat e tojoin
together the array of swap neighborhoods you created in the section “ Define the createVisits
function” on page 125. You also use the function | | oConcat enat e to join together all the
neighborhoods in nHoodAr r ay and create nhood.

For more information about how predefined neighborhoods work, see Appendix B,
Predefined Neighborhoods.
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Create the neighborhoods
Add the following code after the comment / / Cr eat e t he nei ghbor hoods

voi d RoutingSol ver: :i nproveW t hNhood( | | oNHoodAr ray swap) {
I | oNHoodAr ray nhoodArray(_env, 6);

nhoodArray[0] = Il oTwoOpt (_env);

nhoodArray[1] = I10O Opt(_env);

nhoodArray[2] = Il oConcatenate(_env, swap);
nhoodArray[ 3] = |l oExchange(_env);

nhoodArray[4] = |l oRel ocate(_env);

nhoodArray[5] = Il oCross(_env);

I oNHood nhood = Il oConcat enat e(_env, nhoodArray);

Therest of the function is defined asin Chapter 3, Solving a Vehicle Routing Problem. You
usethefunction 1 | 0Si ngl eMove to return agoal that makes a single local move as defined
by a neighborhood and a search heuristic. The following code is provided for you:

_solver.out() << "Inproving solution" << endl;
Il oGoal inprove = I10Singl eMove(_env,
_sol ution,
nhood,
I'l ol nprove(_env),
_instantiateCost);
whil e (_sol ver.sol ve(inprove)) {

_sol ver.sol ve(_restoreSol ution);

}

Define the addNewVisit function

Once new visits have been added to an existing routing plan using the function

cr eat eAddi ti onal Vi si t s, they can beinserted into the existing solution using the
function addNewvi si t . Thisfunction uses| | oRout i ngSol uti on: : add to directly add
the new visit to the solution. When it is added, its saved state is unperformed. To make the
visit performed, you create agoa using I | ol nsert Vi si t, which eliminates the need to
recompute the routing plan from scratch. If the visit cannot be inserted in the solution, the
goal fails. If the visit isinserted, the new solution is stored.
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Add a new visit
Add the following code after the comment / / Add a new vi si t

Il oBool RoutingSol ver::addNewisit (lloVisit visit) {
IloGoal insert = llolnsertVisit(_env, visit, _solution, _instantiateCost);
if (!_solver.solve(insert)) {
_solver.out() << "Cannot insert new visit in solution" << endl;
return Il oFal se;
}

_solution.add(visit);
_sol ution.store(_solver);
return Il oTrue;

}

Define the removeVisitAndResolve function

To remove that same new visit from the solution, you use the function
removeVi si t AndResol ve. Thisfunction uses|1 | oRout i ngSol uti on: : renpbve to
directly remove the new visit to the solution. You then restore the solution.

Remove the visit and resolve
Add the following code after the comment / / Renove the visit and resol ve

I'l oBool RoutingSol ver::renoveVisitAndResolve (lIloVisit visit) {
_solution.renmove(visit);
if (_solver.solve(_restoreSol ution))
return Il oTrue;
el se return || oFal se;

}
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Define the printinformation function

Theprint 1 nformati on function isthe same asin Chapter 3, Solving a Vehicle Routing
Problem. This codeis provided for you:

voi d RoutingSol ver::printlnformation(const char* headi ng) const {
i f (headi ng)
_sol ver. out () <<headi ng<<end| ;
_solver.printlnfornmation();
_di spatcher. printlnformation();
_SOl ver . out () << " zZzzzz==========" << endl
<< "Cost ;" << _dispatcher.getTotal Cost() << endl
<< "Nunber of vehicles used : "
<< _di spat cher. get Nunber O Vehi cl esUsed() << endl
<< "Sol ution ;" << endl
<< _di spatcher << endl;

Define the main function

After you finish creating the Rout i nghvbdel and Rout i ngSol ver classes and the

print I nfor mat i on function, you use them in the mai n function. You can use command
line syntax to pass the names of input files to the model. If you do not specify input files, the
defaultswill be used. In the mai n function, you first create an environment. Then you create
an instance of the Rout i nghbdel class, which takes the environment and input files as
parameters. You create an instance of the Rout i ngSol ver class. Thistakes one parameter,
themodel. You useani f loop to find asolution. If Solver finds afirst solution, you improve
the solution. Then, you use the function cr eat eAddi t i onal Vi si t s to add avisit to the
model and the function addNewVi si t to dynamically add the visit to the routing plan
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without recomputing the solution from scratch. You print this solution and then remove the
visit. The following code is provided for you:

int min(int argc, char * argv[]) {
Il oEnv env;
try {
Rout i ngModel ndl (env, argc, argv);
Rout i ngSol ver sol ver (ndl);
if (solver.findFirstSolution()) {
sol ver.printinformation("***First Solution***");
sol ver. i nproveW t hNhood( ndl . get SwapArray());
sol ver.printinformation("***Solution after inprovements with nhood***");
IloVisit visit = mdl.createAdditional Visits (argc, argv);
if (solver.addNewisit (visit)) {
sol ver. printlnformation("***Sol ution including new visit***");
mdl . renoveVisit(visit);
if (solver.removeVisitAndResolve (visit)) {
solver.printInformation("***Sol ution after renmoving visit***");

}
}
} catch(l1oException& ex) {
cerr << "Error: " << ex << endl;
env. end();
return O;

}

Compile and run the program

Compile and run the program. You will get results that show the routing plan and
information for the first solution and the improved solution. You will also get results that
show how the solution changes when you add an additional visit and then remove it.
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First solution information

Solve

Thefirst solution phase finds a solution using 2 vehicles with atotal cost of 1012.11 units:

***Ejirst Sol ution***
Nunber of fails

Nunber of choice points
Nurmber of vari abl es

Nunber of constraints
Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constraint queue (bytes)
Total menory used (bytes)
El apsed tine since creation
Nunber of nodes

Nurmber of visits

Nunber of vehicles

Nunber

Improved Solution Information

of di mensi ons
of accepted noves

1012.11
of vehicles used : 2

245
1057
2064
348
156804
892720
132324
20124
44244
4044
11160
1261420
1.593
51

70

10

3

0

The solution improvement phase finds a solution using 2 vehicles with atotal cost of
716.945 units after making 24 cost-decreasing moves:

***Sol ution after inprovements with nhood***

Nunber
Nunber
Nunber
Nunber

of fails

of choi ce points
of variabl es

of constraints

Reversi bl e stack (bytes)

Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constrai nt queue (bytes)
Total menory used (bytes)

El apsed tine since creation

Nunber
Nunber
Nunber
Nunber

IBM

of nodes

of visits

of vehicles

of di nmensi ons

of accepted noves

716. 945
of vehicles used : 2

ILOG DISPATCHER

0

0

2064
344
156804
892720
148404
20124
44244
4044
11160
1277500
0.01
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Solution information including new visit

After including a new visit, the total cost is now 763.538:

Nunber
Nunber
Nunber
Nunber

of fails

of choi ce points
of variabl es

of constraints

Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constraint queue (bytes)
Total nenory used (bytes)
El apsed time since creation
Nunber of nodes

Nunber of visits

Nurmber of vehicles

Nunber

of di mensi ons
of accepted noves

763. 538
of vehicles used : 2

1

1049
2091
345
156804
892720
559036
20124
44244
4044
11160
1688132
1. 462
52

71

10

3

24

Solution information after removing visit

After removing the visit, the routing plan again has a total cost of 716.945:

***Sol ution after renmoving visit

Nunber
Nunber
Nunber
Nunber

of fails

of choice points
of vari abl es

of constraints

Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constraint queue (bytes)
Total menory used (bytes)
El apsed time since creation
Nunber of nodes

Nurmber of visits

Nunber of vehicles

Nunber

The complete program and output are listed in “Complete Program” on page 137. You can
also view it onlinein the Your Di spat cher Hone/ exanpl es/ src/ di sj unct . cpp file.

IBM

of di nmensi ons
of accepted noves

716. 945
of vehicles used : 2

ILOG DISPATCHER

* kK

0

0

2068
345
156804
892720
559036
20124
44244
4044
11160
1688132
1. 482
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Review Exercises

Review Exercises

1. How isthevisit penalty cost used in this problem?

2. How do you add a visit without recomputing the routing plan from scratch?

Suggested Answers

Exercise 1

How isthe visit penalty cost used in this problem?

Suggested Answer

You use the member function | | oVi si t : : set Penal t yCost to set the cost of not
performing vi si t 1 to 20 units. This allows the visit to not be performed, since only one
visit of each pair will be performed. You use the member function

Il oVisit::setPenaltyCost tosetthe cost of not performing vi si t 2 to 10 units. This
means that the solution will be more likely to include the vi si t 1 of each pair, rather than
thevi si t 2 of each pair, since the penalty for not performing vi si t 1 of each pair is higher
than the penalty for not performing vi si t 2.

Exercise 2

How do you add a visit without recomputing the routing plan from scratch?

Suggested Answer

You usel | oRout i ngSol uti on: : add to directly add the new visit to the solution. When it
isadded, its saved state is unperformed. To make thevisit performed, you create agoal using
Il ol nsert Vi si t, which eliminates the need to recompute the routing plan from scratch. If
the visit cannot be inserted in the solution, the goal fails. If the visit isinserted, the new
solution is stored.

Complete Program

The complete program follows. You can also view it online in the Your Di spat cher Hone/
exanpl es/ src/ di sj unct. cpp file.

R e *o CH+ -*-
I/ File: exanples/src/disjunct.cpp
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#i ncl ude <il dispat/il odi spatcher. h>

| LOSTLBEG N
NN NN
/1 Modeling
cl ass Routinghodel {

Il oEnv _env;

I | oMbdel _nmdl ;

I | oDi spat cher Graph _graph;

I | oDi mensi onl _wei ght;

I | oDi mensi on2 _tine;

I | oDi mensi on2 _di stance;

I | oNHoodAr r ay _swapArray;

voi d addD mensi ons();
voi d | oadG aphl nfornation (const char * arcFil eNane,
const char* turnFileNane);
voi d | ast M nut eG aphChanges ();
voi d createll oNodes(const char * nodeFil eNarme, const char* coordFi| eNang);
voi d createVehicl es(const char * vehicl eFi | eNane);
void createVisits(const char * visitsFileNane);

public:
Rout i nghodel (11 oEnv env, int argc, char* argv[]);
~Rout i nghbdel () {}
I'l oEnv getEnv() const { return _env; }
I oMbdel get Model () const { return _ndl; }
|| oNHoodArray get SwapArray() const {return _swapArray;}
IloVisit createAdditional Visits (int argc, char* argv[]);

voi d renoveVisit (lloVisit);
h
Rout i nghbdel : : Routi nghbdel ( || oEnv env,
int argc,

char* argv[]):
_env(env), _mdl (env), _graph(env) ({
addDi mensi ons();

// Load dispatcher graph information and add i nstance-specific features.
char * arcFil eNane;
if(argc < 2) arcFileNane =
(char*) “../../../exanpl es/data/ di spat cher G aphDat a/ gri dNet wor k. csv”;
el se arcFil eNane = argv[1];
char * turnFil eNare,;
if(argc < 3) turnFileNane =
(char*) “../../../exanpl es/ dat a/ di spat cher G aphDat a/ t ur nDat a. csv”;
el se turnFil eNane = argv[2];
| oadG aphl nf ormati on (arcFil eNane, turnFil eNane);

/lcreate |l oNodes and associate themto graph nodes
char * nodeFi | eNang;
if(argc < 4) nodeFileNanme =
(char*) “../../../exanpl es/datal/vrp50/vrp50nodes. csv”;
el se nodeFi | eNane = argv[3];
char * nodeCoordsFil e;
if(argc < 5) nodeCoordsFile =
(char*) “../../../exanpl es/ datal/ di spat cher G aphDat a/ coor dTabl e. csv”;
el se nodeCoordsFile = argv[4];
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Complete Program

creat el | oNodes(nodeFi | eName, nodeCoordsFile);

//create vehicles
char * vehicl esFi | eNang;
if(argc < 6) vehiclesFileNane =
(char*) “../../../exanpl es/ data/ vrp50/vrp50vehicl es. csv”;
el se vehi cl esFi | eNane = argv[5];
creat eVehi cl es(vehi cl esFi | eNane) ;

/lcreate visits
char * visitsFil eNare;
if(argc < 7) visitsFileNane =

(char*) “../../../exanpl es/datal/vrp50/vrp50visits.csv”;
el se visitsFil eNane = argv[6];
createVisits(visitsFileNane);

}

// create distance functions for dinensions, add di nensions to nodel
voi d Routi nghbdel : : addD nmensi ons() {

_weight =lloD nmensionl (_env, “weight”);

_mdl . add( _wei ght) ;

Il oDi stance SP_time = Il oG aphD stance (_graph);
_tine =lloDnension2 (_env, SP_tinme, “tine”);
_mdl . add(_tinme);

Il oDi stance SP_distance = |l oG aphD stance (_graph);
_distance =I1oD nmension2 (_env, SP_distance, “distance”);
_mdl . add( _di st ance) ;

}

/1 1oad network topol ogy and travel costs fromfiles.

voi d Routi nghwbdel : : |1 oadG aphl nfornati on ( const char* arcFil eNane,

const char* turnFil eNane) {

_graph. creat eArcsFronfil e (arcFil eNane);
_graph. | oadAr cD nensi onDat aFronfil e (arcFil eNane, _tine);
_graph. | oadAr cD nensi onDat aFronfil e (arcFil eNane, _distance);
_graph. | oadTur nDi mensi onDat aFronfi | e(turnFi |l eNare, _tine);
| ast M nut eG aphChanges() ;

}

/1 Make nodifications to network conditions based on |atest infornation.
voi d Routi nghWbdel : : | ast M nut eGraphChanges () {
_graph. f or bi dArcUse(_graph. get ArcByEnds(2785-1, 2785));
_graph. f or bi dAr cUse(_graph. get ArcByEnds(2785+1, 2785));
_graph. f or bi dArcUse(_gr aph. get Ar cByEnds(2785-56, 2785));
_graph. set TurnPenal ty(_graph. get Arc(1323), _graph.getArc(1544), _time, 12);

}

/lcreate |l oNodes
voi d Routi nghbdel : : createl | oNodes(const char * nodeFil eNare,
const char* coordFil eNane) {
I | oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
IloCsvLine line = *it;
char * nane = |ine. get StringByHeader (“nane”);
Il oNode node(_env, |ine.getFl oat ByHeader (“x"),
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I'i ne. get Fl oat ByHeader (“y”), 0, nane);
node. set Key( nane) ;
_graph. associ at eByCoor dsl nFil e (node, coordFil eNare);
++it;

}
csvNodeReader . end() ;
}

//create vehicles
voi d Routi nghWbdel : : creat eVehi cl es(const char * vehicl eFi | eName) {
I | oCsvReader csvVehi cl eReader (_env, vehicl eFi| eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {
Il oCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * nanel ast = line.getStringByHeader(“last”);
char * nane = |ine.get StringByHeader (“nane”);

Il oNum capacity = line. getFl oat ByHeader (“capacity”);
Il oNode nodel = |l oNode:: Find(_env, nanefirst);

Il oNode node2 = Il oNode:: Find(_env, nanelast);

IloVisit first(nodel, “depot”);

_ndl . add(first.getCQunul Var (_wei ght) == 0);

IloVisit |ast(node2, “depot”);

_ndl . add(| ast. get Cunul Var (_di stance) >= |ine. get Fl oat ByHeader (“open”));
_mdl . add(| ast. get Qunul Var (_di stance) <= l|ine. get Fl oat ByHeader (“cl ose”));
I'l oVehicle vehicle(first, last, nane);

vehi cl e. set Capaci t y(_wei ght, capacity);

vehicle.setCost(_tine, 1.0);

vehi cl e. set Cost (_di stance, 1.0);

_ndl . add(vehicl e);

++it;

csvVehi cl eReader . end() ;

}

/lcreate visits
voi d RoutinghWbdel : : createVisits( const char* visitsFileNane) {
I | oCsvReader csvVisitReader(_env, visitsFileNane);
_swapArray = |l oNHoodArray (_env, csvVisitReader.get NumberCfltens()/2);
Ilolnt i=0;
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok())({

Il oCsvLine linel = *it;

/lread visit data fromfiles

char * visitNamel = |inel. get Stri ngByHeader (“nane”);
char * nodeNanel i nel. get Stri ngByHeader (“node”);

Il oNum quantityl = |inel. get Fl oat ByHeader (“quantity”);

Il oNum m nTi mel = |inel. get Fl oat ByHeader (“m nTi me”);
I'l oNum maxTi mel = |inel. get Fl oat ByHeader (“ maxTi ne”);
Il oNode nodel = Il oNode:: Find(_env, nodeNarnel);

Il oVisit visitl(nodel, visitNarel);

_ndl . add(vi sitl. get TransitVar(_wei ght) == quantityl);

vi sit 1. set Penal t yCost (20) ;

_ndl . add(m nTi mel <= visitl.getCumul Var(_tine) <= maxTi nel);
_ndl . add(visitl);

++it;
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Il oCsvLine line2 = *it;

char * visitNanme2 = |ine2. get Stri ngByHeader (“nane”);
char * nodeNane2 = |ine2. get StringByHeader (“node”);

Il oNum quantity2 = |ine2. get Fl oat ByHeader (“quantity”);
Il oNum m nTi me2 = |ine2. get Fl oat ByHeader (“m nTi me”);
I'l oNum maxTi me2 = |ine2. get Fl oat ByHeader (“ nmaxTi ne”);
Il oNode node2 = |l oNode:: Find(_env, nodeNane2);

Il oVisit visit2(node2, visitNanme2);

_mdl . add(vi sit2.getTransitVar(_weight) == quantity2);

vi sit2.setPenal t yCost (10);

_mdl . add(m nTi me2 <= visit2.getCumul Var(_tine) <= maxTi ne2);
_ndl . add(visit2);

++it;

_mdl . add(visitl. unperforned() + visit2 unperformed() == 1);

IloVisitArray visits(_env, 2);

visits[0] = visitl; visits[1l] = visit2;
_swapArray[i] = Il oSwapPerforn(_env, visits);
++i

}
csvVisit Reader. end();
}

/1 Modify problemset-up by adding a new visit.
/1 Associate new visit to graph node.
Il oVisit Routinghdel::createAdditional Visits (int argc, char * argv[]) {
char * nodeCoor dsFil e;
if(argc < 5) nodeCoordsFile =
(char*) “../../../exanpl es/ data/di spat cher G aphDat a/ coor dTabl e. csv”;
el se nodeCoordsFile = argv[4];
| | oNode custoner(_env, 43, 63);
_graph. associ at eByCoor dsl nFil e (custoner, nodeCoordsFile);
IloVisit visit(custoner, “Extra visit”);
_mdl . add(visit.getDelayVar(_tinme) == 10);
_ndl . add(visit.getTransitVar(_weight) == 12);
_mdl . add(70 <= visit.getCunul Var(_time) <= 120);
_nmdl . add(visit);
return visit;

}

voi d RoutinghWbdel ::renmoveVisit (lloVisit visit) {
_mdl . renove(visit);

}
NN NNy
/1 Sol ving
cl ass RoutingSol ver {

Il oEnv _env;

I | oMbdel _mdl ;

Il oSol ver _sol ver;

I | oDi spat cher _di spat cher;

Il oRouti ngSolution _solution;

Il oGoal _instanti at eCost;

Il oGoal _general CGoal ;

|| oGoal _restoreSol ution;
public:
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Rout i ngSol ver (Rout i nghbdel ndl);

~Rout i ngSol ver () {}

Il oBool findFirstSolution ();

voi d i nproveW t hNhood (|1 oNHoodArray swap);

Il oBool addNewVisit (lloVisit visit);

I 1 oBool renoveVisitAndResolve (IloVisit visit);
void printlnformation(const char* =0) const;

}s

Rout i ngSol ver: : Rout i ngSol ver (Rout i nghbdel ndl):
_env(mdl . getEnv()),
_mdl (dl . get Model () ),
_sol ver (ndl . get Mdel ()),
_di spat cher (_sol ver),
_sol ution(mdl . get Model ()){
_instantiateCost =

I'l oD chot om ze(_env, _dispatcher.getCostVar(), |l oFalse);
_general Goal = |1 o0SavingsCGenerate(_env) && _instantiateCost;
_restoreSolution = |l oRestoreSol ution(_env, _solution);

}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution() {
if (!_solver.solve(_general Goal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return || oFal se;

_sol ution.store(_sol ver);
return Il oTrue;

}

/11 nprove sol ution using nhood
voi d Routi ngSol ver: :inmproveWt hNhood( || oNHoodAr ray swap) {
I | oNHoodAr ray nhoodArray(_env, 6);
nhoodAr r ay[ 0] Il oTwoOpt (_env) ;
nhoodArray|[ 1] Il oOr Opt (_env);
nhoodArr ay[ 2] I oConcat enat e(_env, swap);
nhoodArr ay[ 3] I I oExchange(_env);
nhoodArr ay[ 4] Il oRel ocat e(_env);
nhoodAr r ay[ 5] Il oCross(_env);

I oNHood nhood = Il oConcat enat e(_env, nhoodArray);
_solver.out() << “Inproving solution” << endl;
Il oGoal inprove = |l0Singl eMve(_env,

_solution,

nhood,

I'l ol mprove(_env),
_instantiateCost);
whil e (_sol ver.sol ve(inprove)) {

_sol ver. sol ve(_restoreSol ution);

}

Il oBool RoutingSolver::addNewisit (lloVisit visit) {
IloGoal insert = llolnsertVisit(_env, visit, _solution, _instantiateCost);
if (!_solver.solve(insert)) {
_solver.out() << “Cannot insert newvisit in solution” << endl;
return Il oFal se;
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}

_solution.add(visit);
_sol ution.store(_sol ver);
return Il oTrue;

}

Il oBool RoutingSol ver::renoveVisitAndResolve (lIloVisit visit) {
_solution.remove(visit);
if (_solver.solve(_restoreSol ution))
return Il oTrue;
el se return Il oFal se;

}

/1 D splay Dispatcher information
voi d RoutingSol ver:: printlnformation(const char* headi ng) const {
i f (headi ng)
_sol ver. out () <<headi ng<<endI ;
_solver.printlnformation();
_di spatcher.printlnformation();
_solver.out() << “===============" << endl
<< “Cost . “ << _dispatcher.getTotal Cost() << endl
<< “Nunber of vehicles used : *“
<< _di spat cher. get Nunber O Vehi cl esUsed() << endl
<< “Sol ution © Y << endl
<< _di spatcher << endl;

}

PHELTTETEET bbb r i b i nd
int main(int argc, char * argv[]) {
11 oEnv env;
try {
Rout i ngMbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
if (solver.findFirstSolution()) {
solver.printinformation(“***First Solution***");
sol ver. i nproveW t hNhood( ndl . get SwapArray());
solver.printInformation(“***Solution after inprovements w th nhood***");
IloVisit visit = mdl.createAdditional Visits (argc, argv);
if (solver.addNewisit (visit)) {
sol ver. printlnformation(“***Sol ution including new visit***");
mdl . renoveVisit(visit);
if (solver.renmoveVi sitAndResolve (visit)) {
solver.printInformation(“***Sol ution after renoving visit***”);

}
}
}
} catch(!l1 oException& ex) {
cerr << “Error: “ << ex << endl;
env. end();
return O;

}

Complete Output

| **
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***Fjrst Solution***

Nurmber of fails ;245
Nunber of choice points : 1057
Nurmber of vari abl es : 2064
Nunber of constraints : 348
Reversi bl e stack (bytes) : 156804
Sol ver heap (bytes) : 892720
Sol ver gl obal heap (bytes) ;132324
And stack (bytes) : 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
Constraint queue (bytes) ;11160
Total menory used (bytes) : 1261420
El apsed tine since creation : 1.593
Nunber of nodes . 51
Nurmber of visits ;70
Nunber of vehicles ;10
Nurber of di mensi ons 3
Nunber of accepted noves 0
Cost : 1012.11

Nurmber of vehicles used : 2

Sol ution

Unperformed visits : visitl visit3 visit5 visit7 visit9 visitl2 visitl3 visitlhs
visitl8 visit20 visit2l visit23 visit26 visit27 visit29 visit31l visit33 visit35
visit37 visit40 visit4l visitd4 visit45 visit4d8 visits0

vehiclel :

-> depot weight[0O] time[0..103.367] distance[0..2] -> visit34 weight[O0..1]
time[0.741619..104.109] distance[38..40] -> visitl9 weight[14..15]
tinme[0.86081..104. 228] distance[45..47] -> visit47 weight[31..32]
time[1.04517..104. 412] distance[56..58] -> visit36 weight[58..59]
time[1.21219..104.58] distance[66..68] -> visit46 weight[63..64]
tinme[1.41234..104. 78] distance[78..80] -> visit8 weight[64..65] time[95..105]
di stance[ 91..93] -> visitl7 weight[73..74] tine[95.3086..175.83]

di stance[ 109..111] -> visit49 weight[75..76] tine[95.4785..176]

di stance[ 119..121] -> visit16 wei ght[105..106] tinme[95.5642..180.936]
di stance[ 124..126] -> visit1l4 weight[124..125] tinme[95.8205..181. 193]
di stance[ 139..141] -> visit43 weight[144..145] tinme[96.0725..181. 445]
di stance[ 154..156] -> visit42 weight[151..152] tine[96.2458..181. 618]
di stance[ 164. .166] -> visit39 weight[156..157] tinme[96.3014..181. 674]
di stance[ 167..169] -> visit25 wei ght[187..188] tine[172..182]

di stance[ 185..187] -> visit24 weight[193..194] tinme[172.316..190]

di stance[ 200..202] -> visit6 weight[196..197] tinme[172.627..208]

di stance[ 213..215] -> depot weight[199..200] tine[173.036..1Inf)

di st ance[ 228. . 230]

vehicl e2 :

-> depot weight[O] tinme[0..76.2884] distance[0..10] -> visit32 weight[O0..52]
time[0.309653..76.5981] distance[13..23] -> visit2 weight[23..75]
tinme[0.409943..76.6984] distance[18..28] -> visitll weight[30..82] tine[67..77]
di stance[ 33..43] -> visit38 weight[42..94] tine[83..93] distance[60..70] ->
visit22 weight[58..110] tinme[83.7578..158.666] distance[105..115] -> visit4
wei ght [ 76..128] tine[149..159] distance[125..135] -> visit28 weight[95..147]
time[ 149. 536..193. 391] distance[ 156..166] -> visit30 weight[111.. 163]
tinme[ 149.975..193. 83] distance[180..190] -> visit1l0 wei ght[132..184]
time[ 150. 145. . 194] di stance[ 190..200] -> depot wei ght[148..200]
time[150. 734. . I nf) distance[220..230]
vehicl e3 : Unused
vehicl e4 : Unused
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vehi cl e5 : Unused

vehi cl e6 : Unused

vehi cl e7 : Unused

vehi cl e8 : Unused

vehi cl €9 : Unused

vehi cl €10 : Unused

| mprovi ng sol ution

***Sol ution after inprovements with nhood***

Nunber of fails 0
Nunber of choice points 0
Nunber of variabl es : 2064
Nurmber of constraints . 344
Reversi bl e stack (bytes) : 156804
Sol ver heap (bytes) ;892720
Sol ver gl obal heap (bytes) : 148404
And stack (bytes) ;20124
O stack (bytes) 1 44244
Search Stack (bytes) ;4044
Constrai nt queue (bytes) : 11160
Total menory used (bytes) ;1277500
El apsed time since creation : 0.01
Nurmber of nodes ;51
Nunber of visits 70
Nurmber of vehicles ;10
Nunber of di mensions 3
Nunber of accepted noves ;24
Cost : 716. 945

Nunber of vehicles used : 2

Sol ution

Unperformed visits : visitl visit4 visit5 visit8 visit9 visitl2 visitl3 visitlhs
visitl8 visit20 visit22 visit23 visit26 visit28 visit30 visit31l visit33 visit35
Vvisit38 visitd0 visit4l visitdd visitd6 visit4d8 visith0

vehiclel :

-> depot weight[O] time[O0..76.2884] distance[0..54] -> visit32 weight[O0..46]
time[0.309653..76.5981] distance[13..67] -> visit2 weight[23..69]
time[0.409943..76.6984] distance[18..72] -> visitll weight[30..76] tine[67..77]
di stance[ 33..87] -> visitl4 weight[42..88] tine[67.2136..184.748]

di stance[45..99] -> visit43 weight[62..108] tine[67.4656..185]

di stance[ 60..114] -> visit42 weight[69..115] tine[67.6389..185.944]
di stance[ 70..124] -> visit39 weight[74..120] tine[67.6945..186]

di stance[ 73..127] -> visit21 weight[105..151] tinme[68.1551..188. 853]
di stance[ 99..153] -> visit3 weight[116..162] tine[68.7423..189.441]
di stance[ 134..188] -> visit29 weight[129..175] tine[69.3016..190]

di stance[ 163..217] -> visit27 weight[138..184] tine[69.4863..215]

di stance[ 171..225] -> depot weight[154..200] tine[69.6058..Inf)

di stance[ 176. . 230]

vehicl e2 :

-> depot weight[O] time[0..174.972] distance[0..46] -> visit6 weight[O0..29]
time[0.409416..175.382] distance[15..61] -> visit37 weight[3..32]
time[0.756408..175.729] distance[30..76] -> visit25 weight[11..40]
time[172..175.787] distance[33..79] -> visitl6 weight[17..46]
time[172.127..175.914] distance[40..86] -> visit49 weight[36..65]
time[172.213..176] distance[45..91] -> visitl7 weight[66..95]
time[172.383..177.34] distance[55..101] -> visit45 weight[68..97]
time[172.537..177.494] distance[64..110] -> visit47 weight[84..113]
time[172.876..177.833] distance[84..130] -> visit36 weight[111..140]
time[173.043..178] distance[94..140] -> visit1l9 weight[116..145]
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time[173.26..182.437] distance[107..153] -> visit1l0 weight[133..162]
time[173.516..182. 693] distance[122..168] -> visit34 weight[149..178]
time[173.823..183] distance[140..186] -> visit7 weight[163..192]
tinme[173.966..189. 645] distance[148..194] -> visit24 weight[168..197]
time[174.321..190] distance[166..212] -> depot weight[171..200]
time[174.813..Inf) distance[ 184..230]

vehi cl e3 : Unused

vehicl e4 : Unused

vehi cl e5 : Unused

vehicl e6 : Unused

vehi cl e7 : Unused

vehicl e8 : Unused

vehi cl e9 : Unused

vehicl e10 : Unused

***Sol ution including new visit***

Nurmber of fails 1
Nunber of choice points : 1049
Nurmber of vari abl es ;2091
Nunber of constraints : 345
Reversi bl e stack (bytes) : 156804
Sol ver heap (bytes) : 892720
Sol ver gl obal heap (bytes) : 559036
And stack (bytes) : 20124
O stack (bytes) © 44244
Search Stack (bytes) 1 4044
Constraint queue (bytes) ;11160
Total menory used (bytes) : 1688132
El apsed time since creation :1.462
Nunber of nodes . 52
Nurmber of visits 71
Nunber of vehicles ;10
Nurber of di mensi ons ;3
Nunber of accepted noves : 24
Cost . 763.538

Nurmber of vehicles used : 2

Sol ution

Unperformed visits : visitl visit4 visit5 visit8 visit9 visitl2 visitl3 visitlhs
visitl8 visit20 visit22 visit23 visit26 visit28 visit30 visit31l visit33 visit35
visit38 visit40 visit4l visitd44 visit46 visitd8 visits0

vehiclel :

-> depot weight[0] tinme[0..76.2884] distance[0..18] -> visit32 weight[O0..34]
time[ 0.309653..76.5981] distance[13..31] -> visit2 weight[23..57]
tinme[0.409943..76.6984] distance[18..36] -> visitll weight[30..64] tine[67..77]
distance[33..51] -> visitl4 weight[42..76] tine[67.2136..117.971]

di stance[45..63] -> visit43 weight[62..96] tine[67.4656..118.223]
di stance[ 60..78] -> visit42 weight[69..103] tine[67.6389..118. 396]
di stance[ 70..88] -> visit39 weight[74..108] tine[67.6945..118.452]
distance[ 73..91] -> visit21l weight[105..139] tine[68.1551..118.913]
di stance[ 99..117] -> visit3 weight[116..150] tine[68.7423..119.5]
di stance[ 134..152] -> Extra visit weight[129..163] tine[70..120]
di stance[ 164. .182] -> visit29 weight[141..175] time[80.6518..190]
di stance[ 199..217] -> visit27 wei ght[150..184] tine[80.8365..215]
di st ance[ 207..225] -> depot weight[166..200] tine[80.9559..Inf)

di stance[ 212. . 230]

vehicl e2 :

-> depot weight[O] time[0..174.972] distance[0..46] -> visit6 weight[O0..29]
time[0.409416..175.382] distance[15..61] -> visit37 weight[3..32]
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time[0.756408..175. 729] di stance[ 30. . 76]
tinme[172..175.787] distance[33..79]
.175.914] di st ance[ 40. . 86]
.176] distance[45..91]
.177.34] distance[55..101]

.177.494] di stance[64..110]
.177.833] distance[ 84..130]
.178] distance[94. . 140]
time[173. 26..182.437] distance[ 107..153]

time[ 172. 127.
time[172. 213.
time[ 172. 383.
time[ 172. 537.
time[ 172. 876.
time[ 173. 043.

Complete Program

-> visit25 weight[11..40]

-> visitle weight[17..46]

-> visit49 wei ght[ 36. . 65]

-> visitl7 weight[66..95]

-> visit45 wei ght[68..97]
-> visit47 weight[84..113]
-> visit36 weight[111.. 140]

-> visit19 weight[116..145]

-> visitl1l0 weight[133..162]
-> visit34 weight[149..178]

-> visit7 weight[163..192]

-> visit24 weight[168..197]

-> depot wei ght[171..200]

time[173.516..182.693] distance[122..168]
time[173.823..183] distance[ 140.. 186]
time[173.966..189. 645] distance[ 148..194]
time[174.321..190] distance[166..212]
tinme[174.813..Inf) distance[ 184..230]
vehi cl e3 : Unused

vehi cl e4 : Unused

vehi cl e5 : Unused

vehi cl e6 : Unused

vehi cl e7 : Unused

vehi cl e8 : Unused

vehicl €9 : Unused

vehi cl €10 : Unused

***Sol ution after removing visit***

Nurmber of fails

Nunber of choice points
Nurber of vari abl es

Nunber of constraints
Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constrai nt queue (bytes)
Total menory used (bytes)
El apsed tine since creation
Nunber of nodes

Nurmber of visits

Nunber of vehicles

Nurber of di mensi ons
accept ed noves

Cost

Nunber of
Sol ution :
Unperformed visits :

716. 945
vehicles used : 2

0

0

2068
345
156804
892720
559036
20124
44244
4044
11160
1688132
1.482

visitl visit4 visitb visit8 visit9 visitl2 visitl3 visitls

visitl8 visit20 visit22 visit23 visit26 visit28 visit30 visit3l visit33 visit35
visit38 visit40 visitdl visitd4 visitae visit48 visits0

vehiclel :

-> depot weight[0] tine[0..76.2884] distance[O..54]
ti me[ 0. 309653. . 76. 5981] di st ance[ 13. . 67]

-> visit32 weight[O0..46]
-> visit2 weight[23..69]

time[0.409943..76.6984] distance[18..72] -> visitll weight[30..76] tine[67..77]

di st ance[ 33. . 87]
di st ance[ 45. . 99]
di st ance[ 60. . 114]
di st ance[ 70. . 124]
di stance[ 73. . 127]
di st ance[ 99. . 153]

IBM

ILOG DISPATCHER

-> visitl4 weight[42..88] time[67.2136..184. 748]
-> visit43 weight[62..108] tine[67.4656..185]
-> visit42 weight[69..115] time[67.6389..185. 944]
-> visit39 weight[74..120] tinme[67.6945..186]
-> visit2l wei ght[105..151] tine[68.1551..188. 853]
-> visit3 weight[116..162] time[68.7423..189. 441]
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di stance[ 134..188] -> visit29 wei ght[129..175] tine[69.3016..190]
di stance[ 163..217] -> visit27 weight[138..184] time[69.4863..215]
di stance[ 171..225] -> depot wei ght[154..200] tine[69.6058..1nf)
di stance[ 176. . 230]

vehicl e2 :

-> depot weight[0O] tinme[0..174.972] distance[0..46] -> visit6 weight[O0..29]
time[0.409416..175.382] distance[15..61] -> visit37 weight[3..32]
tinme[0.756408..175.729] distance[30..76] -> visit25 weight[11..40]
time[172..175.787] distance[33..79] -> visitl6 weight[17..46]
time[172.127..175.914] distance[40..86] -> visit49 weight[36..65]
time[172.213..176] distance[45..91] -> visitl7 weight[66..95]
time[172.383..177.34] distance[55..101] -> visit45 weight[68..97]
time[172.537..177.494] distance[64..110] -> visit47 weight[84..113]
tinme[172.876..177.833] distance[84..130] -> visit36 weight[111..140]
time[173.043..178] distance[94..140] -> visitl1l9 weight[116..145]
tinme[173.26..182.437] distance[107..153] -> visit1l0 wei ght[133..162]
time[173.516..182.693] distance[122..168] -> visit34 weight[149..178]
tinme[173.823..183] distance[140..186] -> visit7 wei ght[163..192]
time[173.966..189. 645] distance[ 148..194] -> visit24 weight[168..197]
tinme[174.321..190] distance[166..212] -> depot wei ght[171..200]
time[174.813..1nf) distance[184..230]
vehicl e3 : Unused
vehi cl e4 : Unused
vehicl e5 : Unused
vehi cl e6 : Unused
vehicl e7 : Unused
vehi cl e8 : Unused
vehicl e9 : Unused
vehi cl e10 : Unused

*/
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Multiple Tours per Vehicle

In this lesson, you will learn how to:
0O solveaproblem that allows vehicles to make multiple tours
O useasubmodel to generate afirst solution

O usetheclassesand functions| | oNear est Addi ti onGener at e,
Il oVehi cl e: : set Cost (fi xedCost ), and
Il oRouti ngSol ution:: Routelterator

InaVRP, the goa isto build a set of routes with each vehicle leaving from the depot and
returning there at the end of the route. However, in some cases it can be advantageous to
have vehicles make areturn visit to the depot during the work period to pick up or drop off
goods, for example when vehicles have limited capacity. It may be more cost-efficient to
have one truck make several additional loading and unloading stops at the depot (tours) than
to use several vehicles.

In thislesson, you will model and solve aVVRP with multiple tours per vehicle. You will also
use a submodel to generate the first solution.
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Describe

The problem presented here is similar to a standard VRP, except that each vehicle can make
multiple tours.

Describe the problem
Thefirst step isto write a natural language description of the problem.

The components of the routing model for this problem are the same as for a standard VRP:
vehicles, customers, and a depot. In addition, return visits to the depot are model ed.

Some of the constraints in this problem are the same as those in a standard VRP: vehicle
capacity and visit quantities. There are no time windows for visits and no opening or closing
times at the depot. However, thereisa constraint on the total amount of distance each vehicle
can travel.

The objectiveisto minimizethetotal cost of the solution. Thetotal cost of therouting planis
the total cost for all vehicles added to any costs related to unperformed visits. In this model,
vehiclefixed costs and negative penalty costsfor return visits are used to encourage multiple
tours per vehicle:

O Inaddition to acost proportiona to the distance traveled, each vehicle also has a fixed
cost associated with it. Thus, using fewer vehicles will lower the total cost of the
solution.

O By default, the penalty cost for not performing avisitis! | ol nf i ni t y, which forcesthe
visit to be performed. In this problem, the return visits to the depot have a small negative
penalty cost. If the return visit is performed, there is no additional cost added to the
solution. If the return visit is not performed, then there is a small negative penalty cost.
This makes not performing the return visit a slightly more favorable decision than
performing the return visit, since you are minimizing the total cost. However, the
negative penalty is so small that not performing the visit does not greatly affect the
overall cost of the solution. This enables Dispatcher to make optimization decisions asto
whether additional return visitsto the depot are desirable.

Model

Once you have written a description of your problem, you can use Dispatcher classesto
model it.
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Model

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial /

mul titr_partial . cpp inyour development environment. Thisfileisaprogram that is
only partially completed. You will fill in the blanks in each step in thislesson. At the end of
thislesson, you will have completed the code for the problem and you will be able to
compile and run it.

Asin Chapter 2, Modeling a \ehicle Routing Problem, you create a Rout i nghbdel class,
which isused to model the problem.

Declare the RoutingModel class
The code for the declaration of the class Rout i nghbdel is provided for you:

cl ass Routi nghbdel {

11 oEnv _env;

I | oMbdel _mdl ;

I | oDi spat cherGraph _graph;

I I oD mensi on2 _di stance;

Il oD nensi onl _wei ght;

Il oVisitArray _unorderedVi sitArray;

voi d addDi nensi ons();

voi d | oadG aphl nformation (const char* arcFileNane);

voi d | ast M nut eG aphChanges ();

voi d createll oNodes(const char* nodeFil eNane, const char* coordFil eNang);
voi d createVehicl es(const char* vehicl eFi | eNane) ;

voi d createVisits(const char* visitsFileNane);

public:
Rout i nghbdel (11 oEnv env, int argc, char* argv[]);
~Rout i nghbdel () {}
Il oEnv get Env() const { return _env; }
|| oModel get Model () const { return _ndl; }
I | oDi spat cher Graph get G aph() const {return _graph;}
IloVisitArray getUnorderedVisitArray () const {return _unorderedVisitArray;}

There are only afew differences between the Rout i ngMbdel class used in a standard VRP
and the Rout i ngMbdel classused in this problem.

The dimensions in this problem are weight and distance. Asin Chapter 4, Minimizing the
Number of Vehicles, you use an instance of the class| | oDi spat cher G aph to compute the
shortest paths between nodes for each vehicle. It isthis shortest path that is used to create the
dimension _di st ance in this model. See “ Define the addDimensions function” on

page 152.

You create _unor deredVi sit Array, aninstanceof | | oVi si t Arr ay that will beused in
the submodel to generate afirst solution.
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The function get Gr aph is used to access the road network graph in the submodel. The
member function get Unor der edVi si t Arr ay is used in the submodel to access the array
of unordered visits.

Define the RoutingModel constructor

The constructor is defined asin Chapter 4, Minimizing the Number of \ehicles. If you do not
specify input files, the defaults will be used. This constructor isinvoked from the mai n
function. It calls the following functions: addDi mensi ons, | oadG aphl nf or nat i on,
creat el | oNodes, creat eVehicl es,andcreateVisits.

Define the loadGraphinformation and lastMinuteGraphChanges functions

These functions are defined as in Chapter 4, Minimizing the Number of Vehicles.

Define the addDimensions function

The member function addDi nensi ons is used to create the two dimensions, _wei ght and
_di st ance, and add them to the model. The _wei ght dimensionisdefined asin

Chapter 2, Modeling a \ehicle Routing Problem. The _di st ance dimension is computed
using the shortest path from the road network graph, asin Chapter 4, Minimizing the
Number of \Vehicles. This code is provided for you:

voi d RoutingMdel :: addD nensions() {
_weight =lloD mensionl (_env, "weight");
_mdl . add(_wei ght);

Il oDi stance SP_distance = Il oG aphDi stance (_graph);
_distance =I1oD nmension2 (_env, SP_distance, "distance");
_nmdl . add(_di st ance) ;

In this example, you could also use the predefined distance functions| | oEucl i dean or
I I oManhat t an or define your own distance function.

Define the createlloNodes function

Thecr eat el | oNodes function is defined as in Chapter 4, Minimizing the Number of
\ehicles. You use csv reader functionality to input node data and node coordinate data from
csv files. You use the member function

Il oDi spat cher Graph: : associ at ebyCoor dsl nFi | e tolook up the coordinates of a
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Model

given | | oNode in acsv file and automatically associate it to the graph node with matching
coordinates. Here is the complete code for defining the cr eat el | oNodes function:

voi d RoutingMdel ::createll oNodes(const char* nodeFi | eNare,
const char* coordFil eNarme) {

Il oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {

IloCsvLine line = *it;

char * name = |ine. get StringByHeader ("nanme");

I | oNode node(_env, |ine.getFl oat ByHeader ("x"),

|'i ne. get Fl oat ByHeader ("y"), 0, name);

node. set Key(nane) ;

_graph. associ at eByCoor dsl nFil e (node, coordFil eNare);

++it;

}
csvNodeReader . end() ;

Define the createVehicles function

Thecr eat eVehi cl es function is defined as in Chapter 4, Minimizing the Number of
\ehicles, except that you add afixed cost to each vehicle and you add an upper bound to the
distance traveled by each vehicle.

Youusel | oVehi cl e: : set Cost (1| oDi nensi on dim |1 oNum unit Cost) to setthe
cost of each vehicleto be directly proportional to the dimension _di st ance. Thisistheway
that you have set costs on vehicles in the lessons you have worked on so far.

Set the vehicle cost proportional to the dimension

Add the following code after the comment
//Set the vehicle cost proportional to the dimension

vehi cl e. set Cost (_di stance, 1.0);

To model this problem, each vehicle also has afixed cost associated with it in addition to a
cost proportional to the distance traveled. You use | | oVehi cl e: : set Cost (fi xedCost )
to set afixed cost of 250 units on each vehicle. Thus, using fewer vehicles will lower the
total cost of the solution.

Set the fixed vehicle cost
Add the following code after the comment // Set the fi xed vehicle cost

vehi cl e. set Cost (250. 0) ;
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You also add aconstraint using | | oVi si t : : get Cunul Var that the total distance traveled
by the vehicle has an upper bound of 350 distance units. Since vehicles can return to the
depot and there is afixed cost for using a vehicle, Dispatcher will try to find a solution with
as few vehicles as possible. However, avehicle can only travel a certain distance during a
work period. This constraint makes sure that the route of the vehicleis not longer than that
specified distance.

Add the constraint on total distance traveled by vehicle

Add the following code after the comment
/1 Add the constraint on total distance traveled by vehicle

| ast . get Qunul Var (_di st ance) . set Ub( 350) ;

Asin Chapter 2, Modeling a Vehicle Routing Problem, you use csv reader functionality to
input vehicle datafrom acsv file. The vehicles have start and end visits. You set the
capacities of the vehiclesusing | | oVehi cl e: : set Capaci ty andthedimension _wei ght .
Here is the complete code for defining the cr eat eVehi cl es function:

voi d Routi ngMbdel : : creat eVehi cl es(const char* vehicl eFi | eNarre) {
I | oCsvReader csvVehi cl eReader (_env, vehicl eFil eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {
Il oCsvLine line = *it;

char * nanefirst = line.getStringByHeader("first");
char * nanelast = |ine.getStringByHeader("last");
char * nane = |ine.getStringByHeader ("nane");

Il oNum capacity = line. get Fl oat ByHeader (" capacity");
Il oNode nodel = |l oNode:: Find(_env, nanefirst);

I oNode node2 = Il oNode:: Find(_env, nanelast);

IloVisit first(nodel, "depot");

_ndl . add(first.getQumul Var (_wei ght) == 0);
IloVisit |ast(node2, "depot");

Il oVehicle vehicle(first, last, nane);
vehi cl e. set Cost (250. 0) ;

vehi cl e. set Cost (_di stance, 1.0);

vehi cl e. set Capaci t y(_wei ght, capacity);
| ast . get Qunul Var (_di st ance) . set Ub(350);

_mdl . add(vehicl e);
++it;

csvVehi cl eReader. end() ;

}
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Define the createVisits function

Thecr eat eVi si t s function isdefined asin Chapter 4, Minimizng the Number of Vehicles,
except that instead of directly adding each visit to the model, you add each visit to an array
of unordered visits. Thisarray of unordered array of visitswill be ordered in the submodel
and used to create afirst solution. The visits created by this function are the customer visits.
The return visits to the depot are created by a member function of the class

Rout i ngSol ver . See “Define the insertAllReturnVisits function” on page 158.

Add the visit to the array of unordered visits

Add the following code after the comment
/1 Add the visit to the array of unordered visits

_unorderedVisitArray. add(visit);

Likewise, the constraint on visit quantity is not added directly to the model. It is added by
setting both the upper and lower bounds of the transit variable associated with the dimension
_wei ght equal toquanti ty.

Add the constraint on visit quantity

Add the following code after the comment
/1 Add the constraint on visit quantity

visit.getTransitVar(_wei ght).setBounds(quantity, quantity);
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Here is the complete code for defining thecr eat eVi si t s function:

voi d RoutingMdel ::createVisits(const char* visitsFileName) {
Il oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok()){
Il oCsvLine line = *it;
/lread visit data fromfiles

char * visitName = 1ine.getStringByHeader ("nane");
char * nodeNane = |ine. get StringByHeader ("node");

Il oNum quantity = |ine. getFl oat ByHeader ("quantity");
Il oNode node = Il oNode: : Fi nd(_env, nodeNare);

IloVisit visit(node, visitNane);

visit.getTransitVar(_wei ght).setBounds(quantity, quantity);
_unorderedVi sitArray. add(visit);

++it;

csvVisit Reader. end();
}

Solve

Asin Chapter 3, Solving a \ehicle Routing Problem, you search for a solution using the two-
phase approach of generating afirst solution and then improving it. However, in this lesson
you create afirst solution in several steps.

Hereis a short description of the proposed heuristic:
1. Createthereturn visits and insert them into the first solution.

2. Useasubmodel to find alogical order for the customer visits using the predefined first
solution heuristic | | oNear est Addi ti onGener at e.

3. Insert the ordered customer visits into the first solution.

4. Improve thefirst solution using neighborhoods.

Asin Chapter 3, Solving a \ehicle Routing Problem, you create the Rout i ngSol ver class,
which is used to solve the vehicle routing problem.
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Solve

Declare the RoutingSolver class
The code for the declaration of the class Rout i ngSol ver isprovided for you:

cl ass RoutingSol ver {

11 oEnv _env;

I | ovbdel _mdl ;

11 0Sol ver _sol ver;

I | oDi spat cher _di spat cher;

Il oRouti ngSol ution _sol ution;

Il oGoal _instanti at eCost;

Il oGoal _restoreSol ution;

IloVisitArray _orderedVi sitArray;
public:

Rout i ngSol ver (Rout i nghbdel ndl);

~Rout i ngSol ver () {}

voi d insert All ReturnVisits ();

voi d orderVisits (IloVisitArray visitArray,
|| oD spat cher Graph graph);

bool insertCustomerVisits ();

voi d i mpr oveW t hNhood() ;

voi d printlnformati on(const char* =0) const;
h

There are several important differences between the Rout i ngSol ver classusedina
standard VRP and the Rout i ngSol ver class used in this problem. There is an additional
datamember, orderedVisitArray,aninstanceof I | oVi sit Array that will beusedin
the submodel. In the submodel, the visitsin the _unor der edVi si t Arr ay created in the
Rout i nghvbdel classwill be ordered and added to the _or der edVi si t Array created in
the Rout i ngSol ver class.

You do not use asingle function to find the first solution, asyou have in the previous lessons
in this part. Instead, the first solution is generated using three functions:

insert All ReturnVisits,orderVisits,andinsert CustonerVisits. These
functions are explained in the following sections.

Define the RoutingSolver constructor

The Rout i ngSol ver constructor is defined asin Chapter 3, Solving a \ehicle Routing
Problem, except that you do not create a goal for finding the first solution. The

Rout i ngSol ver constructor takes an instance of Rout i nghModel as aparameter. The
environment, model, solver, dispatcher, and solution are initialized. The goal to instantiate
cost is created using the function | | oDi chot oni ze. The goal to restore the solution is
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created using | | oRest or eSol ut i on. This constructor will be called from the mai n
function. This codeis provided for you:

Rout i ngSol ver: : Rout i ngSol ver (Rout i nghbdel ndl):
_env(ndl . getEnv()),
_mdl (ndl . get Model ()),
_sol ver (mdl . get Model ()),
_di spat cher (_sol ver),
_solution(ndl.get Mdel ()){
_instantiateCost =
Il oDi chot omi ze(_env, _dispatcher. get CostVar(), |loFalse);
_restoreSolution = |l oRestoreSol ution (_env, _solution);

}

Define the insertAllReturnVisits function

Next, you definethei nsert Al | Ret ur nVi si t s function which does the following:
O createsthe return visits

0 setsapenalty cost on them

0 addsthem to the model

0O insertsthem into the solution

You loop on each vehicle and create two return visits to the depot for each vehicle. This
allows each vehicle to perform three tours. During the solution improvement phase, the
number of tours can be rebalanced between vehicles.

Create the return visits
Add the following code after the comment // Create the return visits

voi d RoutingSol ver::insertAllReturnVisits () {
_solver.out() << "Inserting return visits" << endl;
I oNode depot = Il oNode:: Find(_env, "depot");
for (IloVehiclelterator vehlt(_mdl); vehlt.ok(); ++vehlt) {
I'l oVehi cl e vehicle = *vehlt;
for (Ilolnt i =0; i <2; i++) {
IloVisit visit(depot, "depot");

Now, youusel | oVi sit:: set Penal t yCost to set anegative penalty cost on the return
visit. By default, the penalty cost for not performing avisitis! | ol nfi ni ty, which forces
the visit to be performed. If the return visit is performed, there is no additional cost added to
the solution. If the return visit is not performed, then there is a small negative penalty cost.
This makes not performing the return visit a dightly more favorable decision than
performing the return visit, since you are minimizing the total cost. However, the negative
penalty is so small that not performing the visit does not greatly affect the overall cost of the
solution.
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Set the return visit negative penalty cost

Add the following code after the comment
//Set the return visit negative penalty cost

vi sit.setPenal tyCost(-0.1);

Next, you add the return visit to the model using I | oModel : : add.

Add the return visit to the model
Add the following code after the comment // Add the return visit to the nodel

_ndl . add (visit);

You insert the return visit directly into the route of the vehicle by creating a goal using

Il ol nsert Visit. Thisfunction makesvi sit performed without the need to recompute
the routing plan from scratch. If the visit cannot be inserted, the goal fails and the visit is
removed from the model. If the visit isinserted in the vehicle route, you use the function
Il oRout i ngSol uti on: : add to directly add the return visit to the solution. The new
solution is then stored.

Insert the return visits into the first solution

Add the following code after the comment
//lnsert the return visits into the first solution

Il oCGoal insert =
IlolnsertVisit(_env, visit, vehicle, _solution, _instantiateCost);
if (!_solver.solve(insert)) {
_solver.out() << "Cannot insert newvisit in solution" << endl;
_mdl . rermove(visit);

}

el se {
_solution.add(visit);
_solution. store(_sol ver);

}

}
}
}

Define the orderVisits function

Now you create the submodel that is used to order the customer visits so that they can be
inserted into the first solution along with the return visits. This submodel isaversion of a
basic routing problem, the Traveling Salesperson Problem (TSP). The description of this
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problem isfairly simple: a set of locations are given, the goal isto build a closed route
(closed in the sense that it ends where it begins) that goes through each of these locations
exactly once, while minimizing the cost. Unlike a standard VRP, a TSP uses only one
vehicle.

The TSP submodel takes the unordered array of customer visits from the VRP model and a
single vehicle and finds a solution. You then iterate over the route of the vehicle and create
the array of ordered visits. These ordered visits can then be inserted in the first solution of
the VRP model. If you had just inserted the visits from the unordered visit array into thefirst
solution, thiswould have likely resulted in amore costly first solution. Inserting the visits
that have already been ordered into the first solution will create alower cost first solution.

Here isthe heuristic used in the submodel to create the ordered array of customer visits:
1. Create the submodel.
. Add one vehicle.

. Add the customer visits from the unordered visit array.

2
3
4. Find afirst solution using the predefined heuristic | | oNear est Addi ti onGener at e.
5. Improve the solution.

6

. Iterate over the route of the vehicle, adding the customer visits to the ordered visit array.

First, you define the or der Vi si t s function to take two parameters: an instance of the
unordered visit array and an instance of | | oDi spat cher Gr aph. Then, you create the
submodel t spModel using an instance of | | oMbdel . With Concert Technology, you can
create more than one model in a given environment.

Create the submodel
Add the following code after the comment / / Creat e t he subnodel

voi d RoutingSol ver::orderVisits(lloVisitArray unorderedVisitArray,
|| oDi spat cher G aph graph) {
I | oModel tspModel (_env);

Next, you add the dimension and vehicle to the submodel. You create the first and last visits
the vehicle will make—these two visits are to the same location, thefirst visit in the array of
unordered customer visits. You create the vehicle and add it to the TSP submodel. Then you
create the distance dimension using a distance function that is the shortest path in distance
computed from the road network graph. You set the cost of the vehicle to be directly
proportional to the distance dimension di mand add the dimension di mto the TSP
submodel.
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Add the dimension and vehicle to the submodel

Add the following code after the comment
// Add the di nension and vehicle to the subnbodel

Ilolnt nbOXVisits = unorderedVisitArray. getSize();
IloVisit first(unorderedVisitArray[O0].getNode(), "first");
IloVisit |ast(unorderedVisitArray[0].getNode(), "last");
Il oVehicle vehicle(first, last, "TSP");

t spModel . add(vehicl e);

Il oDi stance dist = |loGaphD stance (graph);

Il oDi nensi on2 di n{_env, dist, |loFalse);

vehi cl e. setCost (dim 1.0);

t spModel . add(di m;

You add the visits to the TSP submodel by looping through unor der edVi si t Ar ray and
adding each visit to the model. Since you are only concerned with generating an order based
on location, you do not add any constraints on visit quantity.

Add the customer visits to the submodel

Add the following code after the comment
// Add the custonmer visits to the subnodel

for (Ilolnt i =1; i < nbOVisits; i++)
t spModel . add(unorderedVisitArray[i]);

Asinastandard VRP, you create an instance of | | oSol ver, an instance of
I 1 oDi spat cher, and agoa to instantiate cost.

Create the solver, dispatcher, and cost goal in the submodel

Add the following code after the comment
/Il Create the solver, dispatcher, and cost goal in the subnodel

Il oSol ver sol ver (tspModel ) ;

I | oDi spat cher di spatcher(sol ver);

Il oGoal instCost = |loD chotom ze(_env, dispatcher.getCostVar(), |loFalse);
sol ver.out () << "Producing insertion order" << endl;

Next, you find afirst solution and storeit. To find the first solution to the TSP, you use the
predefined first solution heuristic I | oNear est Addi t i onGener at e. The nearest addition
heuristic builds afirst solution route by adding visitsto the route. The visit added to the route
isthevisit closest—that is, the least costly to get to—to the end of the current partial route of
the vehicle. After thisvisit is added, the heuristic finds the visit that is closest to the visit just
added to the end of the current partial route, and so on, until all visits are added. For more
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information about | | oNear est Addi ti onGener at e, see Appendix A, Predefined First
Solution Heuristics.

Find the first solution in the submodel and store it

Add the following code after the comment
/IFind the first solution in the subnbodel and store it
sol ver. sol ve(l | oNear est Addi ti onGener at e(_env) && i nst Cost);

I oRout i ngSol uti on rsol ution(tsphbdel);
rsol ution. store(solver);

Now you improve the first solution using the I | oTwoOpt neighborhood. For more
information about this neighborhood, see Appendix B, Predefined Neighborhoods.

Improve the first solution in the submodel

Add the following code after the comment
//1nprove the first solution in the subnodel

Il oNHood nhood = Il oTwoOpt (_env);

Il oMet aHeuri stic inprove = |l olnprove(_env);

Il oGoal nmove = Il 0Singl eMbve(_env, rsolution, nhood, inprove, instCost);
whi l e (sol ver.sol ve(nove)) {

}

Now, you create _or der edVi si t Array, aninstanceof | | oVi si t Array. You iterate over
the route of the vehicle, adding visits from the route to _or der edVi si t Arr ay.

Create the array of ordered customer visits in the submodel

Add the following code after the comment
[/ Create the array of ordered custonmer visits in the subnodel

_orderedVisitArray = IloVisitArray (_env, nbOVisits);
Il oRouti ngSol ution::Routelterator rit(rsolution, vehicle);
+Hrit;

_orderedVisitArray[0] = unorderedVisitArray[O0];
for (llolnt k = 1; k < nbOVisits; ++k, ++rit)
_orderedVisitArray[k] = *rit;

Finally, you use the member functions | | oNHood: : end, I | 0Sol ver: : end, and
Il oRout i ngSol uti on: : end to deallocate the memory used by these objectsin the
submodel.
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End the objects in the submodel
Add the following code after the comment / / End t he obj ects in the subnodel
nhood. end() ;

sol ver. end();
rsol ution.end();
}

Define the insertCustomerVisits function

You usethei nsert Cust oner Vi si t s function to add the ordered visits from
_orderedVisitArray tothefirst solution in the multitour model. As you remember, you
aready added the return visits to the first solution in the section “ Define the
insertAllReturnVisits function” on page 158.

Add the ordered customer visits to the model

Add the following code after the comment
// Add the ordered custoner visits to the nodel

bool RoutingSol ver::insertCustormerVisits () {
_solver.out() << "Inserting custoner visits" << endl;
for (Ilolnt i =0; i < _orderedVisitArray.getSize(); i++) {
IloVisit visit = _orderedVisitArray[i];
_nmdl . add(visit);

You insert the visit directly into the first solution by creating agoal using

I'l ol nsert Visit. Thisfunction makesvi sit performed without the need to recompute
the routing plan from scratch. If the visit cannot be inserted, the goal fails. If the visit can be
inserted, you use the function I I oRout i ngSol ut i on: : add to directly add the visit to the
solution. The new solution is then stored.
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Insert the ordered customer visits into the first solution

Add the following code after the comment
//1nsert the ordered custoner visits into the first solution

Il oGoal insert =
IlolnsertVisit(_env, visit, vehicle, _solution, _instantiateCost);

if (!_solver.solve(insert)) {
_solver.out() << "Cannot insert newvisit in solution" << endl;
_mdl .renmove(visit);

}

el se {
_solution.add(visit);
_sol ution. store(_sol ver);

}

}
}
}

Define the improveWithNHood function

After you have created afirst solution by inserting the return visits and ordered visits from
the submodel into the first solution, you create the neighborhoods you will usein the
solution improvement phase. Asin Chapter 3, Solving a \ehicle Routing Problem, you use
the predefined neighborhoods | | oRel ocat e, | | oExchange, | | oCross, | | oTwoOpt , and
Il oOr Opt . Additionally, you use two other predefined neighborhoods:

|1 oMakePer f or med and | | oMakeUnper f or ned. The function | | oMakePer f or med
returns a neighborhood that modifies a solution by inserting an unperformed visit after a
performed one. The function | | oMakeUnper f or med returns a neighborhood that modifies
asolution by causing a performed visit to be unperformed. These neighborhoods are used to
improve a solution by making return visits performed and unperformed.

For more information about how predefined neighborhoods work, see Appendix B,
Predefined Neighborhoods.
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This codeis provided for you:

voi d RoutingSol ver: :inmproveWthNhood() {
I oNHood nhood = || oRel ocat e(_env)
Il oTwoQpt (_env)
Il 0O Opt (_env)
Il oCross(_env)
I | oExchange(_env)
I I oMakeUnper f or ned( _env)
I | oMakePer f or ned(_env) ;
roving solution" << endl
Si ngl eMbve( _env,
_sol ution
nhood,
Il ol mprove(_env),
_instantiat eCost)

ER R

_solver.out() << "
Il oGoal inprove =

o

whil e (_sol ver.sol ve(inprove)) {

}

_sol ver. sol ve(_restoreSol ution);
}

Define the printinformation function

Theprint 1 nformation function isthe same asin Chapter 3, Solving a \ehicle Routing
Problem.

Define the main function

After you finish creating the Rout i ngModel and Rout i ngSol ver classes and the

print I nformation function, you use them in the mai n function. You can use command
line syntax to pass the names of input files to the model. If you do not specify input files, the
defaults will be used. In the mai n function, you first create an environment. Then you create
an instance of the Rout i nghbdel class, which takes the environment and input files as
parameters. You create an instance of the Rout i ngSol ver class, which takesthe model asa
parameter. You call the member function Rout i ngSol ver: :insert Al l ReturnVisitsto
add the return visits to the first solution. You call the member function

Rout i ngSol ver : : order Vi si t s to create asubmodel and order the customer visits. This
member function takes two parameters: the unordered visit array and the graph from the
routing model md! . You call the member function

Rout i ngSol ver: :i nsert Cust oner Vi si t s toinsert the ordered customer visitsinto the
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first solution. You use Solver to improve the first solution and print this solution. The
following code is provided for you:

int main(int argc, char * argv[]) {
11 oEnv env;

try {
Rout i ngMbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
solver.insertAll ReturnVisits();
sol ver. order Vi sits(ndl . get UnorderedVisitArray(), ndl.getGaph());
if (solver.insertCustonerVisits()) {
sol ver. i nproveWt hNhood();
solver.printInformation("***Sol ution after inprovenments wi th nhood***");

}
} catch(ll oException& ex) {
cerr << "Error: " << ex << endl;

env. end();
return O;

Compile and run the program

Compile and run the program. You will get results that show the routing plan and
information for the improved solution. The solution uses 4 vehicles. Each vehicle makes one
return visit to the depot, that is, each vehicle performs two tours. There are 12 unused return
visits. See “Complete Output” on page 174 for details. The solution improvement phase
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Review Exercises

finds a solution using 4 vehicles with atotal cost of 2114.8 units after making 139 cost-
decreasing moves:

Inserting return visits

Produci ng insertion order

I nserting custoner visits

| mprovi ng sol ution

***Sol ution after inprovements wth nhood***

Nunber of fails 0
Nurmber of choice points 0
Nunber of vari abl es : 2196
Nurmber of constraints : 132
Reversi bl e stack (bytes) 1192984
Sol ver heap (bytes) : 687828
Sol ver gl obal heap (bytes) : 1021680
And stack (bytes) 1 20124
O stack (bytes) . 48264
Search Stack (bytes) : 4044
Constraint queue (bytes) ;13164
Total menory used (bytes) : 1988088
El apsed tine since creation : 0.016
Nurmber of nodes : 101
Nunber of visits : 132
Nurmber of vehicles : 8
Nunber of di nensi ons D2
Nunber of accepted noves : 139
Cost : 2114.8

Nunber of vehicles used : 4

The complete program and output are listed in “Complete Program” on page 168. You can
asoview it onlinein the Your Di spat cher Horme/ exanpl es/ src/ mul titr. cpp file

Review Exercises

1. How are vehicle fixed costs used to encourage multiple tours per vehicle?

2. How are negative penalty costs for return visits used to encourage multiple tours per
vehicle?

Suggested Answers

Exercise 1

How are vehicle fixed costs used to encourage multiple tours per vehicle?
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Suggested Answer

In addition to a cost proportional to the distance traveled, each vehicle also has a fixed cost
associated with it. Thus, using fewer vehicles will lower the total cost of the solution.

Exercise 2

How are negative penalty costs for return visits used to encourage multiple tours per
vehicle?

Suggested Answer

By default, the penalty cost for not performing avisitis| | ol nfi ni t y, which forcesthe
visit to be performed. In this problem, the return visits to the depot have a small negative
penalty cost. If thereturn visit is performed, thereis no additional cost added to the solution.
If the return visit is not performed, then there is a small negative penalty cost. This makes
not performing the return visit a slightly more favorable decision than performing the return
visit, since you are minimizing the total cost. However, the negative penalty is so small that
not performing the visit does not greatly affect the overall cost of the solution. This enables
Dispatcher to make optimization decisions as to whether additional return visits to the depot
are desirable.

Complete Program

168

The complete program follows. You can also view it onlinein the Your Di spat cher Hone/
exanpl es/src/mul titr.cppfile.

[ B e I ¥ CH+ -*-

/1l File: exanples/src/multitr.cpp
e e e LR PP PP e

#i ncl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
PHELTEETEET L bbb i nrind
/1 Model i ng
cl ass Routinghodel {
I'l oEnv _env;
I | oMbdel _mdl ;
I | oDi spat cher Graph _graph;
I | oDi mensi on2 _di stance;
I I oDi nensi onl _wei ght;
Il oVisitArray _unorderedVisitArray;

voi d addDi nensi ons();

voi d | oadG aphl nfornation (const char* arcFil eNane);

voi d | ast M nut eG aphChanges ();

voi d createll oNodes(const char* nodeFil eNarme, const char* coordFil eNane);
voi d createVehicl es(const char* vehicl eFil eNane);
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Complete Program

void createVisits(const char* visitsFileNane);

public:

Rout i nghodel (11 oEnv env, int argc, char* argv[]);

~Rout i nghbdel () {}

I'l oEnv getEnv() const { return _env; }

I oMbdel get Model () const { return _ndl; }

I | oDi spat cher Graph get G aph() const {return _graph;}

IloVisitArray getUnorderedVisitArray () const {return _unorderedVisitArray;}
h

Rout i nghbdel : : Rout i nghbdel ( |1 oEnv env,
int argc,
char* argv[]):

_env(env),

_ndl (env),

_graph(env),
_unorderedVisitArray(env){
addDi mensi ons() ;

/1 Load dispatcher graph information fromfile .
/1 Add instance-specific features to network
char * arcFil eNane;
if(argc < 2) arcFileNanme =
(char*) “../../../exanpl es/ dat al/ di spat cher G aphDat a/ gri dNet wor k. csv”;
el se arcFil eName = argv[1];
char * turnFil eNang;
if(argc < 3) turnFileNane =
(char*) “../../../exanpl es/ dat a/ di spat cher G aphDat a/t urnDat a. csv”;
el se turnFil eName = argv[2];
| oadG aphl nf ormati on (arcFil eNane);

//create |l oNodes and associate themto graph nodes
char * nodeFi | eNang;
if(argc < 4) nodeFileNane =
(char*) “../../..lexanpl es/ data/vrpl00/vrplOOnodes. csv”;
el se nodeFi | eName = argv[3];
char * nodeCoor dsFil e;
if(argc < 5) nodeCoordsFile =
(char*) “../../../exanpl es/ dat a/ di spat cher G aphDat a/ coor dTabl e. csv”;
el se nodeCoordsFile = argv[4];
creat el | oNodes(nodeFi | eNarre, nodeCoordsFil e);

/lcreate vehicles
char * vehi cl esFi | eNane;
if(argc < 6) vehiclesFileNanme =
(char*) “../../../exanpl es/datal/vrpl00/vrplOOvehi cl es. csv”;
el se vehi cl esFil eNane = argv[5];
creat eVehi cl es(vehi cl esFi | eNang) ;

/l/create visits
char * visitsFil eNane;
if(argc < 7) visitsFileNane =

(char*) “../../../exanpl es/data/vrpl00/vrplOOvisits.csv”;
el se visitsFileNane = argv[6];
createVisits(visitsFileNane);
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/] create distance functions for dinmensions, add di nensi ons to nodel
voi d Routi nghbdel : : addDi nensi ons() {

_weight =IloD rmensionl (_env, “weight”);

_mdl . add(_wei ght) ;

Il oDi stance SP_distance = || oG aphDi stance (_graph);
_distance =Il oD nension2 (_env, SP_distance, “distance”);
_mdl . add(_di st ance) ;

}

/1 1oad network topol ogy and travel costs fromfiles.

// note that by default, all turns are allowed with no penalty.

voi d Routi nghbdel : : | oadG aphl nformati on (const char* arcFil eNane) {
_graph. creat eArcsFronfil e (arcFil eNane);
_graph. | oadAr cDi nensi onDat aFronFi |l e (arcFil eNane, _distance);
| ast M nut eG aphChanges() ;

}

/1 Make nodifications to network conditions based on |atest information.
voi d Routi nghbdel : : | ast M nut eGraphChanges () {

_graph. f or bi dArcUse(_graph. get ArcByEnds(2785-1, 2785));

_graph. f or bi dAr cUse(_graph. get ArcByEnds(2785+1, 2785));

_graph. f or bi dAr cUse(_graph. get Ar cByEnds(2785-56, 2785));
}

//create |l oNodes
voi d RoutingMdel ::createll oNodes(const char* nodeFi | eNane,
const char* coordFil eNanme) {
I | oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
Il oCsvLine line = *it;
char * nane = |ine. getStringByHeader (“nane”);
I | oNode node(_env, |ine.getFl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”), 0, name);
node. set Key( nane) ;
_graph. associ at eByCoor dsl nFil e (node, coordFil eNare);
++it;

}
csvNodeReader . end() ;
}

/lcreate vehicles
voi d Routi nghbdel : : creat eVehi cl es(const char* vehicl eFil eNane) {
I | oCsvReader csvVehi cl eReader (_env, vehicl eFil eNane);
Il oCsvReader: : Linelterator it(csvVehicleReader);
while(it.ok()) {
Il oCsvLine line = *it;

char * namefirst = |ine.getStringByHeader(“first”);
char * nanel ast = line.getStringByHeader(“last”);
char * name = |ine. get StringByHeader (“nane”);

Il oNum capacity = line. getFl oat ByHeader (“capacity”);
Il oNode nodel = Il oNode: : Find(_env, nanefirst);

Il oNode node2 = Il oNode:: Find(_env, nanelast);

IloVisit first(nodel, “depot”);
_nmdl . add(first.getCunul Var (_wei ght) == 0);
Il oVisit |ast(node2, “depot”);
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Il oVehicle vehicle(first, last, nane);
vehi cl e. set Cost (250. 0) ;
vehi cl e. set Cost (_di stance, 1.0);

vehi cl e. set Capaci t y(_wei ght, capacity);
| ast . get Curul Var (_di st ance) . set Ub( 350);

_ndl . add(vehicl e);
++it;

csvVehi cl eReader . end() ;

}

//create visits

voi d RoutinghWbdel : : createVisits(const char* visitsFileNanme) {

I | oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok())({

Il oCsvLine line = *it;

/lread visit data fromfiles

char * visitNane = |ine.getStringByHeader (“nane”);
char * nodeNane = |ine. get StringByHeader (“node”);

Il oNum quantity = |ine.getFl oat ByHeader (“quantity”);
Il oNode node = Il oNode:: Fi nd(_env, nodeNane);

IloVisit visit(node, visitNane);

Complete Program

visit.getTransitVar(_wei ght).set Bounds(quantity, quantity);

_unorderedVi sitArray. add(visit);
++it;

}
csvVi si t Reader . end() ;

}
PHELTEETEET b bbb i i i i i nd
/1 Solving
cl ass RoutingSol ver {
Il oEnv _env;
I | oMbdel _nmdl ;
I'l oSol ver _sol ver;
I | oDi spat cher _di spat cher;
Il oRoutingSolution _solution;
Il oGoal _instanti at eCost;
Il oGoal _restoreSol ution;
Il oVisitArray _orderedVisitArray;
public:

Rout i ngSol ver (Rout i nghbdel ndl);

~Rout i ngSol ver () {}

voi d insert Al ReturnVisits ();

voi d orderVisits (IloVisitArray visitArray,
I | oD spat cher Graph graph);

bool insertCustonerVisits ();
voi d i nproveW t hNhood() ;
voi d printlnformation(const char* =0) const;
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}s

Rout i ngSol ver: : Rout i ngSol ver (Rout i nghbdel ndl):
_env(mdl . getEnv()),
_mdl (ndl . get Model () ),
_sol ver (ndl . get Mdel ()),
_di spat cher (_sol ver),
_sol ution(mdl . get Model ()){
_instantiateCost =
I'l oDi chot om ze(_env, _dispatcher.getCostVar(), |l oFalse);
_restoreSolution = |l oRestoreSol ution (_env, _solution);

}

voi d RoutingSol ver::insertAllReturnVisits () {
_solver.out() << “Inserting return visits” << endl;
Il oNode depot = |l oNode:: Find(_env, “depot”);
for (IloVehiclelterator vehlt(_mdl); vehlt.ok(); ++vehlt) {
I'l oVehicle vehicle = *vehlt;
for (Ilolnt i =0; i <2; i++) {
IloVisit visit(depot, “depot”);

visit.setPenaltyCost(-0.1);
_mdl . add (visit);

Il oGoal insert =

IlolnsertVisit(_env, visit, vehicle, _solution, _instantiateCost);

if (!_solver.solve(insert)) {

_solver.out() << “Cannot insert newvisit in solution” << endl;

_mdl . renove(visit);

}

el se {
_solution.add(visit);
_sol ution.store(_sol ver);

}

}
}
}

voi d RoutingSol ver::orderVisits(lloVisitArray unorderedVisitArray,
I | oD spat cher Graph graph) {
I | oMbdel tspModel (_env);

Ilolnt nbOXVisits = unorderedVisitArray. getSize();
IloVisit first(unorderedVisitArray[O].getNode(), “first”);
IloVisit |ast(unorderedVisitArray[0].getNode(), “last”);
Il oVehicle vehicle(first, last, “TSP");

t spModel . add(vehicle);

Il oDi stance dist = 1l 0G aphDi stance (graph);

I I oDi mensi on2 di n{_env, dist, |loFalse);
vehicle.setCost(dim 1.0);

t spModel . add(di n);

for (Ilolnt i =1; i < nbOVisits; i++)
t spMbdel . add(unorderedVisitArray[i]);

Il oSol ver sol ver (tsphodel);
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}

Complete Program

I | oDi spat cher di spat cher(sol ver);
Il oGoal instCost = IloD chotom ze(_env, dispatcher.getCostVar(), |loFalse);
solver.out () << “Producing insertion order” << endl;

sol ver. sol ve(l | oNear est Addi ti onGenerat e(_env) && instCost);
I'l oRout i ngSol uti on rsol ution(tsphMdel);
rsol ution. store(sol ver);

I oNHood nhood = |l oTwoOpt (_env);
Il oMet aHeuri stic inprove = || ol nprove(_env);
Il oGoal move = |l 0Singl eMove(_env, rsolution, nhood, inprove, instCost);
whi l e (sol ver. sol ve(nove)) {
}
_orderedVisitArray = lloVisitArray (_env, nbOfVisits);
Il oRouti ngSol ution::Routelterator rit(rsolution, vehicle);
+Hrit;

_orderedVisitArray[0] = unorderedVisitArray[O0];
for (Ilolnt k = 1; k < nbOVisits; ++k, ++rit)
_orderedVisitArray[k] = *rit;

nhood. end() ;
sol ver.end();
rsol ution. end();

bool RoutingSol ver::insertCustomerVisits () {

}

_solver.out() << “lInserting customer visits” << endl;

for (Ilolnt i =0; i < _orderedVisitArray.getSize(); i++) {
IloVisit visit = _orderedVisitArray[i];
_mdl . add(visit);

IloGoal insert = IlolnsertVisit(_env, visit, _solution, _instantiateCost);
if (!_solver.solve(insert)) {
_solver.error() << “Coul d not generate an initial solution” << endl;
return |l oFal se;

}

el se {
_solution.add(visit);
_sol ution.store(_solver);

}

return Il oTrue;

/11 nprove sol ution using nhood
voi d Routi ngSol ver: : i nmproveWt hNhood() {

I oNHood nhood = || oRel ocat e(_env)

Il oTwoQpt (_env)

Il 0O Opt (_env)

Il oCross(_env)

I | oExchange(_env)

I I oMakeUnper f or med( _env)

I | oMakePer f or ned(_env) ;

_solver.out() << “Inproving solution” << endl;

Il oGoal inprove = |l 0Singl eMve(_env,
_solution,
nhood,

+

+ + + 4+ o+
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I'l ol mprove(_env),
_instantiateCost);
whil e (_sol ver.sol ve(inprove)) {
}

_sol ver.sol ve(_restoreSol ution);

}

// D splay Dispatcher information
voi d RoutingSol ver::printlnfornmation(const char* headi ng) const {
i f (headi ng)
_sol ver. out () <<headi ng<<endI ;
_solver.printlnformation();
_di spatcher.printlnfornmation();
_SOI ver . out () << Y zmzzzz==—=—=—=—=====" << end|
<< “Cost : “ << _dispatcher.getTotal Cost() << endl
<< “Nunber of vehicles used : *“
<< _di spat cher. get Nunber O Vehi cl esUsed() << endl
<< “Sol ution © Y << endl
<< _di spatcher << endl;

}

N NN NN NNy
int main(int argc, char * argv[]) {
11 oEnv env;
try {
Rout i ngMbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
solver.insertAll ReturnVisits();
sol ver. order Vi sits(ndl . get UnorderedVisitArray(), ndl.getGaph());
if (solver.insertCustonerVisits()) {
sol ver. i nproveWt hNhood();
solver.printInformation(“***Sol ution after inprovenments w th nhood***");

}
} catch(1l oException& ex) {
cerr << “"Error: “ << ex << endl;
}
env. end();
return O;

Complete Output

/**

Inserting return visits
Produci ng insertion order
Inserting custoner visits

| mprovi ng sol ution
***Sol ution after inprovements with nhood***

Nurmber of fails 0
Nunber of choice points 0
Nurmber of vari abl es : 2196
Nunber of constraints : 132
Reversi bl e stack (bytes) ;192984
Sol ver heap (bytes) : 687828
Sol ver gl obal heap (bytes) ;1021680
And stack (bytes) : 20124
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Complete Program

O stack (bytes) : 48264
Search Stack (bytes) ;4044
Constrai nt queue (bytes) : 13164
Total nmenory used (bytes) ;1988088
El apsed time since creation : 0.016
Nurmber of nodes ;101
Nunber of visits : 132
Nunber of vehicles . 8
Nunber of di mensions 2
Nunber of accepted noves : 139
Cost . 2114.8

Nunber of vehicles used : 4

Sol ution

Unperformed visits : depot depot depot depot depot depot depot depot depot
depot depot depot
vehiclel : Unused
vehicle2 : Unused
vehi cl e3

-> depot weight[0] distance[0..78] -> visit32 weight[0..7] distance[l..79] ->
visit28 weight[23..30] distance[8..86] -> visit80 weight[39..46]

di stance[ 15..93] -> visit68 weight[45..52] distance[17..95] -> visit54
wei ght[81..88] distance[32..110] -> visit58 weight[99..106] distance[42..120] -
> visit87 weight[117..124] distance[58..136] -> visitl1l00 weight[143..150]

di stance[ 68..146] -> visit98 weight[160..167] distance[72..150] -> visit99
wei ght [ 170..177] distance[78..156] -> visit96 weight[179..186]

di stance[ 81..159] -> visit6 weight[190..197] distance[87..165] -> depot
wei ght [ 193..200] di stance[102..180] -> visit24 weight[0..4] distance[120..198]
-> visit60 weight[3..7] distance[121..199] -> visit5 wei ght[6..10]

di stance[ 127..205] -> visit1l6 weight[32..36] distance[142..220] -> visit86
wei ght [ 51..55] distance[150..228] -> visit1l7 weight[86..90] distance[163..241]
-> visit84 weight[88..92] distance[170..248] -> visit83 weight[95..99]

di stance[ 179..257] -> visit45 wei ght[106..110] distance[188..266] -> visit46
wei ght [ 122..126] di stance[ 202..280] -> visit36 wei ght[123..127]

di stance[ 214..292] -> visit47 weight[128..132] distance[224..302] -> visit48
wei ght [ 155. . 159] di stance[233..311] -> visit7 weight[191..195]

di stance[ 242..320] -> depot wei ght[196..200] distance[272..350]

vehicl e4 : Unused

vehicl e5 : Unused

vehi cl e6

-> depot weight[O] distance[0..18] -> visit22 weight[O0..4] distance[35..53] ->
visit75 weight[18..22] distance[40..58] -> visit23 weight[36..40]

di stance[52..70] -> visit56 weight[65..69] distance[61..79] -> visit55

wei ght[71..75] distance[73..91] -> visit76 weight[73..77] distance[95..113] ->
vi sit50 weight[86..90] distance[102..120] -> visit70 weight[99..103]

di stance[ 121..139] -> visit30 weight[104..108] distance[128..146] -> visitl10
wei ght [ 125..129] distance[138..156] -> visit88 weight[141..145]

di stance[ 150. .168] -> visit31 weight[150..154] distance[155..173] -> visit90
wei ght[177..181] distance[163..181] -> visit27 weight[180..184]

di stance[ 171..189] -> depot weight[196..200] distance[176..194] -> visit53

wei ght[0..4] distance[182..200] -> visit40 wei ght[14..18] distance[191..209] ->
visit4l weight[23..27] distance[211..229] -> visit1l5 weight[28..32]

di stance[ 225..243] -> visit67 weight[36..40] distance[234..252] -> visit92

wei ght [ 61. . 65] distance[252..270] -> visit59 weight[63..67] distance[255..273]
-> visit93 weight[91..95] distance[258..276] -> visit6l weight[113..117]

di stance[ 264..282] -> visit8 weight[126..130] distance[285..303] -> visit49
wei ght [ 135..139] distance[291..309] -> visitl1l8 weight[165..169]

di stance[ 306..324] -> visit52 weight[177..181] distance[316..334] -> visit63
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wei ght [ 186. . 190] di stance[323..341] -> depot wei ght[196..200]
di st ance[ 332. . 350]
vehicl e7 :

-> depot weight[0] distance[0..116] -> visitl1l2 weight[0..1] distance[15..131]
-> visit29 weight[19..20] distance[26..142] -> visit51 weight[28..29]
di stance[47..163] -> visit9 weight[38..39] distance[55..171] -> visit35
wei ght [ 54..55] distance[63..179] -> visit20 wei ght[62..63] distance[70..186] ->
visitll weight[71..72] distance[95..211] -> visit62 weight[83..84]
di stance[ 106. .222] -> visit1l9 wei ght[102..103] distance[117..233] -> visit34
wei ght [ 119..120] distance[124..240] -> visit82 wei ght[133..134]
di stance[ 134..250] -> visit64 wei ght[149..150] distance[138..254] -> visit78
wei ght [ 158. . 159] di stance[ 158..274] -> visit79 wei ght[161..162]
di stance[ 171..287] -> visit71 wei ght[184..185] distance[178..294] -> depot
wei ght [ 199. . 200] di stance[192..308] -> visit89 weight[O0..115]
di stance[ 201..317] -> visit94 wei ght[15..130] distance[?209..325] -> visit95
wei ght [42..157] distance[213..329] -> visitl3 weight[62..177]
di stance[ 219. . 335] -> depot wei ght[85..200] distance[234..350]
vehicl e8 :

-> depot weight[0] distance[0..72] -> visit2 weight[O0..4] distance[18..90] ->
visit73 weight[7..11] distance[27..99] -> visit74 weight[16..20]
di stance[ 33..105] -> visit39 weight[24..28] distance[47..119] -> visit57
wei ght [ 55..59] distance[48..120] -> visit42 weight[62..66] distance[56..128] ->
visit43 weight[67..71] distance[66..138] -> visit38 weight[74..78]
di stance[ 86..158] -> visit44 weight[90..94] distance[101..173] -> visitl4
wei ght[108..112] distance[109..181] -> visit91 wei ght[128..132]
di stance[ 118..190] -> visit85 weight[129..133] distance[122..194] -> visit25
wei ght[170..174] distance[125..197] -> visit37 weight[176..180]
di stance[ 128..200] -> visit97 wei ght[184..188] distance[134..206] -> depot
wei ght [ 196. . 200] di stance[ 158..230] -> visit26 weight[0..3] distance[173..245]
-> visit21 weight[17..20] distance[183..255] -> visit72 weight[28..31]
di stance[ 189..261] -> visit4 weight[53..56] distance[201..273] -> visit77
wei ght [ 72..75] distance[226..298] -> visit3 weight[86..89] distance[230..302] -
> visit81 weight[99..102] distance[239..311] -> visit33 weight[125..128]
di stance[ 243..315] -> visit65 weight[136..139] distance[246..318] -> visit66
wei ght [ 156. . 159] di stance[248..320] -> visitl weight[181..184]
di stance[ 258..330] -> visit69 weight[191..194] distance[264..336] -> depot
wei ght [ 197..200] di stance[278. . 350]

*/
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Transportation Industry Solutions

This part consists of the following lessons:

Chapter 7, Pickup and Delivery Problems

Chapter 8, Adding \ehicle Breaks

Chapter 9, Adding Early and Late Costs

Chapter 10, Pickup and Delivery by Multiple \ehicles from Multiple Depots
Chapter 11, Modeling Complex Costs

O 0o o o o o

Chapter 12, Docking Bays: Modeling External Resources



Pickup and Delivery Problems

In this lesson, you will learn how to:
O model pickups and deliveriesin the same route
O create pairs of visits

O usethe member function | | oOr der edVi si t Pai r

Describe

The problem of en route pickup and delivery is known as the Pickup and Delivery Problem
(PDP). It isan extension of the Vehicle Routing Problem (VRP). Theimportant new features
of this problem are that pickups can occur en route at customer sites (away from the central
depot), and that deliveries are allowed in the same route. This occurs, for example, with
transportation systems for handicapped people, where a person can be picked up at one place
and dropped at another without going through the central depot. A PDP can be either a
single-depot or multiple-depot problem.

PDP problems involve the same kinds of constraints as standard VRPs, with several
differences. Oneisthat the vehicle may reach its capacity limit en route (after multiple
pickup visits) rather than while loading at the depot. Another difference isthat because
pickups are occurring en route, the pickups become subject to delays and time windows, just
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aswith the drop off visits. In addition, the pickup and delivery visits are often constrained to
be performed by the same vehicle, in order to avoid a return trip to the central depot.

The following figure shows a sample solution for a PDP:

’ Customer

Delivery from 1

Pickup for 2

Delivery from 10

/

Pickup for 5

Depot —p

"N

Pickup for 12 Pickup for 8

Pickup for 6

Pickup for 11

Delivery from 7
Delivery from 3

Delivery from 4

Figure7.1 An Example PDP Solution

Describe the problem

Thefirst step isto write a natural language description of the problem. A good way to start
this process is to analyze the constraints and objectives.

What are the constraints in this problem?

O Delivery truckswill pick up parcels en route and deliver them on the same route. Thisis
called an ordered visit. No parcels will return to the depot before delivery.

O Capacity constraints on the vehicles have different ramifications than for a VRP; for
example, the truck may reach amaximum capacity constraint along the route, rather than
when departing the depot.

O Pickupsaswell asdeliveries have constraints on the time windows (times that the parcel
can be picked up from or delivered to a customer site).

The objective is to minimize the cost of the delivery of all the parcels.

IBM ILOG DISPATCHER — USER’S MANUAL



Model

Model

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial/
pdp_parti al . cpp inyour development environment.

Asin the previous examples, you will use aRout i nghbdel classto call the functions that
create the dimensions, nodes, vehicles, and visits. For this example, this does not vary from
the form you have used before.

Declare the RoutingModel class
Add the following code after the comment / / Decl are the Routi nghbdel cl ass.

cl ass Routinghbdel {
I'l oEnv _env;
I | oModel _mdl ;

voi d createD nensions();
voi d createll oNodes(char* nodeFi | eNane) ;
voi d createVehicl es(char* vehicl eFi | eNane);
void createVisits(char* visitsFileNane);
public:
Rout i nghbdel (11 oEnv env,
int argc,
char* argv[]);
~Rout i nghbdel () {}
Il oEnv getEnv() const { return _env; }
Il oModel get Model () const { return _ndl; }

b

TheRout i ngModel classisidentified as belonging to themodel _ndl and the environment
_env. Next, you will create the functions that Rout i nghbdel cals.
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Create the dimensions
Add the following code after the comment / / Creat e t he di mensi ons.

voi d RoutingMdel ::createD nensions() {
Il oDi nensi onl wei ght (_env, "Wight");
wei ght . set Key(" Wi ght");
_ndl . add(wei ght) ;

Il oDi nension2 tine(_env, |IloEuclidean, "Tinme");

time. set Key("Tine");

_mdl . add(tine);

Il oDi nensi on2 di stance(_env, |l oEuclidean, Il oFalse, "D stance");

di st ance. set Key("Di stance");
_nmdl . add(di stance) ;

}

These dimensions are used in determining the cost and feasibility of potential routes. For
example, wei ght isused for keeping track of the capacity constraints on the truck, and

ti me isused to ensure that the truck is available during necessary time windows. The
dimension di st ance will not be constrained for any vehicle, so you usel | oFal se to
prevent its propagation (although it is used to determine the cost of the route). Preventing its
propagation improves performance. Just asin the VRP, t i me and di st ance are computed
as Euclidian distance, although other options are available.

The member function set Key is used on dimensions to make it easy to find them in other
functions, such ascreat eVi si ts and cr eat eVehi cl es.

Thefunction cr eat eVehi cl es constrainsvehiclesto visit the depot first and last, and adds
the capacity constraint wei ght to the vehicles. The constraint of t i ne is added to ensure
compliance with the timewindows, and di st ance isadded to compute the cost of using the
vehicle.

Create the vehicles
Add the following code after the comment / / Creat e t he vehi cl es.

IloVisit first(nodel, "depot");
_mdl . add(first.getQunul Var (wei ght) == 0);
_ndl . add(first.getCunul Var (ti me) >= openTine);

IloVisit |ast(node2, "depot");

_ndl . add( | ast. get Curul Var (time) <= cl oseTine);
I'l oVehi cl e vehicle(first, last, nane);

vehi cl e. set Cost (di stance, 1.0);

vehi cl e. set Capaci ty(wei ght, capacity);

_nmdl . add(vehicle);

This codeisthe second part of thecr eat eVehi cl es function. Thefirst part of the iteration
reads in the truck capacity and the opening and closing times of the depot, which are then
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Model

assigned asthefirst and last visits of the vehicle. The Fi nd function isalso used to locate the
dimensions (identified with set Key, previously) as shown in the code provided for you:

I'l oDi nensi onl wei ght = |1 oD nmensionl:: Find(_env, "Wight");
Il oDi nension2 tine = Il oD nension2::Find(_env, "Tine");
I'l oDi nensi on2 di stance = || oDi nension2::Find(_env, "D stance");

The next function called by the class Rout i nghbdel iscreat el | oNodes, andit is
provided for you. cr eat el | oNodes readsin the (x, y) coordinates of each node, which are
used to compute the Euclidian distances between visits.

Next, you must create the pickup and delivery visits. Thefunctioncr eat eVi si t s issimilar
informat to cr eat eVehi cl es; that is, thefirst part of the iteration reads in data associated
with each visit, like the pickup location (pi ckupNode), the parcel to be picked up

(quant i ty), thetimewindow (pi ckupM nTi me and pi ckupMaxTi me), and the amount of
time it takes to pickup the parcel (pi ckupTi ne). Corresponding data for the drop off isalso
processed. Then, the second section of the iteration actually creates and adds the pickup and
delivery visits.

Create the pickup visits
Add the following code after the comment // Creat e the pickup visits.

Il oVisit pickup(pi ckupNode, pickupVisitNare);

mdl . add( pi ckup. get Del ayVar (time) == pi ckupTi ne);

mdl . add( pi ckup. get Transi t Var (wei ght) == quantity);

md| . add( pi ckupM nTi me <= pi ckup. get Curmul Var (ti me) <= pi ckupMaxTi ne);
mdl . add( pi ckup) ;

This section of the function Cr eat eVi si t s ensures that the pickups and deliveries will
occur within the time windows, including any delays associated with the pickup and drop
off.

Create the delivery visits

Add the following code for the drop off visits after the comment
[/ Create the delivery visits.

Il oVisit delivery(deliveryNode, deliveryVisitNane);

mdl . add( del i very. get Del ayVar (ti ne) == dropTi nme);

mdl . add( del i very. get Transi t Var (wei ght) == -quantity);

mdl . add(del i veryM nTi ne <= delivery. get Cunul Var (ti me) <= deliveryMxTi ne);
_ndl . add(del i very);

You have now added the pickups and deliveries; but nothing yet guarantees that a delivery
will occur after the pickup. The member function | | oOr der edVi si t Pai r isused tofix the
order of two events.
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Create the pickup and delivery order constraint

Add the following code after the comment
[/ Create the pickup and delivery order constraint.

_ndl . add( Il oOrderedVisitPair(_env, pickup, delivery));

Thefunction| | oOr der edVi si t Pai r ensuresthat pi ckup occursbeforedel i very inthe
environment _env. Thisline of code iswithin theiterator of cr eat eVi si t s, so each parcel
pickup is paired with the drop off.

Solve

184

The solution is computed, improved, and displayed by methods previously presented for the
V RP problem. One thing to note isthat the program pdp. cpp, aswritten, can also be used to
resolve a problem where some or all of the parcels are initially in the depot.

Compile and run the program

The solution improvement phase finds a solution using 9 vehicles with a cost of 1078.88
units:

1291.75

| mprovi ng sol ution

Nurmber of fails )
Nurmber of choice points 0
Nurmber of vari abl es © 2329
Nurmber of constraints ;410
Reversi bl e stack (bytes) ;197004
Sol ver heap (bytes) ;1009300
Sol ver gl obal heap (bytes) : 144384
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
Constraint queue (bytes) ;11160
Total menory used (bytes) : 1430260
El apsed time since creation : 0.02
Nunber of nodes . 51
Nurmber of visits ;80
Nunber of vehicles . 15
Nurmber of di mensi ons 3
Nunber of accepted noves : 23
Cost : 1078. 88

Nunber of vehicles used : 9
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Review Exercises

The complete program and output are listed in “Complete Program” on page 186. You can
also view it onlinein the Your Di spat cher Hone/ exanpl es/ sr ¢/ pdp. cpp file.

Review Exercises

For answers, see “Suggested Answers’ on page 185.
1. What isan ordered visit?
2. What function is used to ensure that ordered visits occur?

3. Doesusing this ordered visit function necessarily mean that the same vehicle will be
performing both the pickup and the delivery visits?

Suggested Answers

Exercise 1
What is an ordered visit?

Suggested Answer

An ordered visit means that one visit (in this example, a pickup) is constrained to occur
before another visit (in this example, a delivery).

Exercise 2

What function is used to ensure that ordered visits occur?

Suggested Answer
Il oOrderedVisitPair.

Exercise 3

Does using the ordered visit function (I | oOr der edVi si t Pai r) necessarily mean that the
same vehicle will be performing both the pickup and the delivery visits?

Suggested Answer

Yes. See the description of 11 oOr der edVi si t Pai r inthe IBM ILOG Dispatcher
Reference Manual for details.
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Complete Program

186

The complete program follows. You can also view it onlinein thefile
Your Di spat cher Hone/ exanpl es/ src/ pdp. cpp.

R e e i -F. CH+ -*-
/1l File: exanples/src/pdp.cpp

#incl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
NN NN NNy
/1 Model i ng
cl ass Routi nghbdel {

Il oEnv _env;

I | oMbdel _mdl ;

voi d createD nmensions();
voi d createll oNodes(char* nodeFi | eNang) ;
voi d createVehicl es(char* vehi cl eFi | eNane) ;
void createVisits(char* visitsFileNane);
public:
Rout i nghbdel (11 oEnv env,
int argc,
char* argv[]);
~Rout i nghbdel () {}
Il oEnv getEnv() const { return _env; }
I | oMbdel get Model () const { return _mdl; }
H

Rout i nghbdel : : Rout i nghbdel (I 1 oEnv env,
int argc,
char * argv[])
_env(env), _mdl (env){

creat eDi mensi ons() ;

char* nodeFi | eNarne;
if(argc < 4)
nodeFi | eName = (char *) “../../../exanpl es/ data/pdp/ nodes. csv”;
el se
nodeFi | eNare = argv[3];
creat el | oNodes(nodeFi | eNane) ;

char* vehi cl esFi | eNane;
if (argc < 2)
vehi cl esFil eNane = (char *) “../../../exanpl es/data/ pdp/ vehi cl es. csv”;
el se
vehi cl esFil eNane = argv[1];
creat eVehi cl es(vehi cl esFi | eNang) ;

char* visitsFil eNang;

if (argc < 3)
visitsFi |l eNane =
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(char*) “../../../exanpl es/ data/ pdp/visits.csv”;
el se
visitsFil eName = argv[2];
createVisits(visitsFileNane);

}

// Add di nensi ons

voi d RoutingMdel ::createD nensions() {
I I oDi mensi onl wei ght (_env, “Wight”);
wei ght . set Key(“Wi ght”);
_mdl . add(wei ght) ;

Il oDi nension2 tinme(_env, |loEuclidean, “Tinme");
tine.setKey(“Time");

_mdl . add(tine);

I I oDi mensi on2 di stance(_env, |l oEuclidean, |l oFalse,

di st ance. set Key(“Di stance”);
_mdl . add( di st ance);
}

/1 Create Il oNodes
voi d Routi nghWbdel : : createl | oNodes(char* nodeFi | eNane) {
I | oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
Il oCsvLine line = *it;
char* nane = |ine.getStringByHeader (“nanme”);
I | oNode node(_env,
I'i ne. get Fl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”),
0,
nane) ;
node. set Key( nane) ;
++it;

}
csvNodeReader . end() ;
}

/'l Create vehicles

voi d Routi nghWbdel : : creat eVehi cl es(char* vehicl eFi | eNane) {

Complete Program

“Di stance”);

Il oDi mensi onl wei ght = Il oD nensionl:: Find(_env, “Wight”);
Il oDimension2 tine = |l oD nmension2::Find(_env, “Time");
Il oDi mensi on2 di stance = || oD nensi on2: : Fi nd(_env, “Distance”);

I | oCsvReader csvVehi cl eReader (_env, vehicl eFi | eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {

IloCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * narel ast = line.getStringByHeader (“last”);
char * nane = l|ine.get StringByHeader (“nane”);

I'l oNum capacity
I'l oNum openTi e I'i ne. get Fl oat ByHeader (“open”);

I'l oNum cl oseTi ne = I|ine. get Fl oat ByHeader (“cl ose”);
Il oNode nodel Il oNode: : Fi nd(_env, nanefirst);

Il oNode node2 = Il oNode: : Fi nd(_env, nanel ast);

IloVisit first(nodel, “depot”);
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_mdl . add(first.getCunul Var (wei ght) == 0);
_ndl . add(first.getCunul Var (ti me) >= openTine);

IloVisit |ast(node2, “depot”);

_nmdl . add(| ast. get Qunmul Var (time) <= cl oseTine);
Il oVehicle vehicle(first, last, nane);

vehi cl e. set Cost (di stance, 1.0);

vehi cl e. set Capaci t y(wei ght, capacity);

_mdl . add(vehicle);

++it;

csvVehi cl eReader . end() ;

}

Il Create visits
voi d RoutinghWbdel :: createVisits(char* visitsFileNane) {
Il oDi mensi onl weight = Il oD nensionl:: Find(_env, “Wight”);
Il oDi mension2 time = Il oD nmension2::Find(_env, “Time");
I | oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok())({
Il oCsvLine line = *it;
/lread visit data fromfiles

char * pickupVi sitName = |ine. getStringByHeader (“pi ckup”);

char * pi ckupNodeNare = |ine. get Stri ngByHeader (“pi ckupNode”) ;

char * deliveryVisitName = |ine.getStringByHeader(“delivery”);

char * deliveryNodeNane = |ine. get StringByHeader (“deliveryNode”);

Il oNum quantity = |ine.getFl oat ByHeader (“quantity”);

Il oNum pi ckupM nTine = | i ne. get Fl oat ByHeader (“ pi ckupM nTi ne”);

Il oNum pi ckupMaxTi ne = | i ne. get Fl oat ByHeader (“ pi ckupMaxTi ne”) ;

Il oNum deliveryM nTine = |line.getFl oat ByHeader (“del i veryM nTi ne”);
Il oNum del i veryMaxTi ne = | i ne. get Fl oat ByHeader (“del i ver yMaxTi ne”);
Il oNum dropTi ne = |ine. get Fl oat ByHeader (“dropTi me”);

Il oNum pi ckupTi ne = |ine. get Fl oat ByHeader (“ pi ckupTi ne”);

/1 read data nodes fromthe file nodes.csv
/1 and create pickup and delivery nodes

I | oNode pi ckupNode = Il oNode: : Fi nd(_env, pi ckupNodeNan®);
Il oNode deliveryNode = Il oNode: : Fi nd(_env, deliveryNodeNane);

//create and add pickup and delivery visits

Il oVisit pickup(pickupNode, pickupVisitNane);

mdl . add( pi ckup. get Del ayVar (ti me) == pi ckupTi ne);

mdl . add( pi ckup. get Transi t Var (wei ght) == quantity);

mdl . add( pi ckupM nTi me <= pi ckup. get Currul Var (ti ne) <= pi ckupMaxTi ne);
_ndl . add( pi ckup) ;

IloVisit delivery(deliveryNode, deliveryVisitNane);

ndl . add( del i very. get Del ayVar (ti ne) == dropTi ne);

mdl . add(del i very. get Transi t Var (wei ght) == -quantity);

ndl . add( del i veryM nTi ne <= del i very. get Cunul Var (ti ne) <= deliveryMaxTi ne);
_ndl . add(del i very);

//add pickup and delivery order constraint
_ndl . add(11 oOrderedVisitPair(_env, pickup, delivery));
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++it;

}
csvVisit Reader. end();

Complete Program

}
NN NN NNy
/1 Sol ving
cl ass RoutingSol ver {

I | oMbdel _nmdl ;

I'l oSol ver _sol ver;

Il oRouti ngSol uti on _sol ution;

Il oBool findFirstSolution(lloGoal goal);
voi d greedyl nprove(ll oNHood nhood, IloGoal subGoal);
voi d i nmprove(lloGoal subgoal);
public:
Rout i ngSol ver ( Rout i nghbdel ndl);
~Rout i ngSol ver () {}

Il oRouti ngSol uti on get Solution() const { return _sol ution;

void printlnformation() const;
voi d sol ve();

h
Rout i ngSol ver: : Rout i ngSol ver ( Rout i nghbdel ndl )

}

_ndl (ndl . get Model ()), _solver(ndl.getMdel ()), _solution(ndl.gethMdel()) {}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution(lloGoal goal) {
if (!_solver.solve(goal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return || oFal se;

I | oDi spat cher di spatcher(_sol ver);

_sol ver.out() << dispatcher.getTotal Cost() << endl;
_sol ution.store(_sol ver);

return Il oTrue;

}

/1 1nprove solution using nhood
voi d Routi ngSol ver: : greedyl nprove(l| oNHood nhood, |l oGoal
_solver.out() << “Inproving solution” << endl;

Il oEnv env = _sol ver. get Env();
nhood. reset ();
Il oGoal inprove = Il 0Singl eMove(env,
_solution,
nhood,
I'l ol nprove(env),
subGoal ) ;

whil e (_sol ver.sol ve(inprove)) {}

}

/1 Inprove sol ution
voi d RoutingSol ver::inprove(lloGoal subCoal) {
Il oEnv env = _sol ver. get Env();
I oNHood nhood = || oTwoOpt (env)
+ 11 oOr Opt (env)
+ Il oRel ocat e( env)
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+ 11 oCross(env)
+ |1 oExchange(env);
gr eedyl nprove( nhood, subGoal);

/1 D splay Dispatcher information
voi d RoutingSol ver::printlnformation() const {
I | oDi spat cher di spatcher(_sol ver);
_solver.printlnformation();
di spat cher. printlnformation();
_SOI ver. out () << “zZzz=============" << endl|
<< “Cost : “ << dispatcher.get Total Cost() << endl
<< “Nunber of vehicles used : *
<< di spat cher. get Number O Vehi cl esUsed() << endl
<< “Sol ution ;" << endl
<< di spatcher << endl;

}

/1 Solving
voi d RoutingSol ver::solve() {
I | oDi spat cher di spat cher(_sol ver);

Il oEnv env = _sol ver. get Env();

/1 Subgoal

Il oGoal instantiateCost = Il oD chotom ze(env,
di spat cher . get Cost Var (),
|| oFal se);

Il oGoal restoreSolution = Il oRestoreSol ution(env, _solution);

Il oGoal goal = IloSavingsCenerate(env) &% instantiateCost;

/1 Sol ving

if (findFirstSolution(goal)) {
i nprove(instanti at eCost);
_sol ver. sol ve(restoreSol ution);
}
}

LHEETEEEEEE bbb b i i e bbb r e rr i rrr

int main(int argc, char * argv[]) {

11 oEnv env;

try {
Rout i ngMbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
sol ver. sol ve();
sol ver.printlnformation();

} catch(ll oException& ex) {
cerr << “Error: " << ex << endl;

env. end();
return O;

Complete Output

/**

1291.75
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Complete Program

| mprovi ng sol ution

Nurmber of fails 0
Nunber of choice points 0
Nurmber of vari abl es ;2329
Nunber of constraints : 410
Reversi bl e stack (bytes) ;197004
Sol ver heap (bytes) : 1009300
Sol ver gl obal heap (bytes) ;144384
And stack (bytes) : 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
Constraint queue (bytes) ;11160
Total menory used (bytes) : 1430260
El apsed time since creation : 0.02
Nunber of nodes . 51
Nurmber of visits ;80
Nunber of vehicles . 15
Nurber of di mensi ons ;3
Nunber of accepted noves : 23
Cost : 1078. 88

Nurmber of vehicles used : 9

Sol ution :

Unperformed visits : None

vehiclel :

-> depot Weight[O] Tinme[O0..19.1001] Distance[0..Inf) -> visit35 Wight[O0..162]

Ti me[ 41. 0366. . 60. 1367] Distance[0..Inf) -> visit49 Wight[8..170]

Ti nme[ 108. 115. . 127. 216] Distance[0..Inf) -> visit36 Wi ght[38..200]

Ti me[ 127. 06. . 146. 16] Distance[0..Inf) -> visit50 Wi ght[30..192]

Tinme[ 183.9..203] Distance[O0..Inf) -> depot Weight[O0..162] Tine[210.87..230]
Di stance[ 0. . I nf)

vehicle2 :

-> depot Weight[O] Time[O0..18.7919] Distance[O0..Inf) -> visit21 Weight[O..140]
Ti nme[ 18. 0278. . 36. 8197] Distance[0..Inf) -> visit22 Wi ght[11..151]

Ti me[ 38. 0278. . 56. 8197] Distance[0..Inf) -> visit23 Wight[0..140] Tine[68..78]
Di stance[O0..Inf) -> visit39 Wight[29..169] Tine[86.6023..137.537]

Di stance[0..Inf) -> visit24 Wi ght[60..200] Time[120.14..171.074]

Di stance[O0..Inf) -> visit40 Weight[31..171] Ti e[ 157. 065..208] D stance[O..|nf)
-> depot Wi ght[O0..140] Tine[178.246..230] Distance[O..Inf)

vehicl e3 :

-> depot Weight[O] Time[O0..18.5452] Distance[0..Inf) -> visit43 Weight[O0..172]
Ti me[ 34. 176. . 52. 7212] Distance[O0..Inf) -> visit44 Wight[7..179] Tinme[69..79]
Di stance[0..Inf) -> visitl7 Weight[0..172] Time[96.088. . 145. 639]
Distance[O0..Inf) -> visit5 Wight[2..174] Ti ne[ 116. 088. . 165. 639]

Di stance[0..Inf) -> visit18 Wight[28..200] Tinme[137.268..186.82]
Distance[0..Inf) -> visit6 Wight[26..198] Tine[158.449..208] Distance[O0..Inf)
-> depot Weight[0..172] Tine[179.629..230] Distance[O..Inf)

vehicl e4 :

-> depot Weight[O] Time[O0..13.1563] Distance[0..Inf) -> visit33 Weight[O0..175]

Ti me[ 24. 7588. . 37.9152] Distance[0..Inf) -> visit29 Wi ght[11..186]

Ti me[ 49. 6249. . 62. 7813] Distance[0..Inf) -> visit34 Wight[20..195]

Ti me[ 72. 6633. . 85.8197] Distance[0..Inf) -> visit9 Wight[9..184] Tine[97..107]
Di stance[0..Inf) -> visit30 Wight[25..200] Tinme[122..174] Distance[O0..Inf) ->
visit10 Weight[16..191] Tine[142..194] Distance[0..Inf) -> depot Wight[O0..175]
Ti me[ 177. 495. . 230] D stance[O0..Inf)

vehicl e5 :

-> depot Weight[O] Time[O0..14.5761] Distance[0..Inf) -> visit31 Weight[O..144]
Tinme[ 17. 4642. . 32. 0404] Distance[0..Inf) -> visit19 Weight[27..171]
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Ti me[ 45. 3528. . 59.9289] Distance[0..Inf) -> visitll Wight[44..188] Tine[67..77]
Di stance[0..Inf) -> visit32 Wight[56..200] Tine[92.5242..143.816]

Di stance[0..Inf) -> visit20 Weight[29..173] Tinme[113. 295.. 164. 586]
Distance[O0..Inf) -> visit12 Weight[12..156] Tine[153.708..205] D stance[O..I|nf)
-> depot Wi ght[O0..144] Tine[178.708..230] Distance[O..Inf)

vehicl e6 :

-> depot Weight[O] Time[O0..19.9727] Distance[O0..Inf) -> visit4l Weight[O..164]
Ti me[ 28. 8617. . 48.8345] Distance[0..Inf) -> visitl5 Weight[5..169] Tine[61..71]
Distance[0..Inf) -> visit13 Weight[13..177] Time[109..125.282] Distance[O..Inf)
-> visit42 Weight[36..200] Tine[133.318..149.6] D stance[0..Inf) -> visitl4
Wi ght [ 31..195] Tine[152. 537..168.82] Distance[0..Inf) -> visitl6
Wi ght[8..172] Tine[173.718..190] D stance[O0..Inf) -> depot Weight[O0..164]

Ti me[ 212. 872..230] Di stance[O0..Inf)
vehicl e7 :

-> depot Weight[O] Time[O0..40.5736] Distance[0..Inf) -> visit37 Weight[O0..192]
Time[ 21. 2132. . 61. 7868] Distance[0..Inf) -> visit38 Wight[8..200] Tine[83..93]
Di stance[0..Inf) -> visit25 Wight[0..192] Tinme[172..175.639] D stance[O0..Inf)
-> visit26 Weight[6..198] Tinme[204.361..208] Distance[O0..Inf) -> depot
Wi ght [0..192] Tine[ 225. 541..230] Distance[O0..Inf)
vehicl e8 : Unused
vehicl e9 :

-> depot Weight[0O] Tinme[O0..61.5802] D stance[O0..Inf) -> visit7 Wight[O0..173]
Time[ 21. 2132..82.7934] Distance[0..Inf) -> visit8 Wight[5..178] Tinme[95..105]
Distance[0..Inf) -> visit45 Weight[O..173] Tine[111.403..134.827]

Di stance[0..Inf) -> visit46 Wight[16..189] Tinme[132.173..155.597]
Distance[0..Inf) -> visit47 Weight[O..173] Tine[152.173..175.597]

Di stance[0..Inf) -> visit48 Weight[27..200] Tinme[168.577..192] Distance[O..Inf)
-> depot Weight[0..173] Tine[206.379..230] Distance[O..Inf)

vehi cl e10 :

-> depot Weight[O] Tinme[O0..55.7316] Distance[0..Inf) -> visit27 Wight[0..177]

Time[ 5..60.7316] Distance[O0..Inf) -> visit28 Wi ght[16..193]

Time[ 21. 7082. . 77.4398] Distance[0..Inf) -> visitl Wight[O0..177]

Ti me[ 43. 7082. . 99. 4398] Distance[0..Inf) -> visit3 Wight[10..187]

Ti me[ 68. 2684. . 124] Distance[O0..Inf) -> visit4 Weight[23..200] Tine[149..159]
Distance[0..Inf) -> visit2 Wight[10..187] Tinme[179.224..202] D stance[O0..Inf)
-> depot Wel ght[0..177] Time[207.224..230] D stance[O..Inf)

vehi cl ell Unused

vehicl el2 : Unused

vehi cl e13 : Unused

vehicl el4 : Unused

vehi cl el5 : Unused

*/
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Adding Vehicle Breaks

In this lesson, you will learn how to:

O usetheclass! | oVehi cl eBr eakCon to construct breaks such as coffee breaks, lunch
breaks, and overnight breaks

O constrain breaks and instantiate breaks in the solution

O usethe member function set Speed

Describe

The vehicle routing problems presented so far have presented an ideal situation: continuous
availability of vehicles. However, in real-world problems, the people driving these vehicles
need to occasionally interrupt the trips. These interruptions might include coffee and lunch
breaks, and if the trips are longer than one working day, overnight breaks. In Dispatcher,
these interruptions are modeled as vehicle breaks.

A vehicle break is performed by a vehicle on a particular dimension (usually time), has
bounds for the start time, and possibly a variable duration with bounds as well. Breaks can
interrupt visits or not, but by default visits are unbreakable. Note that breaks themselves
cannot be interrupted.
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Breaks are created as constraints on vehicles. More than one break can be specified per
vehicle, and breaks can be involved in metaconstraints. Constraints can be applied across a
number of breaks to ensure that drivers take an appropriate amount of time off.

The problem considered in this lesson is a PDP problem. Pickups and deliveries are
considered over afive-day period, with vehicle breaks taken each day for morning and
afternoon coffee, and lunch. Overnight rest periods are modeled as breaks with aminimal
number of rest hours to take between two consecutive night breaks.

Describe the problem

Thefirst step isto write a natural language description of the problem. A good way to start
this process isto analyze the variables and objectives.

What are the constraints in this problem?

0O Just asfor astandard PDP, delivery trucks will pick up parcels en route and deliver them
on the same route.

0O Thedrivers of the vehicles require morning and afternoon coffee breaks, alunch break,
and an overnight break.

The objective is to minimize the cost of the delivery of all the parcels, while meeting all the
break requirements.

Model

194

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial /
br eaks_parti al . cpp inyour development environment.

Asin the previous examples, you will use aRout i nghbdel classto call the functions that
create the dimensions, nodes, vehicles, and visits. In this example, the Rout i nghbdel class
also calls functions that create and constrain the bresks.
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Model

Declare the RoutingModel class
Add the following code after the comment / / Decl are the Routi nghbdel cl ass

cl ass Routinghbdel {
Il oEnv _env;
Il oModel _ndl ;

voi d createDi nensions();

voi d creat eNodes(char* nodeFi | eNane) ;

voi d createVehicl es(char* vehicl eFi |l eNane) ;

voi d createVisits(char* visitsFileNane);

voi d creat eVehi cl eBreaks(char* vehci | eBreaksFi | eNang) ;
voi d createBreaksRel ati on(char* breaksRel ati onFi | eNane) ;

Two new functions appear in Rout i nghbdel to model breaks: cr eat eVehi cl eBr eaks
and cr eat eBr eaksRel at i on.

The function cr eat eVehi cl es isvery similar to previous examples, but introduces a new
member function.

Create the vehicles
Add the following code after the comment // Creat e the vehi cl es.

IloVisit first(nodel, "Depot");
_ndl . add(first.getCunul Var (wei ght) == 0);
_nmdl . add(first.getCunul Var(tinme) >= |ine.getFl oat ByHeader ("open"));

IloVisit |ast(node2, "Depot");

_ndl . add( | ast. get Cumul Var (ti me) <= line. get Fl oat ByHeader ("cl ose"));
I'l oVehi cl e vehicle(first, last, nane);

vehi cl e. set Cost (| ength, 1.0);

vehi cl e. set Speed(tine, 30.0);

vehi cl e. set Capaci ty(wei ght, capacity);

vehi cl e. set Key(nane) ;

_ndl . add(vehicl e);

The member function | | oVehi cl e: : set Speed sets the speed of vehi cl e over the

dimensionti me to be 30.0.

Next, you will create the vehicle breaks.
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Create the vehicle breaks
Add the following code after the comment / / Creat e t he vehicl e breaks.

Il oVehi cl e vehicle = Il oVehicle::Find(_env, vehicleNane);
for ( Ilolnt i =0; i < nbDays; i++) {
char naneg[ 100];
Il oNunVar breakStart(_env, (i * 24) + startLB, (i * 24) + startUB);
I | oNunVar breakDuration(_env, durationLB, durationUB);
sprintf(nane,"%-day%d", breakNane,i + 1);
Il oVehi cl eBreakCon breaks(vehicle, tine, breakStart, breakDuration,
nane) ;
br eaks. set Key( nane) ;
_nmdl . add( br eaks);

This section of code iterates over al vehicle breaks, regardless of the break name (coffee,
lunch, and so on), and adds them to the model. st ar t LB, st art UB, dur at i onLB, and

dur at i onUB refer to the lower and upper bounds on the start and duration of each break.
The various break starts and durations (with their associated bounds) are calculated over the
24 hours of the delivery days, and the resulting vehicle break constraint isthen applied to
vehi cl e with the constructor I | oVehi cl eBr eakCon.

Thefollowing codeisthefirst section of Rout i ngMbdel : : cr eat eVehi cl eBr eaks, andis
provided for you. This shows how the datais read and identified from the vehicle breaks
input file.

voi d Routi ngModel : : creat eVehi cl eBreaks(char* vehi cl eBreaksFi | eNanme) {
Il oDi nension2 time = Il oD nmension2::Find(_env, "Time");

Il oCsvReader csvVehi cl eBr eaksReader (_env, vehi cl eBreaksFi | eNane) ;
Il oCsvReader:: Linelterator it(csvVehicl eBreaksReader);
while ( it.ok() ) {

Il oCsvLine line = *it;

char* vehicleName = |ine. get StringByHeader ("vehicle");
char* breakNane = |ine. get StringByHeader ("breakNane");
Il oNum startLB = |ine. get Fl oat ByHeader ("startLB");

Il oNum startUB = |ine. get Fl oat ByHeader ("start UB");

Il oNum durationLB = |ine. getFl oat ByHeader ("durati onLB");
I oNum durationUB = |ine. getFl oat ByHeader ("durati onUB");
Il ol nt nbDays = |ine. getlntByHeader ("nbDays");
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Solve

Create the break constraints
Add the following code after the comment / / Creat e the break constraints

Il oNunmVar breakDuration(_env);

I I oVehi cl eBreakCon vehi cl eBreakConl = |1 oVehi cl eBreakCon: : Fi nd(_env,
breakl);
if ( strlen(break2) !'=0) {
Il oVehi cl eBr eakCon vehi cl eBreakCon2 = |1 oVehi cl eBreakCon: : Fi nd(_env,
br eak2) ;

_ndl . add( breakDur ati on == vehi cl eBreakConl. get Dur ati onVar ()
+ vehi cl eBreakCon2. get DurationVar());

el se {
_ndl . add( breakDurati on == vehi cl eBreakConl. get Start Var ()
+ vehi cl eBreakConl. get DurationVar());

if ( strcnp(constraint,"equal") == 0)
_ndl . add(breakDuration == total Duration);

if ( strcnp(constraint,"at least") == 0)
_ndl . add(breakDuration >= total Duration);
if ( strcnp(constraint,"at nost") == 0)

_ndl . add(breakDuration <= total Duration);

This code is a section of the function Rout i nghbdel : : cr eat eBr eaksRel at i on.
breakl, break2,t ot al Durati on, and const r ai nt areread in from the breaks relation
input file. br eak1 and br eak2 are added together, and thet ot al Dur at i on is constrained
tobeequal ,at |east,orat nost theamount of break time specified.

Solve

The solve portion of the example needs to add the breaks to the solution and instantiate
them. You will add the breaks to the solution with afunction called addBr eaks.
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Create the RoutingSolver class
Add the following code after the comment / / Creat e t he RoutingSol ver cl ass.

cl ass RoutingSol ver {
Il oMbdel _ndl ;
Il oEnv _env;
Il oSol ver _sol ver;
I'l oRouti ngSol ution _sol ution;
Il oRouti ngSol uti on _breaks;

Il oBool findFirstSolution(lloGoal goal);

voi d greedyl nprove(ll oNHood nhood, Il oCGoal subGoal);
voi d i nprove(lloGoal subgoal);

voi d addBreaks();

Notice the differencesin Rout i ngSol ver compared to the PDP version; there is a second
Il oRout i ngSol uti on called _breaks. Additionally, afunction addBr eaks is present,
which adds the breaksto _br eaks.

Add breaks to the breaks routing solution

Add the following code after the comment
// Add breaks to the _breaks routing solution.

//add breaks to _breaks routing solution
voi d RoutingSol ver::addBreaks() {
I 1 oVehi cl eBreakConlterator it(_mdl);
while (it.ok() ) {
_breaks. add(*it);
++it;
}
}

Next, the breaks must be instantiated to ensure that the start times and durations are set in the
solution.
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Solve

Instantiate the vehicle breaks
Add the following code after the comment / / I nst anti ate the vehicl e breaks.

voi d RoutingSol ver::solve() {
I | oDi spat cher di spat cher(_sol ver);

//add breaks to _breaks routing solution
addBr eaks();

/1 Subgoal s

/1 The Il ol nstanti at eVehi cl eBreaks goal uses a precision of 1 mnutes
//and treats all vehicles independently in the instantiation of
//vehicl e breaks
Il oGoal instantiateBreaks = |l oLi mtSearch(_env,
Il ol nstanti at eVehi cl eBreaks(_env,
1.0/60.0, IloTrue),
IloFailLimt(_env, 100));

Il oGoal instantiateCost = Il oD chotom ze(_env,
di spat cher . get Cost Var (),
Il oFal se);
Il oCoal subGoal = instantiateBreaks & instantiateCost;
Il oGoal goal = IloSavingsCGenerate(_env, instantiateBreaks) &&
i nstanti at eCost;
Il oGoal restoreSolution = Il oRestoreSol ution(_env, _solution) &%

I | oRest oreSol ution(_env, _breaks);

Thegoal 1 | ol nst ant i at eVehi cl eBr eaks instantiates the breaks of all vehicles (decides
exactly where, when, and for how long they are taken) in the environment _env. Many other
break instantiation goals are provided to increase flexibility and allow you to build your own
goals, if desired (see the IBM ILOG Dispatcher Reference Manual for more information).

The parameter 1. 0/ 60. 0 ensures that a precision of one minute is used in calculating the
break times, and I | oTr ue means that the goal will instantiate all the breaks in the routing
plan, independent vehicle by independent vehicle.

Thegoad i nst ant i at eBr eaks iscreated with aninstance of 1 | oLi ni t Sear ch. This
ensures that the solution search will fail if no initial solution isfound after 100 iterations. A
goal iscreated to instantiate the cost variable for the dispatcher. A first solution isthen
sought. Thegoal I | oSavi ngsGener at e builds that first solution. If afirst solution is
found, the solution isimproved using neighborhoods. Note that in the proposed solution,
only asimple greedy search is used. You might want to try improvement methods other than
thebasic 1| ol nprove; for example ! | oDi spat cher GLS or

I | oDi spat cher TabuSear ch.

If no first solution is found, the program ends.

IBM ILOG DISPATCHER — USER’S MANUAL 199



Compile and run the program

The solution improvement phase finds a solution using 6 vehicles with a cost of 1097.5

units:

1127.84

| nprovi ng sol ution

Nurmber of fails

Nunber of choice points
Nurmber of vari abl es

Nunber of constraints
Reversi bl e stack (bytes)
Sol ver heap (bytes)
Sol ver gl obal heap (bytes)
And stack (bytes)
O stack (bytes)
Search Stack (bytes)
Constraint queue (bytes)
Total menory used (bytes)
El apsed tine since creation
Nunber of nodes

Nurmber of visits

Nunber of vehicles

Nurmber of di mensi ons
Nunber of accepted noves

Cost . 1097.5
Nunber of vehicles used : 6

The complete program and output are listed in “Complete Program” on page 202. You can

0
: 3364

.0

1118
554784
2460520
156444
20124

. 44244
. 4044

17172

alsoview it onlinein the Your Di spat cher Honme/ exanpl es/ src/ br eaks. cpp file.

Review Exercises

200

For answers, see “Suggested Answers’ on page 201.

1. What classis used to construct a vehicle break constraint?

2. Visits can be interrupted by breaks, but the default is that visits are not interruptible by
breaks. Do you think that this option is controlled with the class that is used to construct

avehicle break constraint, or with the class that is used to mode! visits?
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Suggested Answers

3. Inthefollowing code, the parameter | | oFal se ensures that the goal instantiates al the
breaksin the routing plan by considering all the vehicles during the instantiation process.
If this parameter were changed to | | oTr ue, and thereby each vehicle were considered
independently from the others, what do you think would be the likely impact on the
instantiation processing time and to the goal failure rate?
Il oGoal instantiateBreaks = |l oLi mtSearch(_env,
Il ol nstanti at eVehi cl eBreaks(_env,

1.0/ 60.0, Il oFal se),
IloFailLimt(_env, 100));

Suggested Answers

Exercise 1

What class is used to construct a vehicle break constraint?

Suggested Answer
I 1 oVehi cl eBr eakCon.

Exercise 2

Visits can be interrupted by breaks, but the default isthat visits are not interruptible by
breaks. Do you think that this option is controlled with the class that is used to construct a
vehicle break constraint, or with the class that is used to model visits?

Suggested Answer

This optionis controlled with theclass| | oVi si t , the class used to model visits. Using this
class alows each visit to be individually controlled as to whether it can be interrupted or not.

Exercise 3

In the following code, the parameter | | oFal se ensuresthat the goal instantiates all the
breaks in the routing plan by considering all the vehicles during the instantiation process. If
this parameter were changed to I | oTr ue, and thereby each vehicle were considered
independently from the others, what do you think would be the likely impact on the
instantiation processing time and to the goal failure rate?

Il oGoal instantiateBreaks = |l oLinitSearch(_env,
Il ol nstanti at eVehi cl eBr eaks(_env,
1.0/ 60.0, IloFalse),
IloFailLimt(_env, 100));
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Suggested Answer

The instantiation processing time would likely decrease and the goal failure rate would
likely increase.

Whensetto I | oTr ue, this parameter means that if the break instantiation for asingle
vehicleis searched entirely and the break cannot be placed, then the goal fails. In other
words, there is no attempt to backtrack to a previous vehicle to explore other break positions
that may work in a successive attempt going forward.

Complete Program

The complete program follows. You can also view it onlinein thefile
Your Di spat cher Hone/ exanpl es/ sr c/ br eaks. cpp.

[ B e I ¥ CH+ -*-

/1 File: exanples/src/breaks. cpp
e e e LR PP PP e

#i ncl ude <ildispat/il odi spatcher. h>
| LOSTLBEG N

FHECTTETEET bbb i i i i b iy
/1 Model i ng
cl ass Routi nghbdel {

Il oEnv _env;

Il oModel _ndl;

voi d createD nensions();

voi d creat eNodes(char* nodeFi | eNane) ;

voi d createVehicl es(char* vehicl eFi | eNarne) ;

void createVisits(char* visitsFileNane);

voi d creat eVehi cl eBreaks(char* vehcil eBreaksFi | eNane) ;
voi d creat eBreaksRel ati on(char* breaksRel ati onFi | eNane) ;

public:
Rout i nghbdel (11 oEnv env,int argc, char* argv[]);
~Rout i nghbdel () {

Il oEnv get Env() const {
return _env,

}
I | oMbdel get Model () const {
return _ndl;

}
h
Rout i nghbdel : : Rout i nghvbdel (11 oEnv env,int argc, char* argv[]):_env(env),

_mdl (env) {
creat eDi mensi ons() ;
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Complete Program

char* nodeFi | eNarne;
if (argc <4)
nodeFi | eName = (char *) “../../../exanpl es/ data/break/ nodes. csv”;
el se
nodeFi | eName = argv[3];
cr eat eNodes( nodeFi | eNane) ;

char* vehi cl esFi | eNane;
if (argc <2)
vehi cl esFil eNane = (char *) “../../../exanpl es/data/ break/vehicles.csv”;
el se
vehi cl esFi |l eNane = argv[1];
creat eVehi cl es(vehi cl esFi | eNang) ;

char* visitsFil eNare;
if (argc <3)
visitsFileName = (char *) “../../../exanpl es/data/break/visits.csv”;
el se
visitsFil eName = argv[2];
createVisits(visitsFileNane);

char* vehi cl eBr eaksFi | eNane;
if (argc <5)
vehi cl eBreaksFil eNane = (char *) “../../../exanpl es/data/ break/
vehi cl eBreaks. csv”;
el se
vehi cl eBr eaksFi | eNane = argv[4];
creat eVehi cl eBr eaks(vehi cl eBr eaksFi | eNare) ;

char* breaksRel ati onFi | eNane;
if (argc <6)
breaksRel ati onFi |l eNane = (char *) “../../../exanpl es/ data/ break/
breaksRel ati on. csv”;
el se
br eaksRel ati onFi | eName = argv[5];
creat eBr eaksRel ati on( br eaksRel ati onFi | eNane) ;

}

// Create dinensions
voi d RoutingMdel ::createD nensions() {

Il oDi mension2 time(_env, IloEuclidean, “Tine");
tine.setKey(“Tinme");

_mdl . add(time);

I'l oDi nensi on2 | ength(_env, |loEuclidean, |loFalse, “Length”);

| engt h. set Key(“Length”);
_ndl . add( ! engt h);
I I oDi nensi onl wei ght (_env, “Wight”);
wei ght . set Key(“Weight”);
_mdl . add(wei ght) ;
}

/1 Create nodes
voi d Routi nghbdel : : creat eNodes(char* nodeFi | eNane) {
I | oCsvReader csvNodeReader (_env, nodeFi| eNane);
Il oCsvReader: : Linelterator it(csvNodeReader);
while (it.ok() ) {
Il oCsvLine line = *it;
char* nane = |ine. getStringByHeader (“name”);
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I oNode node(_env, |ine.getFl oatByHeader(“x"”), |ine.getFl oat ByHeader (“y"),
0, nane);

node. set Key( nane) ;

++it;

}
csvNodeReader . end() ;
}

/] Create vehicles
voi d Routi nghbdel : : creat eVehi cl es(char* vehicl eFi | eNane) {

Il oDi mensi onl wei ght = Il oD nensionl:: Find(_env, “Wight”);
Il oDimension2 tine = Il oD nmension2::Find(_env, “Time");
Il oDi mension2 length = Il oD nmension2:: Find(_env, “Length”);

I | oCsvReader csvVehi cl eReader (_env, vehi cl eFi | eNane) ;
Il oCsvReader: : Linelterator it(csvVehicleReader);
while (it.ok() ) {

Il oCsvLine line = *it;

char* nanefirst = line.getStringByHeader(“first”);
char* nanel ast = |ine.getStringByHeader(“last”);
char* nane = |ine.getStringByHeader (“name”);

Il oNum capacity = line. getFl oat ByHeader (“capacity”);
Il oNode nodel = Il oNode:: Find(_env, nanefirst);

Il oNode node2 = Il oNode:: Find(_env, nanelast);

IloVisit first(nodel, “Depot”);
_mdl . add(first.getCunul Var (wei ght) == 0);
_ndl . add(first.getCunul Var(time) >= |ine. getFl oat ByHeader (“open”));

IloVisit |ast(node2, “Depot”);

_mdl . add( | ast. get Cumul Var (time) <= |ine. get Fl oat ByHeader (“cl ose”));
I'l oVehicle vehicle(first, last, nane);

vehi cl e. set Cost (I ength, 1.0);

vehi cl e. set Speed(tine, 30.0);

vehi cl e. set Capaci t y(wei ght, capacity);

vehi cl e. set Key(nane) ;

_mdl . add(vehicle);

++it;

csvVehi cl eReader . end() ;

}

Il Create visits
voi d Routinghbdel ::createVisits(char* visitsFileNane) {
I'l oDi nensi onl wei ght = |l oD nensionl:: Find(_env, “Wight");
Il oDi mension2 tine = Il oD nmension2::Find(_env, “Time");
I | oCsvReader csvVi sit Reader (_env, visitsFil eNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while (it.ok() ) {
Il oCsvLine line = *it;
/lread visit data fromfiles

char* pi ckupVi si t Name = |ine. get Stri ngByHeader (“pi ckup”);

char* pi ckupNodeNane = |ine. get Stri ngByHeader (“pi ckupNode”) ;
char* deliveryVisitName = |ine.getStringByHeader (“delivery”);
char* deliveryNodeNane = |ine. get StringByHeader (“del i veryNode”);
Il oNum quantity = line.getFl oat ByHeader (“quantity”);

I'l oNum pi ckupM nTi ne = |i ne. get Fl oat ByHeader (“ pi ckupM nTi ne”);
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Complete Program

Il oNum pi ckupMaxTi ne = | i ne. get Fl oat ByHeader (“ pi ckupMaxTi ne”) ;

Il oNum del i veryM nTi ne = | i ne. get Fl oat ByHeader (“del i veryM nTi ne”);
Il oNum del i veryMaxTi ne = | i ne. get Fl oat ByHeader (“del i ver yMaxTi ne”) ;
Il oNum dropTi ne = |ine. get Fl oat ByHeader (“dr opTi me”);

Il oNum pi ckupTi ne = |ine. get Fl oat ByHeader (“ pi ckupTi ne”);

Il oNode pi ckupNode = Il oNode: : Fi nd(_env, pi ckupNodeNane);

Il oNode deliveryNode = Il oNode: : Fi nd(_env, deliveryNodeNane);

//create and add pickup and delivery visits

Il oVisit pickup(pickupNode, pickupVisitNane);

_ndl . add( pi ckup. get Del ayVar (ti me) == pi ckupTi ne);

_nmdl . add( pi ckup. get Transi t Var (wei ght) == quantity);

_ndl . add( pi ckupM nTi ne <= pi ckup. get Cunul Var (ti me) <= pi ckupMaxTi e) ;
_mdl . add( pi ckup);

IloVisit delivery(deliveryNode, deliveryVisitNane);

_nmdl . add(del i very. get Del ayVar (ti me) == dropTine);

_ndl . add(del i very. get Transi t Var (wei ght) == -quantity);

_mdl . add(del i veryM nTi ne <= del i very. get Qunul Var (ti me) <= deliveryMaxTi ne);
_ndl . add(del i very);

//add pickup and delivery order constraint

_ndl . add( Il oOrderedVisitPair(_env, pickup, delivery));

++it;

}
csvVi si t Reader . end() ;
}

/lcreate vehicle breaks
voi d Routi nghWbdel : : creat eVehi cl eBreaks(char* vehi cl eBreaksFi | eNanme) {
Il oDimension2 tine = |l oD nmension2::Find(_env, “Time");

I oCsvReader csvVehi cl eBr eaksReader (_env, vehi cl eBreaksFi |l eNare) ;
Il oCsvReader:: Linelterator it(csvVehicl eBreaksReader);
while (it.ok() ) {

Il oCsvLine line = *it;

char* vehicl eName = |ine. get StringByHeader (“vehicle”);
char* breakNane = |ine. get StringByHeader (“breakNane”) ;

Il oNum startLB = |ine. get Fl oat ByHeader (“startLB");

Il oNum startUB = |ine. get Fl oat ByHeader (“startUB");

Il oNum durationLB = |ine.get Fl oat ByHeader (“durati onLB");
Il oNum durationUB = |ine.getFl oat ByHeader (“durati onUB”);
Il ol nt nbDays = |ine. getlntByHeader (“nbDays”);

Il oVehicle vehicle = Il oVehicle::Find(_env, vehicleNane);
for ( Ilolnt i =0; i < nbDays; i++) {

char nane[ 100] ;

Il oNunVar breakStart(_env, (i * 24) + startLB, (i * 24) + startUB);
Il oNunVar breakDuration(_env, durationLB, durationUB);
sprintf(nane,”%-day%d”, breakNare,i + 1);

Il oVehi cl eBreakCon breaks(vehicle, tine, breakStart, breakDuration,

nane) ;
br eaks. set Key( nane) ;
_nmdl . add( br eaks) ;
Iy
++it;

csvVehi cl eBr eaksReader . end() ;
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}

//add breaks constraints
voi d Routi nghbdel : : creat eBr eaksRel ati on(char* breaksRel ati onFi | eName) {
I oCsvReader csvBreaksRel ati onReader (_env, breaksRel ati onFi | eNare) ;
Il oCsvReader: : Linelterator it(csvBreaksRel ati onReader);
while (it.ok() ) {
Il oCsvLine line = *it;
char* breakl = |ine.get StringByHeader (“breakl”);
char* break2 = |ine. get StringByHeader (“break2");
Il oNumtotal Duration = |ine.getFl oat ByHeader (“total Durati on”);
char* constraint = line.getStringByHeader(“constraint”);

I'l oNunVar breakDuration(_env);
|| oVehi cl eBr eakCon vehi cl eBreakConl = || oVehi cl eBreakCon: : Fi nd( _env,
breakl);
if ( strlen(break2) !'=0) {
I'l oVehi cl eBreakCon vehi cl eBreakCon2 = || oVehi cl eBreakCon: : Fi nd(_env,
br eak2) ;
_ndl . add(breakDurati on == vehi cl eBreakConl. get Dur ati onVar ()
+ vehi cl eBreakCon2. get DurationVar());

}
el se {
_ndl . add(breakDurati on == vehi cl eBreakConl. get St art Var ()
+ vehi cl eBreakConl. get DurationVar());
}
if ( strcnp(constraint,”equal”) == 0)
_nmdl . add( breakDuration == total Duration);
if ( strcnp(constraint,”at least”) == 0)
_nmdl . add( breakDuration >= total Duration);
if ( strcnp(constraint,”at nost”) == 0)
_nmdl . add( breakDuration <= total Duration);
++it;

csvBreaksRel at i onReader. end();

}
PHELTEETEET bbb i i i i i n
/1 Solving
cl ass RoutingSol ver {
Il oMbdel _ndl;
Il oEnv _env;
Il oSol ver _sol ver;
Il oRouti ngSol ution _sol ution;
Il oRout i ngSol uti on _breaks;
Il oBool findFirstSolution(lloGoal goal);
voi d greedyl nprove(ll oNHood nhood, Il o0Goal subGoal);
voi d i nmprove(lloGoal subgoal);
voi d addBreaks();
public:

Rout i ngSol ver (Rout i nghbdel ndl);
~Rout i ngSol ver () {

}
I I oRout i ngSol uti on get Sol ution() const {
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return _sol ution;
}
void printlnformation() const;
voi d sol ve();

b

Complete Program

Rout i ngSol ver: : Rout i ngSol ver (Rout i nghbdel ndl): _ndl (ndl . get Model ()),
_env(ndl . getEnv()),
_sol ver (ndl . get Model ()),
_sol ution(ndl . get Model ()),
_breaks(ndl . getEnv()) {

}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution(lloGoal goal) {
if ( !_solver.solve(goal) ) {
_solver.error() << “Infeasible Routing Plan” << endl;
return || oFal se;

I | oDi spat cher di spatcher(_sol ver);

_sol ver.out() << dispatcher.getTotal Cost() << endl;
_sol ution.store(_sol ver);

_breaks. store(_sol ver);

return Il oTrue;

}

// lnprove sol ution using nhood
voi d Routi ngSol ver: : greedyl nprove(l| oNHood nhood, |l oGoal
_solver.out() << “Inproving solution” << endl;

Il oEnv env = _sol ver. get Env();

nhood. reset () ;

Il oGoal inprove = |l0Singl eMve(env,
_sol ution,
nhood,
I'l ol mprove(env),
subGoal ) ;

while ( _solver.sol ve(inprove) )
_breaks. store(_sol ver);

}

/1 lnprove sol ution

voi d RoutingSol ver::inprove(lloGoal subCoal) {
I oNHood nhood Il oTwoOpt (_env)

Il oOr Opt (_env)

Il oRel ocat e(_env)

Il oCross(_env)

I | oExchange(_env);

gr eedyl npr ove( nhood, subGoal ) ;

++ + 40

//add breaks to _breaks routing solution
voi d RoutingSol ver:: addBreaks() {
I I oVehi cl eBreakConlterator it(_mdl);
while (it.ok() ) {
_breaks. add(*it);
++it;
}
}
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/! D splay Dispatcher information

voi d RoutingSol ver::printlnformation() const {
I | oDi spat cher di spatcher(_sol ver);
_solver.printlnformation();
di spat cher. printlnformation();

_SOI ver. out() << “zZzz=============" << endl|

<< “Cost : “ << dispatcher.get Total Cost() << endl
<< “MNunber of vehicles used : “ <<

di spat cher. get Nunber Of Vehi cl esUsed() << endl
<< “Sol ution ;" << endl
<< || oVer bose(di spatcher) << endl;

}

/1 Sol ving

voi d RoutingSol ver::solve() {
I | oDi spat cher di spat cher(_sol ver);

//add breaks to _breaks routing solution
addBr eaks() ;

/1 Subgoal s

/1 The Il ol nstanti at eVehi cl eBreaks goal uses a precision of 1 mnutes
//and treats all vehicles independently in the instantiation of vehicle
br eaks
Il oGoal instantiateBreaks = |l oLimtSearch(_env,
Il ol nstanti at eVehi cl eBreaks(_env,
1.0/60.0, IloTrue),
Il oFai |l Limt(_env, 100));

Il oGoal instantiateCost = Il oD chotom ze(_env,
di spat cher . get Cost Var (),
|| oFal se);
Il oCoal subGoal = instantiateBreaks &% instantiateCost;
Il oGoal goal = IloSavingsCGenerate(_env, instantiateBreaks) &&
i nstanti at eCost ;
Il oGoal restoreSolution = Il oRestoreSol ution(_env, _solution) &%

Il oRest oreSol ution(_env, _breaks);

/1 Sol ving
if ( findFirstSolution(goal) ) {
i nprove(subCoal );
_sol ver. sol ve(restoreSol ution);
}
}

R NN NNy
int main(int argc,char* argv[]) {
Il oEnv env;
try {
Rout i nghbdel ndl (env, argc, argv) ;
Rout i ngSol ver sol ver (ndl );
sol ver. sol ve();
sol ver. printlnformation();

}
catch ( Il oException& ex ) {
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cerr << "Error: " << ex << e

}
env. end();
return O;

}

Complete Program

ndl ;

Complete Output

LHEETTETEEL i
[/ Cutput

/**
1127. 84
| mpr ovi
Nunber
Nunber

sol ution

fails

choi ce points
Nurmber of vari abl es

Nunber of constraints
Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constrai nt queue (bytes)
Total menory used (bytes)
El apsed tine since creation
Nunber of nodes

Nurmber of visits

Nunber of vehicles

Nurber di nensi ons
accepted noves

Cost

Nunber of
Sol ution :
Unperformed visits :

ng
of
of

1097.5

vehicles used : 6

None
vehicl el

Cost coefficients :
Route : Depot

Lengt h[ 1]

FHEEEEETEEEE it

0

0

3364
1118
554784
2460520
156444
20124
44244
4044
17172

-> visit33 -> visit9 -> visit34 -> visit35 -> visitl0 ->

visitl9 -> visit20 -> visit36 -> Depot

Time : Depot [9..9.21235],
[0..0.212353] -> visit33 [9.8252
wait [52.4375..52.7135] -> visit
[0.372678], wait [0..0.063661]
travel [0.339935], wait
[0.25] -> travel [1.11255], wait
delay [0.25] -> travel [O0.5],
delay [0.25] -> travel [1.01379]
[88.1263..90. 75], delay [0.25]
visit36 [104..104.62], delay [O.
Depot [105. 63..106. 25],
Transi t Sum [ 102. 522. . | nf)

Length : Depot [O..Inf), delay
visit33 [0..Inf), delay [O..Inf)

IBM ILOG DISPATCHER

del ay [0..0.212353]

[19. 7237..19. 9248]

wait [0..0.637445]

del ay [0..0.619984]

-> travel [0.825295], wait
9..10.0376], delay [0.25] -> travel [0.274874],
9 [63..63.0637], delay [0.25] -> travel

> visit34 [63.6227..63.6863], delay [0.25]
-> visit35 [84..84.1374], del ay
[0.5..0.637445] -> visitl1l0 [85.8626..86],
-> visitl9 [86.6126..87.25],
, Wwait [0.25..2.87365] -> visit20

> travel [1.44299], wait [11.557..14.8006]
25] -> travel [1.38002], wait [O0..0.619984]
-> travel [0], wait [1..Inf)

[0..Inf) ->travel [24.7588], wait [O..Inf) ->
-> travel [8.24621], wait [O..Inf) -> visit9

->

->
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[0..1nf), delay [O..Inf) -> travel [11.1803], wait [O0..Inf) -> visit34
[0..1Inf), delay [O..Inf) -> travel [10.198], wait [O..Inf) -> visit35 [0..Inf),
delay [0..Inf) -> travel [33.3766], wait [O0..Inf) -> visitl0 [0..Inf), delay
[0..Inf) ->travel [15], wait [O..Inf) -> visitl19 [O..Inf), delay [O..Inf) ->
travel [30.4138], wait [0..Inf) -> visit20 [0..Inf), delay [0..Inf) -> travel
[43.2897], wait [O0..Inf) -> visit36 [0..Inf), delay [0..Inf) -> travel
[41.4005], wait [O..Inf) -> Depot [O..Inf), delay [0..Inf) -> travel [0], wait
[0..1Inf) TransitSum][217.864..1nf)

Weight : Depot [0], quantity [0..173] -> visit33 [0..173], quantity [11] ->
visit9 [11..184], quantity [16] -> visit34 [27..200], quantity [-11] -> visit35
[16..189], quantity [8] -> visitl0 [24..197], quantity [-16] -> visit19
[8..181], quantity [17] -> visit20 [25..198], quantity [-17] -> visit36
[8..181], quantity [-8] -> Depot [0..173], quantity (-Inf..Inf) TransitSum (-
Inf..Inf)

Breaks : lunchl-dayl after visit33, Tine : start [12.2383..12.25], duration
[0.5]

lunchl-day2 after visit33, Tine : start [36.2383..36.25], duration

[0.5]

lunchl-day3 after visit33, Tine : start [60.2383..60.25], duration
[0.5]

lunchl-day4 after visit35, Time : start [84.6133..84.625], duration
[0.5]

I unchl-day5 after Depot, Tine : start [108.238..108.25], duration
[0.5]

mor ni ngCof f eel-dayl after visit33, Time : start [10.2744..10.2876],
duration [0.25]

nmor ni ngCof f eel-day2 after visit33, Time : start [34.2344..34.25],
duration [0.25]

mor ni ngCof f eel-day3 after visit33, Time : start [58.2344..58.25],
duration [0.25]

mor ni ngCof f eel-day4 after visit34, Time : start [82.2344..82.25],
duration [0.25]

nmor ni ngCof f eel-day5 after Depot, Time : start [106.234..106. 25],
duration [0.25]

af t enoonCof f eel-dayl after visit33, Time : start [15.4844..15.5],
duration [0.25]

af t enoonCof f eel-day2 after visit33, Time : start [39.4844..39.5],
duration [0.25]

af t enoonCof f eel-day3 after visit34, Tine : start [63.9204..63.9363],
duration [0.25]

af t enoonCof f eel-day4 after visitl1l9, Time : start [87.4844..87.5],
duration [0.25]

af t enoonCof f eel- day5 after Depot, Time : start [111.484..111.5],
duration [0.25]

ni ght 1-dayl after visit33, Tine : start [18.9844..19], duration [7]

ni ght 1-day2 after visit33, Time : start [42.9844..43], duration [10]

ni ght 1-day3 after visit34, Tine : start [66.9844..67], duration [7]

ni ght 1-day4 after visit20, Time : start [90.9844..91], duration [10]

vehi cl e2
Cost coefficients : Length[1]
Route : Depot -> visitl -> visit3 -> visit2 -> visitd4l -> visit4 -> visitl3
-> Visit37 -> visitld -> visit43 -> visit38 -> visitd4d -> visit42 -> Depot
Time : Depot [9..9.49228], delay [0..0.492282] -> travel [0.507718], wait
[0..0.492282] -> visitl [9.50772..10], delay [0.25] -> travel [O0.485341], wait
[20.2647..22.36] -> visit3 [31..32.603], delay [0.25] -> travel [1.14698], wait
[0..1.60302] -> visit2 [32.397..34], delay [0.25] -> travel [O0.406885], wait
[23.3431..25.0711] -> visit4l [58..58.125], delay [0.25] -> travel [O0.612826],
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wait [0.25..0.393669] -> visit4 [59.1128..59.2565], delay [0.25] -> travel
[0.849837], wait [0..0.143669] -> visitl3 [60.2127..60.3563], delay [0.25] ->
travel [0.372678], wait [21.521..22.542] -> visit37 [82.5..83.3773], delay
[0.25] -> travel [0.372678], wait [0..0.877322] -> visitl4 [83.1227..84], delay
[0.25] -> travel [0.354338], wait [2.89566..3.89798] -> visit43 [87.5..87.625],
delay [0.25] -> travel [0.603692], wait [16.5213..17.3916] -> visit38

[105.. 105. 745], delay [0.25] -> travel [0.360555], wait [O0.25..0.995311] ->
visit44 [106.417..106.606], delay [0.25] -> travel [O0.438432], wait
[0..0.189054] -> visit42 [107.105..107.294], delay [0.25] -> travel [O0.849837],
wait [0..0.189054] -> Depot [108.205..108.394], delay [0..0.189054] -> travel
[0], wait [0.75..Inf) TransitSum[102.242..1nf)

Length : Depot [O..Inf), delay [0..Inf) -> travel [15.2315], wait [O..Inf) ->
visitl [0..Inf), delay [0..Inf) -> travel [14.5602], wait [O..Inf) -> visit3
[0..1Inf), delay [O..Inf) -> travel [34.4093], wait [O..Inf) ->visit2 [0..Inf),
delay [0..Inf) -> travel [12.2066], wait [O..Inf) -> visit4l [0..Inf), delay
[0..1Inf) -> travel [18.3848], wait [0..Inf) -> visit4 [O0..Inf), delay [O..Inf)
-> travel [25.4951], wait [O..Inf) ->visitl3 [O..Inf), delay [O..Inf) ->
travel [11.1803], wait [O..Inf) -> visit37 [0..Inf), delay [0..Inf) -> travel
[11.1803], wait [0..Inf) -> visitld [O0..Inf), delay[ .Inf) -> travel
[10.6301], wait [O0..Inf) -> visit43 [0..Inf), delay [0 Inf) -> travel
[18.1108], wait [0..Inf) -> visit38 [0..Inf), delay [0..Inf) -> travel
[10.8167], wait [O0..Inf) -> visit44 [0..Inf), delay [O..Inf) -> travel
[13.1529], wait [0..Inf) -> visit42 [0..Inf), delay [0..Inf) -> travel
[25.4951], wait [O..Inf) -> Depot [O..Inf), delay [0 Inf) ->travel [0], wait
[0..1nf) TransitSum [220.854..Inf)

Weight : Depot [0], quantity [0..164] -> visitl [0..164], quantity [10] ->
visit3 [10..174], quantity [13] -> visit2 [23..187], quantity [-10] -> visit4l
[13..177], quantity [5] -> visit4 [18..182], quantity [-13] -> visitl3
[5..169], quantity [23] -> visit37 [28..192], quantity [8] -> visitl4
[36..200], quantity [-23] -> visit43 [13..177], quantity [7] -> visit38
[20..184], quantity [-8] -> visit44 [12..176], quantity [-7] -> visit42
[5..169], quantity [-5] -> Depot [0..164], quantity (-Inf..Inf) TransitSum (-
I nf..Inf)

Breaks : lunch2-dayl after visitl, Tine : start [12.2383..12.25], duration
[0.5]

lunch2-day2 after visit2, Tinme : start [36.2383..36.25], duration

[0.5]

lunch2-day3 after visitl1l3, Tinme : start [60.594..60.6063], duration
[0.5]

lunch2-day4 after visitl4, Tine : start [84.2383..84.25], duration
[0.5]

lunch2-day5 after Depot, Tine : start [108.385..108.394], duration
[0.5]

nor ni ngCof f ee2-dayl after visitl, Tine : start [10.2344..10.25],
duration [O0.25]

nor ni ngCof f ee2-day2 after visit2, Tine : start [34.2344..34.25],
duration [0.25]

nor ni ngCof f ee2-day3 after visit4l, Time : start [58.3594..58.375],
duration [0.25]

nor ni ngCof f ee2-day4 after visitl3, Time : start [82.2344..82.25],
duration [0.25]

nor ni ngCof f ee2-day5 after visit38, Time : start [106.167..106.178],
duration [O0.25]

af t enoonCof f ee2-dayl after visitl, Tine : start [15.4844..15.5],
duration [0.25]

af t enoonCof f ee2-day2 after visit2, Tine : start [39.4844..39.5],
duration [0.25]

af t enoonCof f ee2-day3 after visitl1l3, Tine : start [63.4844..63.5],
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duration [O0.25]
af t enoonCof f ee2-day4 after visit43, Tinme : start [87.8594..87.875],
duration [0.25]
af t enoonCof f ee2- day5 after Depot, Time : start [111.484..111.5],
duration [0.25]
ni ght 2-dayl after visitl, Time : start [18.9844..19], duration [7]
ni ght 2-day2 after visit2, Time : start [42.9844..43], duration [10]
ni ght 2-day3 after visitl1l3, Tine : start [66.9844..67], duration [7]
ni ght 2-day4 after visit43, Time : start [90.9844..91], duration [10]

vehi cl e3
Cost coefficients : Length[1]
Route : Depot -> visit47 -> visitd48 -> visitll -> visit49 -> visit50 ->
visitl2 -> Depot

Time : Depot [9..10.25], delay [0..1.25] -> travel [1.14018], wait
[1.85982..5.10982] -> visit47 [14.5..15.25], delay [0.25] -> travel [0.213437],
wai t [23.2866..24.0444] -> visit48 [39..39.0078], delay [0.25] -> travel
[0.492161], wait [0..0.00783923] -> visitll [39.7422..39.75], delay [0.25] ->
travel [0.477261], wait [41.5227..41.6556] -> visit49 [82..82.125], del ay
[0.25] -> travel [1.53551], wait [22.5895..23.4272] -> visit50
[106.5..107.213], delay [0.25] -> travel [O0.412311], wait [0..0.712689] ->
visitl2 [107.5..107.875], delay [0.25] -> travel [0.5], wait [O..0.375] ->
Depot [108.25..108.625], delay [0..0.375] -> travel [0], wait [O.75..1nf)
Transi t Sum [ 101. 484. . | nf)

Length : Depot [O..Inf), delay [0..Inf) -> travel [34.2053], wait [O0..Inf) ->
visit47 [0..Inf), delay [O..Inf) -> travel [6.40312], wait [0..Inf) -> visit48
[0..1nf), delay [0..Inf) -> travel [14.7648], wait [O0..Inf) -> visitll
[0..Inf), delay [O..Inf) -> travel [14.3178], wait [O0..Inf) -> visit49
[0..1nf), delay [0..Inf) -> travel [46.0652], wait [O..Inf) -> visit50
[0..Inf), delay [O..Inf) -> travel [12.3693], wait [O0..Inf) -> visitl2
[0..1nf), delay [O..Inf) ->travel [15], wait [O..Inf) -> Depot [O..Inf), delay
..Inf) ->travel [0], wait [O..Inf) TransitSum][143.126..Inf)

Weight : Depot [0], quantity [0..158] -> visit47 [0..158], quantity [27] ->
visit48 [27..185], quantity [-27] -> visit1l [0..158], quantity [12] -> visit49
[12..170], quantity [30] -> visit50 [42..200], quantity [-30] -> visitl2
[12..170], quantity [-12] -> Depot [O..158], quantity (-Inf..Inf) TransitSum (-
I nf..Inf)

Breaks : lunch3-dayl after Depot, Time : start [12.2383..12.25], duration
[0.5]

lunch3-day2 after visit47, Tine : start [36.2383..36.25], duration

[0.5]

lunch3-day3 after visitll, Tine : start [60.2383..60.25], duration
[0.5]

lunch3-day4 after visit49, Tine : start [84.2383..84.25], duration
[0.5]

I unch3-day5 after Depot, Time : start [108.613..108.625], duration
[0.5]

nor ni ngCof f ee3-dayl after Depot, Tine : start [10.2344..10.25],
duration [0.25]

nor ni ngCof f ee3-day2 after visit47, Time : start [34.2344..34.25],
duration [0.25]

nor ni ngCof f ee3-day3 after visitll, Time : start [58.2344..58.25],
duration [O0.25]

nor ni ngCof f ee3-day4 after visit49, Time : start [82.3594..82.375],
duration [0.25]

nor ni ngCof f ee3-day5 after visit49, Time : start [106.234..106.25],
duration [0.25]

af t enoonCof f ee3-dayl after visit47, Tine : start [15.4844..15.5],
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duration [O0.25]

af t enoonCof f ee3-day2 after visitll, Tinme : start [39.9922..40],
duration [0.25]

af t enoonCof f ee3-day3 after visitll, Time : start [63.4844..63.5],
duration [0.25]

af t enoonCof f ee3-day4 after visit49, Time : start [87.4844..87.5],
duration [0.25]

af t enoonCof f ee3-day5 after Depot, Time : start [111.484..111.5],
duration [O0.25]

ni ght 3-dayl after visit47, Tinme : start [18.9844..19], duration [7]

ni ght 3-day2 after visitll, Time : start [42.9844..43], duration [10]

ni ght 3-day3 after visitll, Tine : start [66.9844..67], duration [7]

ni ght 3-day4 after visit49, Time : start [90.9844..91], duration [10]

vehi cl e4
Cost coefficients : Length[1]

Route : Depot -> visitl5 -> visitl6 -> visits -> visit6 -> visitl7 ->
Visit23 -> visit39 -> visit25 -> visit24 -> visit29 -> visit40 -> visit18 ->
visit30 -> visit26 -> visit2l -> visit22 -> Depot

Time : Depot [9..10.25], delay [0..1.25] -> travel [1.01379], wait
[0.75..5.23621] -> visitl1l5 [13..15.25], delay [0.25] -> travel [0.833333], wait
[0.25..3.29399] -> visitl6 [16..17.3773], delay [0.25] -> travel [0.372678],
wait [0..1.37732] -> visit5 [16.6227..18], delay [0.25] -> travel [O0.333333],
wait [16.4167..18.794] -> visit6 [35..36], delay [0.25] -> travel [0.666667],
wait [1.08333..3.08333] -> visitl7 [38..39], delay [0.25] -> travel [1.86339],
wait [14.8866..17.8866] -> visit23 [56..58], delay [0.25] -> travel [0.286744],
wait [2.96326..6.71326] -> visit39 [61.5..63.25], delay [0.25] -> travel
[0.314466], wait [15.1855..19.1855] -> visit25 [79..81.25], delay [0.25] ->
travel [0.5], wait [0..2.25] -> visit24 [81..82], delay [0.25] -> travel
[0.235702], wait [2.25258..3.60159] -> visit29 [84.7383..85.0873], delay [0.25]
-> travel [0.980363], wait [0..0.349011] -> visit40 [85.9686..86.3177], delay
[0.25] -> travel [0.833333], wait [0..0.349011] -> visit18 [87.052..87.401],
delay [0.25] -> travel [0.942809], wait [O0.25..2.50521] -> visit30
[88.4948..90.75], delay [0.25] -> travel [1.01379], wait [13.9862..16.3664] ->
visit26 [106..106.125], delay [0.25] -> travel [0.333333], wait
[0.25..0.416667] -> visit21 [106.833..107], delay [0.25] -> travel [0.333333],
wait [2.41667..3.00957] -> visit22 [110..110.426], delay [0.25] -> travel
[0.897527], wait [O..0.426236] -> Depot [111.148..111.574], delay [O0..0.426236]
-> travel [0], wait [0.25..1nf) TransitSum[101.56..Inf)

Length : Depot [O..Inf), delay [0..Inf) -> travel [30.4138], wait [O0..Inf) ->
visitl5 [0..Inf), delay [0..Inf) -> travel [25], wait [O..Inf) -> visitl6
[0..Inf), delay [O..Inf) -> travel [11.1803], wait [O..Inf) -> visit5 [0..Inf),
delay [O..Inf) ->travel [10], wait [O..Inf) -> visit6 [0..Inf), delay [O..Inf)
-> travel [20], wait [O..Inf) -> visitl7 [O..Inf), delay [O..Inf) -> travel
[55.9017], wait [O0..Inf) -> visit23 [0..Inf), delay [0..Inf) -> travel
[8.60233], wait [0..Inf) -> visit39 [0..Inf), delay [0..Inf) -> travel
[9.43398], wait [0..Inf) -> visit25 [0..Inf), delay [0..Inf) -> travel [15],
wait [0..Inf) ->visit24 [0..Inf), delay [O0..Inf) -> travel [7.07107], wait
[0..1nf) ->visit29 [0..Inf), delay [O..Inf) -> travel [29.4109], wait [O..Inf)
-> visit40 [0..Inf), delay [O..Inf) -> travel [25], wait [O..Inf) -> visit18
[0..1nf), delay [0..Inf) -> travel [28.2843], wait [0..Inf) -> visit30
[0..1Inf), delay [0..Inf) -> travel [30.4138], wait [0..Inf) -> visit26
[0..1nf), delay [0..Inf) -> travel [10], wait [O..Inf) -> visit21 [0..Inf),
delay [O..Inf) -> travel [10], wait [O..Inf) -> visit22 [O..Inf), delay
[0..1nf) -> travel [26.9258], wait [O..Inf) -> Depot [O0..Inf), delay [0..Inf) -
> travel [0], wait [O..Inf) TransitSum[352.638..1Inf)

Weight : Depot [0], quantity [0..132] -> visitl1l5 [0..132], quantity [8] ->
visit1l6 [8..140], quantity [-8] -> visit5 [0..132], quantity [26] -> visit6
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[26..158], quantity [-26] -> visitl7 [0..132], quantity [2] -> visit23
[2..134], quantity [29] -> visit39 [31..163], quantity [31] -> visit25
[62..194], quantity [6] -> visit24 [68..200], quantity [-29] -> visit29
[39..171], quantity [9] -> visit40 [48..180], quantity [-31] -> visitl8
[17..149], quantity [-2] -> visit30 [15..147], quantity [-9] -> visit26
[6..138], quantity [-6] -> visit21 [0..132], quantity [11] -> visit22
[11..143], quantity [-11] -> Depot [0..132], quantity (-Inf..Inf) TransitSum (-
Inf..Inf)

Breaks : lunch4-dayl after Depot, Tine : start [12.2383..12.25], duration
[0.5]

lunch4-day2 after visit6, Time : start [36.2383..36.25], duration

[0.5]

lunch4-day3 after visit23, Tine : start [60.2383..60.25], duration
[0.5]

lunch4-day4 after visit24, Tine : start [84.2383..84.25], duration
[0.5]

lunch4-day5 after visit2l, Time : start [108.238..108.25], duration
[0.5]

nmor ni ngCof f ee4-dayl after Depot, Time : start [10.2344..10.25],
duration [0.25]

nmor ni ngCof f ee4-day2 after visit5, Time : start [34.2344..34.25],
duration [0.25]

mor ni ngCof f ee4-day3 after visit23, Time : start [58.2344..58.25],
duration [0.25]

mor ni ngCof f ee4-day4 after visit24, Time : start [82.2344..82.25],
duration [0.25]

mor ni ngCof f ee4-day5 after visit26, Time : start [106.359..106.375],
duration [0.25]

af t enoonCof f ee4-dayl after visitl5, Time : start [15.4844..15.5],
duration [0.25]

af t enoonCof f ee4-day2 after visitl7, Time : start [39.4844..39.5],
duration [0.25]

af t enoonCof f ee4-day3 after visit39, Time : start [63.4844..63.5],
duration [0.25]

af t enoonCof f ee4- day4 after visitl8, Time : start [87.6401..87.651],
duration [0.25]

af t enoonCof f ee4- day5 after Depot, Time : start [111.56..111.574],
duration [0.25]

ni ght 4-dayl after visit5, Time : start [18.9844..19], duration [7]

ni ght 4-day2 after visitl7, Time : start [42.9844..43], duration [10]

ni ght 4-day3 after visit39, Tine : start [66.9844..67], duration [7]

ni ght 4-day4 after visit30, Time : start [90.9844..91], duration [10]

vehi cl e5
Cost coefficients : Length[1]

Route : Depot -> visit7 -> visit8 -> visit45 -> visit46 -> Depot

Time : Depot [9..10.25], delay [0..1.25] -> travel [0.707107], wait
[3.29289..5.91789] -> visit7 [15.5..15.625], delay [0.25] -> travel [O0.406885],
wait [41.7181..41.9681] -> visit8 [58..58.125], delay [0.25] -> travel
[0.213437], wait [1.91156..2.16156] -> visit45 [60.5..60.625], delay [0.25] ->
travel [0.359011], wait [24.766..25.1749] -> visit46 [86..86.2839], delay
[0.25] -> travel [1.18228], wait [O0..0.283862] -> Depot [87.4323..87.7161],
delay [0..0.283862] -> travel [0], wait [11.25..Inf) TransitSum[101.484..1nf)

Length : Depot [O..Inf), delay [0..Inf) -> travel [21.2132], wait [O..Inf) ->
visit7 [0..Inf), delay [0..Inf) -> travel [12.2066], wait [O..Inf) -> visit8
[0..1Inf), delay [0..Inf) -> travel [6.40312], wait [O0..Inf) -> visit45
[0..1nf), delay [0..Inf) -> travel [10.7703], wait [O..Inf) -> visit46
[0..1Inf), delay [O..Inf) -> travel [35.4683], wait [0..Inf) -> Depot [O..Inf),
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delay [0..Inf) -> travel [O],

Complete Program

wait [O0..Inf) TransitSum[86.0615..1nf)

Wi ght Depot [0], quantity [O0..184] -> visit7 [0..184], quantity [5] ->
visit8 [5..189], quantity [-5] -> visit45 [0..184], quantity [16] -> visit46
[16..200], quantity [-16] -> Depot [O..184], quantity (-Inf..Inf) TransitSum (-
I nf..Inf)

Breaks : lunch5-dayl after Depot, Time : start [12.2383..12.25], duration
[0.5]

lunch5-day2 after visit7, Tinme : start [36.2383..36.25], duration
[0.5]

lunch5-day3 after visit45, Tinme : start [60.8594..60.875], duration
[0.5]

lunch5-day4 after visit45, Tine : start [84.2383..84.25], duration
[0.5]

I unch5-day5 after Depot, Time : start [108.238..108.25], duration
[0.5]

nmor ni ngCof f ee5-dayl after Depot, Time : start [10.2344..10.25],
duration [0.25]

nor ni ngCof f ee5-day2 after visit7, Tine : start [34.2344..34.25],
duration [0.25]

nor ni ngCof f ee5-day3 after visit8, Tine : start [58.3594..58.375],
duration [O0.25]

nor ni ngCof f ee5-day4 after visit45, Time : start [82.2344..82.25],
duration [0.25]

nor ni ngCof f ee5-day5 after Depot, Time : start [106.234..106.25],
duration [0.25]

af t enoonCof f ee5-dayl after visit7, Time : start [15.8594..15.875],
duration [O0.25]

af t enoonCof f ee5-day2 after visit7, Time : start [39.4844..39.5],
duration [0.25]

af t enoonCof f ee5-day3 after visit45, Time : start [63.4844..63.5],
duration [0.25]

af t enoonCof f ee5- day4 after Depot, Tinme : start [87.7073..87.7161],
duration [0.25]

af t enoonCof f ee5- day5 after Depot, Time : start [111.484..111.5],
duration [0.25]

ni ght 5-dayl after visit7, Time : start [18.9844..19], duration [7]

ni ght 5-day2 after visit7, Time : start [42.9844..43], duration [10]

ni ght 5-day3 after visit45, Tine : start [66.9844..67], duration [7]

ni ght 5-day4 after Depot, Tinme : start [90.9844..91], duration [10]
vehi cl e6
Cost coefficients : Length[1]

Route : Depot -> visit3l -> visit32 -> visit27 -> visit28 -> Depot

Time : Depot [9..10.25],
[25.9179..29. 6679]
wai t [18.9179..21.1679]
wai t [44.7833..45.9083]
[0.223607], wait [3.40139..4.56557]
travel [0.210819], wait [O..1.03918]
[0..1.03918] -> travel [0],

Length : Depot [O..Inf),
visit31l [0..Inf), delay [0..Inf) ->t
[0..1nf), delay [0..Inf) -> travel
delay [O..Inf) -> travel
[0..1nf) -> travel [6.32456],

delay [O..1.25]
-> visit31l [38..39.25],
-> visit32 [59..60], delay [0.25] -> travel
-> visit27 [106..106. 125],

[29],
[6.7082], wait [O..Inf) -> visit28 [O..Inf),
wait [0..Inf) -> Depot [O..Inf),

wai t
[0.582142],
[0.966667],
-> travel
del ay [O0. 25]
del ay

-> travel
del ay [0. 25]

[0.582142],
-> travel

del ay [0. 25]
> visit28 [110..111.039],
-> Depot [110.461..111.5],

->

wait [0.25..1nf) TransitSum][101.484..1nf)
delay [O..Inf) -> travel

[17.4642], wait [O..Inf) ->
[17.4642], wait [O0..Inf) -> visit32
wait [0..Inf) -> visit27 [0..Inf),
del ay
delay [0..Inf) -

ravel

> travel [0], wait [O0..Inf) TransitSum][76.9613..1nf)
Wi ght Depot [0], quantity [0..173] -> visit31 [0..173], quantity [27] ->
visit32 [27..200], quantity [-27] -> visit27 [0..173], quantity [16] -> visit28
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[16..189], quantity [-16] -> Depot [0..173], quantity (-Inf..Inf) TransitSum (-

Inf..Inf)
Breaks : lunch6-dayl after Depot,

[0.5]

| unch6-day2 after Depot,
[0.5]

I unch6-day3 after visit32, Time :
[0.5]

I unch6-day4 after visit32
[0.5]

I unch6-day5 after visit27
[0.5]

nmor ni ngCof f ee6- dayl after

duration [0.25]

mor ni ngCof f ee6- day2
duration [0.25]

nmor ni ngCof f ee6- day3
duration [0.25]

mor ni ngCof f ee6- day4
duration [0.25]

nmor ni ngCof f ee6- day5
duration [0.25]

af t enoonCof f ee6- dayl after Depot, Tine :

duration [0.25]

af t enoonCof f ee6- day2 after visit3l, Tinme :

duration [0.25]

af t enoonCof f ee6- day3 after visit32, Tinme :

duration [0.25]

af t enoonCof f ee6- day4 after visit32, Tinme :

duration [0.25]

af t enoonCof f ee6- day5 after Depot, Tine :

duration [0.25]

after

after

after

after

ni ght 6-dayl after Depot,

ni ght 6-day2 after visit31l, Time :
ni ght 6-day3 after visit32, Tinme :
ni ght 6-day4 after visit32, Time :

vehicl e7 : Unused
Breaks : lunch7-dayl after Depot,

[0.5]

| unch7-day2 after Depot,
[0.5]

| unch7-day3 after Depot,
[0.5]

I unch7-day4 after Depot,
[0.5]

I unch7-day5 after Depot,
[0.5]

nmor ni ngCof f ee7-dayl after
duration [0.25]

nmor ni ngCof f ee7-day2 after

duration [0.25]

nmor ni ngCof f ee7- day3
duration [0.25]

nor ni ngCof f ee7- day4
duration [0.25]

nor ni ngCof f ee7- day5
duration [0.25]

after

after

after

IBM ILOG DISPATCHER —

Time : start [12.2383..12.25], duration
Time : start [36.2383..36.25], duration

start [60.2383..60.25], duration

, Time : start [84.2383..84.25], duration
, Time : start [108.238..108.25], duration
Depot, Time : start [10.2344..10.25],

Depot, Time : start [34.2344..34.25],

visit3l, Tine : start [58.2344..58.25],
visit32, Tine : start [82.2344..82.25],
visit27, Tine : start [106.359..106.375],
start [15.4844..15.5],
start [39.4844..39.5],
start [63.4844..63.5],
start [87.4844..87.5],
start [111.484..111.5],
Time : start [18.9844..19], duration [7]
start [42.9844..43], duration [10]

start [66.9844..67], duration [7]
start [90.9844..91], duration [10]

Time : start [12.2383..12.25], duration
Time : start [36.2383..36.25], duration
Time : start [60.2383..60.25], duration
Time : start [84.2383..84.25], duration
Time : start [108.238..108.25], duration
Depot, Time : start [10.2344..10.25],
Depot, Time : start [34.2344..34.25],

Depot, Time : start [58.2344..58.25],
Depot, Time : start [82.2344..82.25],

Depot, Time : start [106.234..106. 25],
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durati
durati
durati
durati

durati

vehi cl
[0.5]
[0.5]
[0.5]
[0.5]
[0.5]
durati
durati
durati
durati
durati
durati
durati
durati
durati

durati

vehi cl
[0.5]
[0.5]

[0.9]

on

on

on

on

on

es8 :
Br eaks :

on

on

on

on

on

on

on

on

on

on

e9 :
Breaks :

IBM

af t enoonCof f ee7- dayl after
[0.25]

af t enoonCof f ee7- day2 after
[0.25]

af t enoonCof f ee7- day3 after
[0.25]

af t enoonCof f ee7- day4 after
[0.25]

af t enoonCof f ee7- day5 after
[0.25]

ni ght 7- day1

ni ght 7- day2

ni ght 7- day3

ni ght 7- day4

after
after
after
after

Depot ,
Depot ,
Depot ,
Depot ,

Unused

| unch8-dayl after Depot,

| unch8-day2 after Depot,

| unch8-day3 after Depot,

| unch8-day4 after Depot,

| unch8-day5 after Depot,

nmor ni ngCof f ee8-dayl after
[0.25]

nmor ni ngCof f ee8- day2
[0.25]

nmor ni ngCof f ee8- day3
[0.25]

nmor ni ngCof f ee8- day4
[0.25]

nmor ni ngCof f ee8- day5
[0.25]

af t enoonCof f ee8- dayl after
[0.25]

af t enoonCof f ee8- day2 after
[0.25]

af t enoonCof f ee8- day3 after
[0.25]

af t enoonCof f ee8- day4 after
[0.25]

after

after

after

after

af t enoonCof f ee8- day5 after
[0.25]

ni ght 8-dayl after Depot, Ti
ni ght 8-day2 after Depot, Ti
ni ght 8-day3 after Depot, Ti
ni ght 8-day4 after Depot, Ti
Unused

I unch9-dayl after Depot, Ti
I unch9-day2 after Depot, Ti
I unch9-day3 after Depot, Ti

ILOG DISPATCHER

Depot ,
Depot ,
Depot ,
Depot ,

Depot ,

3333

3 3 3 3

inme :
Depot ,
Depot ,
Depot ,
Depot ,

Depot ,

Depot ,
Depot ,
Depot ,
Depot ,

Depot ,

ne :

ne :
ne :
nme

3

3

start
start
start
start
start
start
start

start

start

Tinme :

Tinme :

Tinme :

Tinme :

Tinme :

start
start
start
start
start

start

start

Tine :
Tine :
Tine :
Tine :
Tine :
[18.
[42.
[ 66.
[ 90.
[12.
[ 36.
[ 60.

[ 84.

[10
S
S
S
S

S

Tine :
Tine :
Tine :
Tine :
Tinme :
[ 18.
[42.

[ 66.
[ 90.

[ 36.

[ 60.

Complete Program

start [15.4844.
start [39.4844.
start [63.4844.
start [87.4844.

start [111.484.

9844.
9844.
9844.
9844.

.19],
.43],
.67],
.91],

2383..12. 25],

2383. . 36. 25],
2383..60. 25],
2383. . 84. 25],

8. 238.

tart [10.2344..
tart [34.2344..
tart [58.2344. .
tart [82.2344..
tart [106.234. .
start [15.4844.
start [39.4844.
start [63.4844.
start [87.4844.

start [111.484.

9844.
9844.
9844.
9844.

.19],
.43],
.67],
.91],

.2383..12.25],

2383. . 36. 25],

2383..60. 25],
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duration
duration
duration
duration

.108. 25],

duration
duration
duration
duration

.15.5],
.39.5],
.63.5],
.87.5],

.111. 5],
[7]
[10]
[7]
[10]
duration
duration
duration
duration
duration
10. 25] ,
34. 25],
58. 25]
82. 25],
106. 25] ,
.15. 5],
.39.5],
.63.5],
.87.5],

.111. 5],
[7]
[10]
[7]
[10]
duration

duration

duration
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[0.5]

[0.5]

durati
durati
durati
durati
durati
durati
durati
durati
durati

durati

on

on

on

on

on

on

on

on

on

on

I unch9-day4 after Depot, Tine :

| unch9-day5 after Depot, Tine :

nmor ni ngCof f ee9-dayl after
[0.25]

mor ni ngCof f ee9- day2 after
[0.25]

nmor ni ngCof f ee9- day3 after
[0.25]

nmor ni ngCof f ee9- day4 after
[0.25]

nmor ni ngCof f ee9- day5 after
[0.25]

af t enoonCof f ee9- dayl after
[0.25]

af t enoonCof f ee9- day2 after
[0.25]

af t enoonCof f ee9- day3 after
[0.25]

af t enoonCof f ee9- day4 after
[0.25]

af t enoonCof f ee9- day5 after
[0.25]

Depot ,
Depot ,
Depot ,
Depot ,

Depot ,

start [84.2383.
start [108.238.
Time : start [
Time : start [
Time : start [
Time : start [

Time : start [

Depot, Time : start

Depot, Time : start

Depot, Time : start

Depot, Time : start

Depot, Time : start

ni ght 9-dayl after Depot, Tine :
ni ght 9-day2 after Depot, Tine :
ni ght 9-day3 after Depot, Tine :
ni ght 9-day4 after Depot, Tine :

vehi cl €10 : Unused

Breaks :

[0.5]
[0.5]
[0.5]
[0.5]
[0.5]
durati
durati
durati
durati
durati
durati
durati
durati

durati

on

on

on

on

on

on

on

on

on
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I unch10-dayl after Depot,
I unch10-day2 after Depot,
| unch10-day3 after Depot,
| unch10- day4 after Depot,
| unch10- day5 after Depot,

nmor ni ngCof f eel0- dayl after
[0.25]

nmor ni ngCof f eel0- day2 after
[0.25]

nmor ni ngCof f ee10- day3 after
[0.25]

nmor ni ngCof f eel0- day4 after
[0.25]

nmor ni ngCof f ee10- day5 after
[0.25]

af t enoonCof f eel0- dayl after

[0. 25]

af t enoonCof f eel0- day2 after

[0. 25]

af t enoonCof f eel0- day3 after

[0.25]

af t enoonCof f eel0- day4 after

[0. 25]

ILOG DISPATCHER —

Tine :

Tine :

Tine :

Tine :

Tine :

start [18.9844.
start [42.9844.
start [66.9844.
start [90.9844.
start [12.2383
start [36.2383
start [60.2383
start [84.2383

start [108.238

Depot, Time : start

Depot, Time : start

Depot, Tinme : start

Depot, Tinme : start

Depot, Tinme : start

Depot, Time : start
Depot, Time : start
Depot, Time : start

Depot, Time : start

USER’'S MANUAL

.84.25], duration
.108. 25], duration
10. 2344. . 10. 25],
34.2344. . 34. 25],

58. 2344. . 58. 25],

82.2344. . 82. 25],

106. 234. . 106. 25],

[15. 4844. . 15. 5],

[39.4844..39.5],

[63.4844. .63.5],

[87.4844..87.5],

[111.484..111.5],

.19], duration [7]

.43], duration [10]

.67], duration [7]

.91], duration [10]

..12.25], duration

..36.25], duration

..60.25], duration

..84.25], duration

.. 108. 25], duration

[ 10. 2344. . 10. 25] ,

[ 34.2344. .34.25],

[ 58.2344. .58. 25] ,

[ 82.2344. .82.25],

[ 106. 234. . 106. 25]
[15.4844..15.5],
[39.4844..39.5],
[63.4844..63.5],

[87.4844..87.5],



af t enoonCof f eel0- day5 after Depot,

duration [0.25]

ni ght 10-dayl after Depot, Tine :

ni ght 10-day2 after Depot, Tine :

ni ght 10-day3 after Depot, Tine :

ni ght 10-day4 after Depot, Tine :
vehi cl ell : Unused

Breaks : lunchll-dayl after Depot, Tine :

[0.5]

lunchll-day2 after Depot, Tine :
[0.5]

I unchll-day3 after Depot, Tine :
[0.5]

lunchll-day4 after Depot, Tine :
[0.5]

I unchll-day5 after Depot, Tine :
[0.5]

mor ni ngCof f eell-dayl after Depot,
duration [0.25]

mor ni ngCof f eell- day2 after Depot,
duration [0.25]

nmor ni ngCof f eell- day3 after Depot,
duration [0.25]

mor ni ngCof f eell- day4 after Depot,
duration [0.25]

mor ni ngCof f eell- day5 after Depot,
duration [0.25]

af t enoonCof f eell- dayl after Depot,
duration [0.25]

af t enoonCof f eell- day2 after Depot,
duration [0.25]

af t enoonCof f eell- day3 after Depot,
duration [0.25]

af t enoonCof f eell- day4 after Depot,
duration [0.25]

af t enoonCof f eell- day5 after Depot,
duration [0.25]

ni ght 11-dayl after Depot, Tine :

ni ght 11- day2 after Depot, Time :

ni ght 11-day3 after Depot, Tine :

ni ght 11-day4 after Depot, Tine :
vehi cl el2 : Unused

Breaks : lunchl2-dayl after Depot, Tine :

[0.5]

lunchl2-day2 after Depot, Tine :
[0.5]

I unchl2-day3 after Depot, Tine :
[0.5]

I unchl2-day4 after Depot, Tine :
[0.5]

I unchl2-day5 after Depot, Tine :
[0.5]

nmor ni ngCof f eel2-dayl after Depot,
duration [0.25]

nmor ni ngCof f eel2- day2 after Depot,
duration [0.25]

IBM
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start
start
start
start
start
start
start

start

start

Tine :

Tine :

Tine :

Tine :

Tine :

start
start
start
start
start
start
start

start

start

Tine :

Tine :

Tine :
[18.
[42.
[ 66.
[ 90.
[12.
[ 36.
[ 60.

[ 84.

[10
S
S
S
S

S

Tine :
Tine :
Tine :
Tine :
Tine :
[18.
[42.
[ 66.
[ 90.
[12.
[ 36.
[ 60.

[ 84.

[10

Complete Program

start [111.484

du
du
du
du

9844. . 19],
9844. . 43],
9844. . 67]
9844. . 91]

2383..12. 25],

2383. . 36. 25]
2383. . 60. 25]
2383. . 84. 25]
8.238. . 108. 25]
tart [10.2344.
tart [34.2344.
tart [58.2344.
tart [82.2344.
tart [106.234.

start [15.4844

start [39.4844..
start [63.4844..
start [87.4844..

start [111.484..

du
du
du
du

9844. . 19],
9844. . 43],
9844. . 67]
9844. . 91]

2383..12. 25],

2383.. 36. 25],
2383..60. 25],
2383.. 84. 25],

8. 238..108. 25]
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..111.5],

[7]
[10]
[7]
[10]

rat! on
ration
rat! on
ration
duration
duration
duration
duration
, duration
. 10. 25],
.34, 25],
. 58. 25],
. 82.25],
. 106. 25] ,
..15.5],
39.5],
63.5],
87.5],

111. 5],

[7]
[10]
[7]
[10]

ration
ration
ration
ration
duration
duration
duration

duration

, duration

start [10.2344..10.25],

start [34.2344..34.25],
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nmor ni ngCof f eel2- day3 after Depot, Time : start [58.2344..58.25],
duration [0.25]

nmor ni ngCof f eel2- day4 after Depot, Time : start [82.2344..82.25],
duration [0.25]

mor ni ngCof f eel2- day5 after Depot, Time : start [106.234..106.25],
duration [0.25]

af t enoonCof f eel2-dayl after Depot, Time : start [15.4844..15.5],
duration [0.25]

af t enoonCof f eel2-day2 after Depot, Time : start [39.4844..39.5],
duration [0.25]

af t enoonCof f eel2-day3 after Depot, Time : start [63.4844..63.5],
duration [0.25]

af t enoonCof f eel2- day4 after Depot, Time : start [87.4844..87.5],
duration [0.25]

af t enoonCof f eel2-day5 after Depot, Time : start [111.484..111.5],
duration [0.25]

ni ght 12-dayl after Depot, Ti

ni ght 12- day2 after Depot, Ti

ni ght 12-day3 after Depot, Ti

ni ght 12- day4 after Depot, Ti

start [18.9844..19], duration [7]
start [42.9844..43], duration [10]
start [66.9844..67], duration [7]
start [90.9844..91], duration [10]

3333

vehi cl €13 : Unused

Breaks : lunchl3-dayl after Depot, Tine : start [12.2383..12.25], duration
o-9l lunchl3-day2 after Depot, Time : start [36.2383..36.25], duration
o-8l lunchl3-day3 after Depot, Time : start [60.2383..60.25], duration
o-8l lunchl3-day4 after Depot, Time : start [84.2383..84.25], duration
EZ : lunchl3-day5 after Depot, Tine : start [108.238..108.25], duration

nmor ni ngCof f eel3-dayl after Depot, Time : start [10.2344..10.25],
duration [0.25]

nmor ni ngCof f eel3- day2 after Depot, Time : start [34.2344..34.25],
duration [0.25]

nmor ni ngCof f eel3- day3 after Depot, Time : start [58.2344..58.25],
duration [0.25]

nmor ni ngCof f eel3- day4 after Depot, Time : start [82.2344..82.25],
duration [0.25]

mor ni ngCof f eel3- day5 after Depot, Time : start [106.234..106.25],
duration [0.25]

af t enoonCof f eel3-dayl after Depot, Time : start [15.4844..15.5],
duration [0.25]

af t enoonCof f eel3-day2 after Depot, Time : start [39.4844..39.5],
duration [0.25]

af t enoonCof f eel3-day3 after Depot, Time : start [63.4844..63.5],
duration [0.25]

af t enoonCof f eel3- day4 after Depot, Time : start [87.4844..87.5],
duration [0.25]

af t enoonCof f eel3-day5 after Depot, Time : start [111.484..111.5],
duration [0.25]

ni ght 13-dayl after Depot, Time : start [18.9844..19], duration [7]

ni ght 13-day2 after Depot, Tinme : start [42.9844..43], duration [10]

ni ght 13-day3 after Depot, Time : start [66.9844..67], duration [7]

ni ght 13-day4 after Depot, Time : start [90.9844..91], duration [10]

vehi cl el4 : Unused
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Breaks : lunchl4-dayl after Depot, Tine :
[0.5]
I unchl4-day2 after Depot, Tine :
[0.5]
I unchl4-day3 after Depot, Tine :
[0.5]
I unchl4-day4 after Depot, Tine :
[0.5]
I unchl4-day5 after Depot, Tine :
[0.5]
mor ni ngCof f eel4-dayl after Depot,
duration [0.25]
mor ni ngCof f eel4- day2 after Depot,
duration [0.25]
nmor ni ngCof f eel4- day3 after Depot,
duration [0.25]
mor ni ngCof f eel4- day4 after Depot,
duration [0.25]
mor ni ngCof f eel4- day5 after Depot,
duration [0.25]
af t enoonCof f eel4- dayl after Depot,
duration [0.25]
af t enoonCof f eel4- day2 after Depot,
duration [0.25]
af t enoonCof f eel4- day3 after Depot,
duration [0.25]
af t enoonCof f eel4- day4 after Depot,
duration [0.25]
af t enoonCof f eel4- day5 after Depot,
duration [0.25]
ni ght 14-dayl after Depot, Tine :
ni ght 14-day2 after Depot, Tine :
ni ght 14-day3 after Depot, Tine :
ni ght 14-day4 after Depot, Tine :
vehicl el5 : Unused
Breaks : lunchl5-dayl after Depot, Tine :
[0.5]
I unchl5-day2 after Depot, Tine :
[0.5]
I unch15-day3 after Depot, Tine :
[0.5]
I unchl5-day4 after Depot, Tine :
[0.5]
I unchl5-day5 after Depot, Tine :
[0.5]
nmor ni ngCof f eel5-dayl after Depot,
duration [0.25]
nmor ni ngCof f eel5- day2 after Depot,
duration [0.25]
nmor ni ngCof f eel5- day3 after Depot,
duration [0.25]
nmor ni ngCof f eel5- day4 after Depot,
duration [0.25]
nmor ni ngCof f eel5- day5 after Depot,
duration [0.25]
af t enoonCof f eel5-dayl after Depot,
duration [0.25]
IBM ILOG DISPATCHER —

start [12.2383.
start [36.2383..
start [60.2383..
start [84.2383..

start [108.238..

Tine : start

Tine : start
Tine : start
Tine : start
Tine : start
Time :
Time :
Time :
Time :
Time :
start
start

start
start

[18.
[ 42.
[ 66.
[ 90.

start [12.

start [36.
start [60.
start [84.
start
Time : start
Tinme : start
Time : start
Time : start
Time : start

Tine :
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9844.
9844. .
9844.
9844. .
2383.
2383.
2383.
2383.

[ 108. 238.

Com

.12. 25]
36. 25]
60. 25]

84. 25]

[ 10. 2344
[ 34. 2344
[ 58. 2344
[ 82. 2344

[ 106. 234

start [39.4844..
start [63.4844..
start [87.4844..

start [111.484..

d
d
d
d

.19],
43],
.67],
91],
.12. 25]
. 36. 25]
. 60. 25]

. 84. 25]

[ 10. 2344
[ 34. 2344
[ 58. 2344
[ 82. 2344

[ 106. 234

108. 25]

108. 25]

plete Program

, duration
, duration
, duration
, duration
duration
..10. 25],
..34.25],
..58.25],
..82.25],

.. 106. 25]

start [15.4844..15.5],

39.5],
63.5],
87.5],

111. 5],

[7]
[10]
[7]
[10]

ur at! on
uration
uration
uration
, duration
, duration
, duration
, duration
duration
..10. 25],
..34.25],
..58.25],
..82.25],

.. 106. 25]

start [15.4844..15.5],
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af t enoonCof f eel5-day2 after Depot, Time : start [39.4844..39.5],
duration [0.25]

af t enoonCof f eel5-day3 after Depot, Time : start [63.4844..63.5],
duration [0.25]

af t enoonCof f eel5- day4 after Depot, Time : start [87.4844..87.5],
duration [0.25]

af t enoonCof f eel5- day5 after Depot, Time : start [111.484..111.5],
duration [0.25]

ni ght 15-dayl after Depot, Time : start [18.9844..19], duration [7]

ni ght 15-day2 after Depot, Tine : start [42.9844..43], duration [10]

ni ght 15-day3 after Depot, Time : start [66.9844..67], duration [7]

ni ght 15-day4 after Depot, Tine : start [90.9844..91], duration [10]

*/
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Adding Early and Late Costs

In this lesson, you will learn how to:
O create asoft deadline
O model costsfor both early and late deliveries

O usethe member function set St ar t Cost , and the functions 1 | oEar | i nessFunct i on
and | | oTar di nessFuncti on.

Describe

In standard vehicle routing problems, an optimal solution isfound by building a set of routes
to perform each visit and minimizing the cost of the routes. The cost of any vehicleis
usualy alinear combination of the length and duration of its route.

However, in the real world, the number of available vehicles may be limited or the distances
so great that it may not be possible to perform all visits within the specified time windows.
This may mean additional coststo the customer as alack of stock leadsto lost salesor a
slowdown in a manufacturing line. Thisintroduces a new type of cost into the solution, a
cost based on the lateness of deliveries.

In Dispatcher, thistype of problem can be modeled by “softening” the delivery deadlines by
introducing an associated cost for “tardy” deliveries.
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In soft deadline problems, the best delivery timeisusualy just the earliest possible delivery
time. However, in some cases, costs can arise for early deliveries aswell. For example, a
customer may incur extra storage and handling expensesif a delivery istoo early to be used
immediately, or if it exceeds the customer’s normal storage capacity.

The example in this chapter considers both late and early delivery costs. This substantially
increases the difficulty, since making an initial delivery on time may cause subsequent
deliveriesto be late and costly; making the subsequent deliveries on time may cause the
initial delivery to be costly asit istoo early. Each visit in aroute has more
interdependencies; in some cases, it may be beneficia to have a vehicle wait to make a
delivery.

Early and Late Cost Interdependence

Figure 9.1 illustrates a cost-time rel ationship for asingle delivery that has both early and late
costs. Cost for an early delivery declines as it approaches the earliest desired arrival time

(t mi n), at which point cost is zero. After the latest desired arrival time (t max), cost
increases as time increases.

COST

™~

I, |
tmin tmax ARRIVAL TIME

Figure9.1 Cost-timefor one delivery with earliness and lateness costs

The rel ationship becomes more complex when you consider two visits, V1 and V5, such that
V,isdirectly after V4 on the route. Figure 9.2 depicts the cost function for these visits based
upon arrival time at V1, where the time window for V4 is[2, 5]; the time window for V5, is
[4, 8]; and the transit timefrom Vto V,is1.
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Describe

COST

K] 12 I3 la I

Figure9.2 Cost-time for two deliveries with earliness and lateness costs

Under certain circumstances, a vehicle might need to wait between V, and V,, causing an
effectiveincrease in the transit time. Figure 9.3 depicts the same two visits, V4 and V5, but

with atransit time of 3.

™ R 3 T2 5 3 7 s P

ARRIVAL TIME AT V4

8 l9 >

ARRIVAL TIME AT V,

5 I3 17

COST

Figure9.3 Revised cost-time for two deliveries with earliness and lateness costs

Thisillustrates the importance of determining waiting timesin order to identify optimal
arrival times.
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Describe the problem

Thefirst step isto write a natural language description of the problem. A good way to start
this processisto analyze the variables and objectives.

What are the constraints in this problem?

0 Just asfor astandard PDP, delivery trucks will pick up parcels en route and deliver them
on the same route. As a consequence, capacity constraints on the vehicles may reach a
limit along the route, rather than when departing the depot.

0O Pickups aswell as deliveries have constraints on the time windows when the parcel can
be picked up or delivered. Pickup or delivery activities outside these time windows incur
additional costs for the delivery.

The objective is to minimize the cost of the delivery of all the parcels.

Model

226

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial /
earlytardy_partial . cpp inyour development environment.

The problem in this lesson is the same as the PDP problem in Chapter 8 that you have
already worked with, except that costs are added for early and late deliveries.

The early and tardy costs are added in the function cr eat eVi si t s.

Add the early and tardy costs
Add the following code after the comment / / Add the early and tardy costs.

Il ol nt earl yCost
Il ol nt tardyCost

5;
10;

Theinteger variablesear | yCost andt ar dyCost are used later by
Il oEar|inessFunctionandll oTardi nessFuncti on to compute the cost of the
delivery schedules.
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Solve

Add the earliness and tardiness functions

Add the following code after the comment
/1 Add the earliness and tardiness functions.

pi ckup. set Start Cost (ti ne,
Il oEar | i nessFunction(_env,
pi ckupM nTi e, earlyCost)
+ |l oTar di nessFuncti on(_env,
pi ckupMaxTi e, tardyCost));

Il oEar | i nessFuncti on isused to compute the total cost of an early pickup time from the
ear | yCost variable and the amount of t i ne that the delivery is early.

Il oTar di nessFunct i on similarily computes the tardy cost. The output of these two
functionsis added together to compute the cost of the pickup visit. The total cost isthen
assigned to the pickup visit with the member function set St art Cost . set St art Cost is
used (as opposed to set EndCost ) to express the fact that the cost will be a function of the
cumul variable (as opposed to the endCunul variable).

This processis also performed for every delivery visit.

delivery.setStart Cost (tine,
Il oEar | i nessFunction(_env,
del i veryM nTi ne, earlyCost)
+ |l oTardi nessFuncti on(_env,
del i veryMaxTi e, tardyCost));

The remainder of the modeling code is the same or similar to pdp. cpp, presented in
Chapter 7, Pickup and Delivery Problems.

Solve

The solution is computed, improved, and displayed by methods previously presented for the
VRP problem, with one addition.

The solve portion of the problem needs to account for the fact that time needs to be
instantiated. In our previous examples, the earliest possible delivery time was always the
optimal delivery time. In this example, that is not necessarily true due to the possibility of
early delivery charges; shifting the schedule to the earliest possible time may actually
increase the cost of the schedule.
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Instantiate time
Add the following code after the comment / / I nst anti ate ti nme.
Il oGoal subGoal = |1 o0SetVisitCunul s(env,
Il oDi mensi on2: : Fi nd(env, "Tinme"),

le-6)
&& instanti at eCost ;

Compile and run the program

The solution improvement phase finds a solution using 9 vehicles with a cost of 1128.95

units:

3706. 08

| mprovi ng sol ution

Nurmber of fails )
Nurmber of choice points 11049
Nurmber of vari abl es 1 2329
Nunber of constraints . 410
Reversi bl e stack (bytes) : 213084
Sol ver heap (bytes) ;1049500
Sol ver gl obal heap (bytes) : 1363004
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
Constraint queue (bytes) ;11160
Total menory used (bytes) : 2705160
El apsed time since creation : 0.016
Nunber of nodes . b1
Nurmber of visits . 80
Nunber of vehicles . 15
Nurmber of di mensi ons 3
Nunber of accepted noves : 44
Cost © 1128.95

Nunber of vehicles used : 9

The complete program and output are listed in “Complete Program” on page 230. You can
also view it onlinein the Your Di spat cher Hone/ exanpl es/ src/ ear | yt ardy. cpp file.

Review Exercises

For answers, see " Suggested Answers’ on page 229.
1. What is asoft deadline?
2. What function is used in this example to model a soft deadline?
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Suggested Answers

3. Areadditiona functions used to model early costs?

4. The solving and goals portion of the code is shown below. How would this section of
code change if there were no early costs?

voi d RoutingSol ver::solve() {
I | oDi spat cher di spatcher(_sol ver);

Il oEnv env = _sol ver. get Env();
/1 Subgoal s
Il oGoal instantiateCost = Il oD chotom ze(env,
di spat cher . get Cost Var (),
Il oFal se);
Il oGoal subGoal = IloSetVisitCumls(env,
Il oDi nensi on2: : Fi nd(env, "Tine"),
le-6)
&& instanti at eCost ;
Il oGoal restoreSolution = Il oRestoreSol ution(env, _solution) & subGoal;
Il oGoal goal = I|loSavingsCGenerate(env) && subCoal;

/1 Sol ving
if (findFirstSolution(goal)) {
i nprove(subCoal );
_sol ver. sol ve(restoreSol ution);
}
}

Suggested Answers

Exercise 1
What is a soft deadline?

Suggested Answer
A soft deadline is a deadline that can be violated, but at a cost.

Exercise 2

What function is used in this example to model a soft deadline?

Suggested Answer
I | oTar di nessFunct i on isused to model a soft deadline.

Exercise 3

Are additional functions used to model early costs?
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Suggested Answer
Yes. || oEar | i nessFuncti on isused to compute the cost of an early delivery.

Exercise 4
How would the solving and goals code change if there were no early costs?

Suggested Answer

If there were no early costs, there would be no need to instantiate time, as the earliest
possible delivery time would be the best delivery time. The modified code follows.

voi d RoutingSol ver::solve() {
|| oDi spat cher di spatcher(_sol ver);

Il oEnv env = _sol ver. get Env();
/1 Subgoal s
Il oGal subGoal = Il oDichotom ze(env,
di spat cher . get Cost Var (),
Il oFal se);
Il oGoal restoreSolution = Il oRestoreSolution(env, _solution) & subGoal;
Il oGoal goal = I|loSavingsCenerate(env) && subCoal;
/1 Sol ving

if (findFirstSolution(goal)) {
i nprove(subCoal );
_sol ver. sol ve(restoreSol ution);
}
}

Complete Program

230

The complete program follows. You can also view it onlinein thefile
Your Di spat cher Hone/ exanpl es/ src/ earl yt ardy. cpp.

R e I *o CH+ -*-
/1l File: exanples/src/earlytardy.cpp

#incl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
NN NNy
/1 Model i ng
cl ass Routi nghbdel {

Il oEnv _env;

I | oMbdel _mdl ;

voi d createD nmensions();
voi d createNodes(char* nodeFi | eNang) ;
voi d createVehicl es(char* vehi cl eFi | eNane) ;
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void createVisits(char* visitsFileNane);

public:

}s

Rout i nghbdel (11 oEnv env, int argc, char* argv[]);
~Rout i nghbdel () {}

Il oEnv getEnv() const { return _env; }

I | oMbdel get Model () const { return _ndl; }

Complete Program

Rout i nghbdel : : Routi ngvbdel (Il oEnv env, int argc, char * argv[])

}

_env(env), _mdl(env) {
creat eDi nensi ons();

char* nodeFi | eNane;

if(argc < 4)
nodeFi l eName = (char *) “../../../exanpl es/ data/ pdp/ nodes. csv”;
el se

nodeFi | eNare = argv[3];
cr eat eNodes( nodeFi | eNarre) ;

char* vehi cl esFi | eNang;

if (argc < 2)
vehi cl esFil eNane = (char *) “../../../exanpl es/data/ pdp/vehicl es. csv”;
el se

vehi cl esFi |l eNane = argv[1];
creat eVehi cl es(vehi cl esFi | eNang) ;

char* visitsFil eNare;
if (argc < 3)

visitsFileName = (char*) “../../../exanpl es/ data/ pdp/visits.csv”;

el se
visitsFileName = argv[2];
createVisits(visitsFileNane);

/1 Create dinensions
voi d Routi nghWbdel : : creat eDi mensi ons() {

}

Il oDi nension2 tinme(_env, |loEuclidean, “Tinme");
tine.setKey(“Time");

_mdl . add(tine);

Il oDi mensi on2 | ength(_env, I|loEuclidean, IloFalse, “Length”);

I engt h. set Key(“Length”);

_mdl . add(| engt h);

I I oDi nensi onl wei ght (_env, “Wight”);
wei ght . set Key(“Wi ght”);

_ndl . add(wei ght);

/1 COreate nodes
voi d Routi ngMdel :: creat eNodes(char* nodeFi | eNane) {

I | oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
IloCsvLine line = *it;
char* nane = |ine.getStringByHeader (“nane”);
|| oNode node(_env,
I'i ne. get Fl oat ByHeader (“x"),
|'i ne. get Fl oat ByHeader (“y”),
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0,

nane) ;
node. set Key( nane) ;
++it;

}
csvNodeReader . end() ;
}

/] Create vehicles
voi d Routi nghbdel : : creat eVehi cl es(char* vehicl eFi | eNane) {

Il oDi mensi onl wei ght = Il oD nensionl:: Find(_env, “Wight”);
Il oDimension2 tine = Il oD nmension2::Find(_env, “Time");
Il oDi mension2 length = Il oD nmension2:: Find(_env, “Length”);

I | oCsvReader csvVehi cl eReader (_env, vehicl eFi | eNane);
Il oCsvReader: : Linelterator it(csvVehicleReader);
while(it.ok()) {

Il oCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * nanel ast = line.getStringByHeader(“last”);
char * nane = |ine. get StringByHeader (“nane”);
Il oNum capacity = line. getFl oat ByHeader (“capacity”);
Il oNode nodel = Il oNode:: Find(_env, nanefirst);

I

Il oNode node2 = Il oNode:: Fi nd(_env, nanel ast);

IloVisit first(nodel, “Depot”);

_mdl . add(first.getCunul Var (wei ght) == 0);

_ndl . add(first.getCunul Var(time) >= |ine. getFl oat ByHeader (“open”));

IloVisit |ast(node2, “Depot”);

_mdl . add( | ast. get Cumul Var (time) <= |ine. get Fl oat ByHeader (“cl ose”));
I'l oVehicle vehicle(first, last, nane);

vehi cl e. set Cost (I ength, 1.0);

vehi cl e. set Capaci t y(wei ght, capacity);

_mdl . add(vehicle);

++it;

}
csvVehi cl eReader. end() ;

}

/] Create visits
voi d RoutinghWbdel ::createVisits(char* visitsFileNane) {

Ilolnt earlyCost = 5;

Ilolnt tardyCost = 10;

Il oDi mensi onl wei ght = Il oD nensionl:: Find(_env, “Wight”);
Il oDi nension2 tinme = Il oDinmension2::Find(_env, “Tine");

I | oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
whi | e(it.ok())({

Il oCsvLine line = *it;

/lread visit data fromfiles

char * pickupVisitName = |ine. get StringByHeader (“pi ckup”);

char * pi ckupNodeNarme = |ine. get Stri ngByHeader (“ pi ckupNode”) ;
char * deliveryVisitName = |ine.getStringByHeader(“delivery”);
char * deliveryNodeNane = |ine. getStringByHeader (“deliveryNode”);
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Complete Program

Il oNum quantity = line.getFl oat ByHeader (“quantity”);

Il oNum pi ckupM nTine = | i ne. get Fl oat ByHeader (“ pi ckupM nTi ne”);

Il oNum pi ckupMaxTi ne = | i ne. get Fl oat ByHeader (“ pi ckupMaxTi ne”) ;

Il oNum deliveryM nTine = line.getFl oat ByHeader (“del i veryM nTi ne”);
Il oNum del i veryMaxTi ne = | i ne. get Fl oat ByHeader (“del i ver yMaxTi ne”);
Il oNum dropTi ne = |ine. get Fl oat ByHeader (“dr opTi me”);

Il oNum pi ckupTi ne = |ine. get Fl oat ByHeader (“ pi ckupTi ne”);

/1 read data nodes fromthe file nodes.csv
/1 and creat pickup and delivery nodes

Il oNode pi ckupNode = Il oNode: : Fi nd(_env, pi ckupNodeNan®);

Il oNode deliveryNode = Il oNode: : Fi nd(_env, deliveryNodeNane);
//create and add pickup and delivery visits

Il oVisit pickup(pickupNode, pickupVisitNane);

_ndl . add( pi ckup. get Del ayVar (ti me) == pi ckupTi ne);

_nmdl . add( pi ckup. get Transi t Var (wei ght) == quantity);

pi ckup. set Start Cost (ti ne,
Il oEar | i nessFuncti on(_env,
pi ckupM nTi e, earl yCost)
+ |l oTar di nessFuncti on(_env,
pi ckupMaxTi e, tardyCost));

_mdl . add( pi ckup);

IloVisit delivery(deliveryNode, deliveryVisitNane);
_nmdl . add(del i very. get Del ayVar (ti me) == dropTine);

_ndl . add(del i very. get Transi t Var (wei ght) == -quantity);

delivery.setStartCost(time,
Il oEar | i nessFunction(_env,
del i veryM nTi e, earl yCost)
+ || oTar di nessFuncti on(_env,
del i veryMaxTi me, tardyCost));

_ndl . add(del i very);

//add pickup and delivery order constraint

_ndl . add( Il oOrderedVisitPair(_env, pickup, delivery));
++it;

}
csvVi si t Reader . end() ;

}
NN NN
/1 Solving
cl ass RoutingSol ver {

| | oModel _nmdl ;

Il oSol ver _sol ver;

Il oRoutingSolution _solution;

Il oBool findFirstSolution(lloGoal goal);
voi d greedyl nprove(ll oNHood nhood, Il oGoal subGoal);
voi d inmprove(lloGoal subgoal);
public:
Rout i ngSol ver ( Rout i nghbdel ndl);
~Rout i ngSol ver () {}
I oRouti ngSol uti on get Solution() const { return _solution; }
void printlnformation() const;
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voi d sol ve();

h

Rout i ngSol ver: : Rout i ngSol ver ( Rout i nghbdel ndl)
: _mdl (ndl . get Model ()), _solver(mdl.getMdel ()), _solution(ndl.getMdel()) {}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution(lloCGoal goal) {
if (!_solver.solve(goal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return Il oFal se;
}
I | oDi spat cher di spat cher(_sol ver);
_sol ver.out () << dispatcher.getTotal Cost() << endl;
_sol ution.store(_sol ver);
return Il oTrue;

}

// lnprove sol ution using nhood
voi d Routi ngSol ver: : greedyl nprove(l| oNHood nhood, |l oGoal subGoal) {
_solver.out() << “Inproving solution” << endl;

Il oEnv env = _sol ver. get Env();
nhood. reset () ;
Il oGoal inprove = |l 0Singl eMve(env,
_solution,
nhood,
I'l ol mprove(env),
subGoal ) ;

whil e (_sol ver.sol ve(inprove)) {}

}

/1 Inprove sol ution

voi d RoutingSol ver::inprove(lloGoal subCoal) {
Il oEnv env = _sol ver. get Env();
I oNHood nhood Il oTwoQOpt (env)

+ 11 oOr Opt (env)
+ |1 oRel ocat e( env)
+ 11 0oCross(env)
+ |1 oExchange(env);

gr eedyl nprove( nhood, subGoal);

// D splay Dispatcher information
voi d RoutingSol ver::printlnformation() const {
I | oDi spat cher di spat cher(_sol ver);
_solver.printlnformation();
di spatcher. printlnformation();
_solver.out() << “===============" << end|
<< “Cost : “ << dispatcher.getTotal Cost() << endl
<< “Nunber of vehicles used :
<< di spat cher. get Nunber O Vehi cl esUsed() << endl
<< “Sol ution ;" << endl
<< di spatcher << endl;

}
/1 Sol ving

voi d RoutingSol ver::solve() {
I | oDi spat cher di spatcher(_sol ver);
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Complete Program

Il oEnv env = _sol ver. get Env();
/1 Subgoal s
Il oGoal instantiateCost = Il oD chotom ze(env,
di spat cher . get Cost Var (),
Il oFal se);
Il oGoal subGoal = IloSetVisitCumls(env,
I'l oDi nensi on2: : Fi nd(env, “Tine"),
le-6)
&& instanti at eCost;
Il oGoal restoreSolution = |l oRestoreSolution(env, _solution) & subGoal;
Il oGoal goal = IloSavingsCenerate(env) && subCoal;

/1 Sol vi ng
if (findFirstSolution(goal)) {
i nprove(subCoal );
_sol ver. sol ve(restoreSol ution);
}
}

NN NN
int main(int argc, char * argv[]) {
11 oEnv env;
try {
Rout i ngMbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
sol ver. sol ve();
sol ver.printlnformation();
} catch(ll oException& ex) {
cerr << “Error: * << ex << endl;
}
env. end();
return O;

Complete Output

/**

3706. 08

| mprovi ng sol ution

Nunber of fails 0
Nunber of choice points ;1049
Nunber of variabl es 1 2329
Nurmber of constraints ;410
Reversi bl e stack (bytes) : 213084
Sol ver heap (bytes) ;1049500
Sol ver gl obal heap (bytes) : 1363004
And stack (bytes) ;20124
O stack (bytes) 1 44244
Search Stack (bytes) ;4044
Constrai nt queue (bytes) : 11160
Total menory used (bytes) ;2705160
El apsed time since creation : 0.016
Nurmber of nodes ;51
Nunber of visits : 80
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Nunber of vehicles . 15

Nunber of di nmensi ons 3
Nunber of accepted noves : 44
Cost :1128. 95

Nunber of vehicles used : 9

Sol uti on :

Unperformed visits : None

vehi cl el

-> Depot Tine[0..1le-006] Length[O..Inf) Weight[O] -> visit35
Ti me[ 41. 0366. . 41. 0366] Length[0..Inf) Weight[O0..162] -> visit49
Ti me[ 108. 115. . 108. 115] Length[O0..Inf) Weight[8..170] -> visit36
Ti me[ 127. 06. . 127. 06] Length[O..Inf) Weight[38..200] -> visit50
Time[183.9..183.9] Length[O0..Inf) Wight[30..192] -> Depot Ti ne[210.87..210. 87]
Lengt h[O..Inf) Weight[O..162]
vehicl e2 : Unused
vehicl e3 :
-> Depot Tine[0..1e-006] Length[O..Inf) Wight[0] -> visit2l
Ti me[ 18. 0278. . 18. 0278] Length[O0..Inf) Wight[0..129] -> visit39
Ti me[ 45. 0278. . 45. 0278] Length[0..Inf) Wi ght[11..140] -> visit23
Ti me[ 66. 7218. . 66. 7218] Length[0..Inf) Wi ght[42..171] -> visit22
Ti me[ 87.9021. . 87.9021] Length[O..Inf) Weight[71..200] -> visit40
Time[ 113. 713..113. 713] Length[0..Inf) Wi ght[60..189] -> visit24
Ti me[ 150. 639. . 150. 639] Length[O0..Inf) Weight[29..158] -> visit25
Ti me[ 175. 639. . 175. 639] Length[O0..1nf) Weight[0..129] -> visit26 Time[208..208]
Length[O..Inf) Weight[6..135] -> Depot Tine[229.18..229.18] Length[O..Inf)
Wi ght [ 0. . 129]
vehicle4 :
-> Depot Tine[0..1e-006] Length[O..Inf) Weight[O] -> visit45
Ti me[ 29. 1548. . 29. 1548] Length[O0..Inf) Weight[0..156] -> visit46
Ti me[ 49. 9251. . 49. 9251] Length[0..Inf) Wi ght[16..172] -> visit47
Ti me[ 69. 9251. . 69. 9251] Length[O0..Inf) Weight[0..156] -> visit48
Ti me[ 86. 3282. . 86. 3282] Length[O0..Inf) Weight[27..183] -> visit19
Ti me[ 104. 574. . 104.574] Length[O0..Inf) Wight[O0..156] -> visit31
Ti me[ 132. 463. . 132. 463] Length[O0..Inf) Weight[17..173] -> visit32
Ti me[ 159. 927. . 159. 927] Length[0..Inf) Wi ght[44..200] -> visit20
Ti me[ 180. 698. . 180. 698] Length[O0..Inf) Wight[17..173] -> Depot
Ti me[ 222. 32. . 222 32] Length[O..Inf) Weight[O0..156]
vehi cl e5
-> Depot Tine[0..1le-006] Length[O..Inf) Weight[O] -> visit33
Ti me[ 24. 7588. . 24. 7588] Length[0..1nf) Wight[O0..175] -> visit29
Ti me[ 49. 6249. . 49. 6249] Length[O0..Inf) Weight[11..186] -> visit34
Time[ 72. 6633. . 72. 6633] Length[O0..1nf) Weight[20..195] -> visit9 Tinme[97..97]
Length[O..Inf) Weight[9..184] -> visit30 Tine[122..122] Length[O..Inf)
Wi ght[25..200] -> visit10 Tine[142..142] Length[O..Inf) Wight[16..191] ->
Depot Tine[177.495..177.495] Length[O..Inf) Wight[O..175]
vehi cl e6
-> Depot Tine[0..1le-006] Length[O..Inf) Weight[O] -> visitl
Ti me[ 15. 2315. . 15. 2315] Length[O0..Inf) Wight[O0..167] -> visit7
Ti me[ 46. 2553. . 46. 2553] Length[O0..Inf) Weight[10..177] -> visit8 Ti me[95..95]
Length[O..Inf) Weight[15..182] -> visit13 Time[131.907..131.907] Length[O..Inf)
Wi ght[10..177] -> visit14 Tinme[163.12..163.12] Length[O0..Inf) Weight[33..200]
-> visit2 Tinme[194.31..194.31] Length[O0..Inf) Wight[10..177] -> Depot
Time[ 222. 31..222.31] Length[O..Inf) Weight[O..167]
vehi cl e7
-> Depot Tine[0..1e-006] Length[0..Inf) Weight[0] -> visit4l
Ti me[ 28. 8617..28.8617] Length[O0..Inf) Wight[O0..174] -> visit15 Tine[61..61]
Length[O..Inf) Weight[5..179] -> visit42 Time[80.2195..80.2195] Length[O..Inf)
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Wi ght [ 13..187] -> visit16 Tine[ 106. 344..106. 344] Length[O..Inf) Weight[8..182]
-> visit5 Tine[127.524..127.524] Length[O0..Inf) Weight[O0..174] -> visit6
Ti me[ 147. 524. . 147.524] Length[O0..Inf) Weight[26..200] -> Depot
Ti me[ 168. 705. . 168. 705] Length[O0..Inf) Weight[O0..174]
vehicl e8 :
-> Depot Tine[0..1le-006] Length[O..Inf) Weight[O] -> visit37
Time[ 21. 2132. . 21. 2132] Length[O0..Inf) Wight[0..192] -> visit38 Tine[83..83]
Length[O..Inf) Weight[8..200] -> visitl7 Tine[118..118] Length[O..Inf)
Wi ght[0..192] -> visit18 Tine[ 146. 028..146.028] Length[O0..Inf) Weight[2..194]
-> Depot Tine[171.839..171.839] Length[O0..Inf) Wight[O0..192]
vehi cl e9 :
-> Depot Tine[0..1le-006] Length[O..Inf) Weight[O] -> visit43
Ti me[ 34. 176. . 34. 176] Length[O..Inf) Weight[0..193] -> visit44 Tinme[69..69]
Length[O..Inf) Weight[7..200] -> Depot Tine[110.89..110.89] Length[O..Inf)
Wi ght [ 0. . 193]
vehicl el0 :
-> Depot Tine[0..1e-006] Length[O..Inf) Weight[O] -> visit27 Tinmge[5..5]
Length[O..Inf) Weight[0..159] -> visitll Tinme[67..67] Length[O..Inf)
Wi ght[16..175] -> visit3 Tinme[117.311..117.311] Length[O0..Inf) Weight[28..187]
-> visit4 Tine[152.311..152.311] Length[O0..Inf) Wight[41..200] -> visitl2
Time[ 178.123..178.123] Length[O0..Inf) Weight[28..187] -> visit28
Time[ 197. 342. . 197. 342] Length[O..Inf) Wight[16..175] -> Depot
Ti me[ 213. 667 .213.667] Length[O..Inf) Wight[O..159]
vehicl ell Unused
vehi cl e12 : Unused
vehicl e13 : Unused
vehi cl el4 : Unused
vehicl el5 : Unused

*/
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10

Pickup and Delivery by Multiple Vehicles
from Multiple Depots

In this lesson, you will learn how to:
0O decompose a problem
O useamixed iterative solving technique

O maintain the coherence of submodels

The problem of pickup and delivery by multiple vehicles from multiple depotsis known as
the Multiple-Depot Pickup and Delivery Problem (MDPDP). For many distribution
companiesin the real world, customers are widely geographically separated, making pickup
or delivery from asingle depot too costly. A possible solution isto open anything from afew
to many depots as “home bases’ for vehicles. This problem shows you how to model and
solve a problem where there is more than one vehicle depot. In this problem each visit must
be assigned to a particular truck. Each truck isitself assigned to a particular depot. Theaim
isstill to minimize the global cost of the routes serving all the visits. Moreover, since
MDPDP problems are usually large, this problem aims to increase performance by
decomposing the problem into smaller subproblems, bringing them all together for a
complete solution.
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Describe

In terms of the specification of the problem, a multiple depot pickup and delivery problemis
much the same as a standard single depot problem. The main differenceisthat not all
vehicles are located at the same node. Multiple depot problems may aso have some
properties which are local to each depot, for instance opening hours, although such
variations are not addressed here. The constraints here are the usual ones of vehicle capacity
and time windows. The object isto minimize the total distance traveled.
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Figure10.1 Example of a Solution for a Multiple Depot Pickup and Delivery Problem
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Describe

The MDPDP problem is broken down to a set of subproblems using Concert Technology:
one subproblem per depot. Each subproblem is then improved independently. This has the
advantage that the whole problem can be solved more quickly. However, thereisa
disadvantage. By decomposing the problem, the quality of solution obtained can be poorer
than if the problem were considered as awhole. This problem, therefore, uses a mixed
technique where each subproblem isimproved independently and then the whole problem is
improved. The process is then iterated with the subproblems being improved once morein
light of the changes made while optimizing the whole problem. This process continues until
some stopping condition is met. In this example, the stopping condition is that no more
improvement takes place. This processis shown in the following figure:

v
Improve Depot 1

v
Improve Depot n

4
Optimize Plan

Done —» YES

v
NO

|

Figure10.2 Solution Process Using Subproblems

To perform the decomposition of the problem into subproblems, one model, an instance of

I 1 oModel , per subproblem is maintained. Each of these models contains the dimensions of
the problem and the vehicles particular to the depot in question. In addition, each such model
contains constraints particular to the depot, such as the time constraints on vehicles based at
that depot. A model of the whole problem, containing the depot models, is also maintained.
The assignment of depotsto visitsis not known in advance, and, in fact, may change during
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the improvement process. It will thus be necessary to add visits to and remove visits from
models. To ease this process, a small model is created for each visit which holds the visit
along with constraints pertaining to the visit itself (for instance, time windows). In this way,
vigits, together with their pertinent constraints, can be transferred from model to model. A
referenceto thismodel isstored inthevisititself using 1| oVi sit: : set Qbj ect (11 0Any) .
A model is aso created to manage the dimensions used by all models.

The solution processis iterative. Each depot model isimproved and then the whole problem
isimproved. Thislatter phase is one that can cause visits to migrate from one depot to
another. In other words, moves can be performed that cause a vehicle from a different depot
to perform avisit. When the next iteration to improve depots begins, a synchronization needs
to be performed. During this synchronization, the submodels are updated with the changes
made during the improvement stage of the whole problem.

This problem demonstrates three main techniques of Dispatcher problem solving: the
decomposition of aproblem, a mixed iterative solving technique, and the maintenance of the
coherence of submodels.

Describe the problem
Thefirst step isto write a natural language description of the problem.

The components of the routing model for this problem are the same as for a standard PDP,
except that there are multiple depots. Vehicles are associated with a specific depot.

The constraintsin this problem are the same as those in a standard PDP: vehicle capacity,
time windows, and visit quantities.

The objective is to minimize the total cost of the solution, which is directly proportional to
the total distance traveled by all vehicles.

Model

242

Once you have written a description of your problem, you can use Dispatcher classesto
model it. This solution processis highly depot based. It is worth introducing a class for
depots which encapsul ates the composition of the depot, along with methods for improving
the solution for a depot. You will also create a Rout i nghbdel class, asin a standard PDP.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial /
mdpdp_parti al . cpp inyour development environment. Thisfileis aprogram that is only
partially completed. You will fill in the blanksin each step in thislesson. At the end of this
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lesson, you will have completed the code for the problem and you will be able to compile
and run it.

Declare the Depot class
The code for the declaration of the Depot classis provided for you:

cl ass Depot {

private:
Il oEnv _env;
I | oNode _node;
Il ol nt _nbO Trucks;
I'lolnt _capacity,;
Il oNum _openTi ne;
Il oNum _cl oseTi ne;
Il oVehi cl eArray _vehicl es;
Il oVisitArray _visits;
I | oModel _nodel ;
I'l oNHood _nhood;
Il oMetaHeuristic _nh;
public:
Depot (11 oEnv env, const char *name, |loNumx, |loNumy,
Ilolnt nbOxf Trucks, Ilolnt capacity,
Il oNum openTi e, |1 oNum cl oseTi ne
)
~Depot () ;

const char* getNane() const { return _node. get Narme();}

voi d add(!loExtractabl e ex) { _nodel.add(ex); }

voi d add(!loVehicle vehicle) { _vehicles.add(vehicle); _nodel.add(vehicle); }
I oMbdel get Model () const { return _nodel; }

Il oBool inprove(lloSol ver solver, |loRoutingSolution rs, |loCoal g);

void fill Mdel (Il oRoutingSolution rs);

voi d createVehicles(ll oD nmension2 tinme, |loD nmension2 |ength, |loD nensionl
wei ght);
Il oVehi cl e creat eCneVehicl e(l1 ol nt vehicl el ndex,
Il oD nension2 tine,
|| oDi nensi on2 | engt h,
Il oDi nensi onl wei ght);
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Define the Depot constructor

A depot is built from an instance of | | oEnv and is given aname nane. The following code
is provided for you:

Depot
:: Depot (Il oEnv env, const char *name, |loNumx, |loNumy,
Ilolnt nbOf Trucks, Ilolnt capacity,
I oNum openTi me, |1 oNum cl oseTi e
)
: _env(env),
_node(env, x, y, 0, nane),
_nbO Trucks(nbO Trucks),

_capacity(capacity),
_openTi me(openTi ne),
_cl oseTi ne(cl oseTi ne),
_vehicl es(env),
_visits(env),

_nodel (env)

In order to improve solutions for this depot, a neighborhood _nhood and greedy
metaheuristic _nh are created. Asthe subproblem of improving the solution to a single depot
islikely to be relatively small, five move operators are used in the neighborhood.

Create the depot neighborhood
Add the following code after the comment / / Creat e t he depot nei ghbor hood
_nhood = Il oTwoQpt (env) + Il oOr Opt (env) + |l oRel ocate(env) +

Il oCross(env) + Il oExchange(env)
/1+ 11 oRel ocat eTour s(env)

Create the depot search heuristic
Add the following code after the comment // Creat e the depot search heuristic

_nh = Il olnprove(env);
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Define the Depot destructor
A destructor cleans up the temporary objects. This code is provided for you:

Depot : : ~Depot () {
_nhood. end() ;
_nmh.end();
_vehicles. end();
_visits.end();

}

Define the Depot::improve function

You define amethod i npr ove that is used for improving the solutionr s passed as an
argument. A solver sol ver and agoal g to be executed at each move are also passed as
parameters. The number of moves madeis returned. First, the neighborhood and greedy
metaheuristic are reset. Then, the improvement goal is created using | | 0Si ngl eMove. An
improvement loop is then entered, which stops when no move can improve the cost of the
current solution. Finally, the number of moves madeis returned. The following codeis
provided for you:

Il oBool Depot::inprove(lloSolver solver, IloRoutingSolutionrs, IloGoal g) {
_nhood. reset ();

_nmh.reset();
Il oGoal inprove = |10SingleMve(_env, rs, _nhood, _mh, g);
solver.out() << " Optimzing depot " << getName() << " "

<< rs.getSol ution().getojectiveVal ue() << flush;
Il oBool noves = 0;
whil e (sol ver. sol ve(inprove)) ++noves;
solver.out() << " --->" << rs.getSolution().getjectiveValue() << endl;
return (noves>0);

Define the Depot::fillModel function

The class Depot also requires the ability to synchronize its internal model with arouting
solution. To perform this you first empty the model of the visit models which previously
comprised the model. You then scan the solution for the vehicles which are based at this
depot, and for each one, find out which visits are made by these vehicles. These visits (or
more accurately, the models pertaining to these visits) must then be placed in the depot
model. You keep track of which visits are in the model inthe array _vi si t s.
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Fill the depot model
Add the following code after thecomment // Fil | the depot nodel

voi d Depot::fill Mdel (Il oRoutingSolution rs) {
Ilolnt i;
for (i =0; i < _visits.getSize(); i++)
_nodel . remove( (I 1 oMdell *)_visits[i].getCbject());
_visits.end();
_visits = lloVisitArray(_env);
for (i = 0; i < _vehicles.getSize(); i++) {
for (Il oRoutingSolution::Routelterator r(rs, _vehicles[i]); r.ok(); ++r) {
IloVisit visit = *r;
if (lvisit.isFirstVisit() & !visit.isLastVisit() ) {
_visits.add(visit);
_nodel . add( (11 oMdell*)visit.getChject() );
}
}
}
}

Define the Depot::createOneVehicle function

You add afunction to create a vehicle associated to the depot. The vehicles havefirst and last
visits at their associated depot. You add side constraints that the vehicles must leave the
depot after it opens and return to the depot before it closes. You set the capacity of the
vehicle. The cost of each vehicleis set to be directly proportional to the dimension | engt h.
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Create one vehicle associated to the depot

Ad the following code after the comment
[/ Create one vehicle associated to the depot

Il oVehi cl e Depot:: createOneVehicl e(llolnt vehicl el ndex,
Il oD mension2 tine,
Il oD mensi on2 | ength,
Il oDi mensi onl weight) {
char nanebuf [ 128] ;
const char* depot Name = get Nane();

sprintf(namebuf, "Truck %d |eaving %", vehiclelndex, depotNane);
IloVisit first(_node, nanebuf);

sprintf(namebuf, "Truck %d returning to %", vehiclelndex, depotNane);
IloVisit last (_node, nanebuf);

sprintf(namebuf, "Vehicle %d of Depot %", vehiclelndex, getNanme());
Il oVehi cl e vehicle(first, last, nanebuf);

vehi cl e. set Cost (|l ength, 1.0);

vehi cl e. set Capaci ty(wei ght, _capacity);

add(vehicle);

add(first.getCumul Var(tine) >= _openTi ne);

add(| ast . get Qurrul Var (time) <= _cl oseTi ne);

| ast . get Cunul Var (wei ght) . set Bounds( 0, 0) ;

first.getQumul Var (1 engt h) . set Bounds(0, 0);

first.getDel ayVar (| ength). set Bounds(0, 0);

first.getWitVar (Il ength).setBounds(O,0);

| ast . get Del ayVar (| engt h) . set Bounds( 0, 0) ;

| ast . get Wi t Var (| engt h) . set Bounds(O0, 0) ;

vehi cl e. set Cbj ect (this);
return vehicle;

Define the Depot::createVehicles function

You create a function that will be called by Rout i nghodel : : cr eat eDepot s. Thisloop
will be used to create the vehicles attached to each depot. This code is provided for you:

voi d Depot:: createVehicl es(11 oD nension2 tine,
I | oDi nensi on2 | ength,
Il oDi nensi onl wei ght) {
for (Ilolnt v=0; v < _nbO Trucks; ++v) {
Il oVehi cl e vehicle = createneVehicle(v, time, length, weight);
_vehicles[v] = vehicle;
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Declare the RoutingModel class

Asin Chapter 7, Pickup and Delivery Problems, you create aRout i nghbdel class, whichis
used to model the problem. There are several important differences between the

Rout i nghvbdel classused in a standard PDP and the Rout i nghvbdel class used in this
problem. Thereisamodel for the whole problem _ndl and amodel for the dimensions

_di mvbdel . Instead of acr eat eVehi cl es function, you have acr eat eDepot s function.
Thecr eat eDepot s function will call the Depot class constructor and create the submodel
for each depot. Thecr eat eVi si t s function creates small submodels for each pickup and
delivery visit. The Rout i nghbdel class uses Concert Technology’s ability to maintain
nested submodels to maintain the coherence of the model for the whole problem and the
submodels for each depot, the submodels for each pickup and delivery visit, and the
submodel for dimensions. The code for the declaration of the class Rout i ngMbdel is

provided for you:
cl ass Routi nghbdel {
11 oEnv _env;
I | oMbdel _mdl ;
| | oModel _di mvbdel ;
Il oD stance _di stance;
I | oD nensi on2 _ting;
I I oD mensi on2 _length;
Il oD nensi onl _wei ght;
const char* _depotPath; // "../../../exanpl es/datal/ ndvrp/depots.csv";
const char* _visitPath; // "../../../exanples/data/ndvrp/vrpl00.csv";
const char* _nodePath; // "../../../exanples/datal/ndvrp/nodel00.csv";

Il olnt _nbOf Depots;
Depot ** _depot s;
pr ot ect ed:
voi d createDi nensions();
voi d createNodes (const char* nodePath);
voi d createDepot s(const char* depotPath);
voi d createVisits(const char* orderPath);
public:
Rout i nghbdel (11 oEnv env);
~Rout i nghbdel () {}

I'l oEnv getEnv() const { return _env; }
I oMbdel get Model () const { return _nmdl; }
Il ol nt get Nunber O Depot s() const { return _nbCf Depots;}
Depot * get Depot (11 olnt d) const {
assert( d >= 0 );
assert( d < _nbOf Depots);
return _depots[d];

voi d parse(int argc, char** argv);

void init();
voi d createMdel ();

}s
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Define the RoutingModel constructor

The constructor is defined on the environment env. This constructor will be called from the
mai n function. This codeis provided for you:

Rout i nghbdel : : Rout i nghodel (I oEnv env)

env(env),

depot Pat h("../../../exanpl es/ dat a/ mdpdp/ depot s. csv"),
visitPath("../../../exanpl es/data/ ndpdp/ vr p100. csv"),
nodePath ("../../../exanpl es/ dat a/ mdpdp/ nodel00. csv"),
nbCf Depot s(0),

depot s(0)

Define the RoutingModel::parse function

This member function allows you to specify the names of the input files using command line
syntax. If you do not specify input files, the defaultsin the Rout i ngMbdel constructor will
be used. This member function is called from the nai n function.

Parse the input files
Add the following code after the comment / / Par se the input files

voi d RoutingMdel ::parse(int argc, char** argv) {

if (argc >=4) {
_depotPath = argv[1];
_visitPath = argv[2];
_nodePath = argv[3];

}
}

Define the RoutingModel::createModel function

You define amember function to create the model _nd! for the whole problem. It calls the
functions that create the dimensions, nodes, depots, and visits. This function will be called
from the mai n function.
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Create the model
Add the following code after the comment / / Creat e t he nodel

voi d RoutingMdel ::createMdel () {
_mdl = |1 oModel (_env);
cr eat eDi mensi ons() ;
cr eat eNodes( _nodePat h) ;
cr eat eDepot s(_depot Pat h) ;
createVisits(_visitPath);

Define the RoutingModel::createDimensions function

Now, you declare three dimensions: _t i me and _| engt h, computed as Euclidean distance,
and _wei ght , used for capacity constraints. Note that Euclidean distance is used here for
both time and length, but that other kinds of distance may be used as needed. As the model
for each depot will require dimensions to be added, you keep the dimensions together in a
model called _di mvbdel .

Add the dimensions
Add the following code after the comment / / Add t he di nensi ons

voi d RoutingMdel ::createD nmensions() {

_di mvbdel = |1 oMbdel (_env);
_distance = |l oD stance(_env, |l oEuclidean);
_weight = 11 oD nensionl(_env, "weight");

_di mvbdel . add(_wei ght) ;

_time = |1 oD nmension2(_env, _distance , "time");
_di n\vbdel . add(_tine);

_length = 110D nension2(_env, _distance , "distance");
_di mvbdel . add(_| engt h) ;

_ndl . add(_di ni\bdel ) ;
}

IBM ILOG DISPATCHER — USER’S MANUAL



Model

Define the RoutingModel::createNodes function

Thecr eat eNodes function is defined asin Lesson 7 Pickup and Delivery Problems. You
use Concert Technology’s csv reader functionality to input node data and node coordinate
datafrom csv files. Here is the complete code for defining the cr eat eNodes function:

voi d RoutingModel : : creat eNodes(const char* nodePat h) {
I | oCsvReader nodeReader (_env, nodePath);
for (lIloCsvReader::Linelterator it(nodeReader); it.ok(); ++it) {
Il oCsvLine line = *it;
const char* nane = |ine. getStringByHeader ("nane");
I oNode node(_env,
I'i ne. get Fl oat ByHeader ("x"),
|'i ne. get Fl oat ByHeader ("y"),
0, // no Z coordinate here.
nane) ;
node. set Key( nare) ;

}
nodeReader . end() ;
}

Define the RoutingModel::createDepots function

You use csv reader functionality to input depot data from csv files. For each of the depots,
you get the number of trucks per depot (nbCOf Tr ucks), its coordinates (x and y), and its
opening and closing times (openTi ne and cl oseTi ne). An array of pointersto class type
Depot are created. This array isthen populated by aloop that creates the depots. For each
depot, the function Depot : : cr eat eVehi cl es iscalled to create the vehicles associated
with each depot and the model containing all dimensions _di mvbdel isadded to the depot
model. Finally, each depot model is added to the model of the whole problem _ndl .
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Create the depot
Add the following code after the comment / / Creat e t he depot

voi d Routi ngMbdel : : cr eat eDepot s(const char* depot Pat h) {
I | oCsvReader depot Reader (_env, depot Path);
_nbO Depot s = depot Reader. get Nunber O I t ens() ;
_depots = new (_env) Depot* [ _nbCfDepots ];

Il ol nt depotlndex = O;
for (Il oCsvReader::Linelterator it(depotReader); it.ok(); ++it, ++depotl|ndex)

{
Il oCsvLine line = *it;
const char* nane = |ine. getStringByHeader ("nane");
Il oNum x = | ine. get Fl oat ByHeader ("x");
IloNumy = |ine.getFl oat ByHeader ("y");
Il oNum openTine = line. get Fl oat ByHeader (" openTi ne");
I oNum cl oseTi me = line. getFl oat ByHeader (" cl oseTi me");
Il ol nt nbO Trucks = line. getlntByHeader (" nbXO Trucks");
Ilolnt capacity = line.getlntByHeader("capacity");
Depot * depot =
new (_env) Depot(_env, nane, X, Yy, nbO Trucks, capacity, openTine,
cl oseTi ne) ;

_depots[ depotlndex ] = depot;

}
depot Reader . end() ;
Ilolnt d;
for (d=0; d < _nbO Depots; ++d) {
Depot* depot = _depots[d];
depot - >creat eVehicles(_time, _length, _weight);
depot - >add( _di mvbdel ) ;
_ndl . add( depot - >get Model ());
}
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Define the RoutingModel::createVisits function

You use csv reader functionality to input visits from csv files. You then create a node for
each pickup and delivery visit. This code is provided for you:

voi d RoutingMdel ::createVisits(const char* visitPath) {

I | oCsvReader order Reader (_env, visitPath);

Il oCsvReader:: Linelterator it(orderReader);

while ( it.ok() ) {
Il oCsvLine line = *it;
//read visit data fromfiles
char * pickupVisitName = |ine.getStringByHeader ("pickup");
char * pi ckupNodeNare = |ine. get Stri ngByHeader (" pi ckupNode") ;
char * deliveryVisitName = |ine.getStringByHeader("delivery");
char * deliveryNodeNane = |ine. get StringByHeader ("del i veryNode");
Il oNum quantity = line.getFl oat ByHeader ("quantity");
Il oNum pi ckupM nTi ne = | i ne. get Fl oat ByHeader (" pi ckupM nTi ne");
Il oNum pi ckupMaxTi ne = | i ne. get Fl oat ByHeader (" pi ckupMaxTi ne") ;
Il oNum del i veryM nTine = |ine. get Fl oat ByHeader ("del i veryM nTi ne");

Il oNum del i veryMaxTi ne = | i ne. get Fl oat ByHeader (" del i ver yMaxTi me") ;
Il oNum dropTi me = |ine. get Fl oat ByHeader (" dr opTi me") ;
I oNum pi ckupTi ne = | i ne. get Fl oat ByHeader (" pi ckupTi ne");

//read data nodes fromthe file nodes.csv and creat pickup and delivery
nodes

I oNode pi ckupNode = Il oNode: : Fi nd(_env, pi ckupNodeNan®);
I oNode deliveryNode = Il oNode: : Fi nd(_env, deliveryNodeNane);

You next create the submodel for each pickup and delivery visit.

Create visit models
Add the following code after the comment // Creat e visit nodel s

I'l oMobdel pi ckupModel (_env);
Il oMobdel deliveryModel (_env);

You create a pickup visit and add the constraints. Each visit takes a certain amount of time
(pi ckupTi ne) and involves the delivery of acertain quant i t y of good. It must be
performed within a given time window. The visit is added to the submodel pi ckupMbdel .
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Create pickup
Add the following code after the comment / / Cr eat e pi ckup

Il oVisit pickup(pi ckupNode, pickupVisitNare);

pi ckupMbdel . add( pi ckup. get Del ayVar (_time) == pi ckupTi ne);

pi ckupModel . add( pi ckup. get Transi t Var (_wei ght) == quantity);

pi ckupMbdel . add( pi ckupM nTi ne <= pi ckup. get Cunul Var (_time) <=
pi ckupMaxTi ne) ;

pi ckupMbdel . add( pi ckup) ;

pi ckup. set oj ect ( (11 oAny) pi ckupModel . get I npl () );

pi ckup. get Del ayVar (_| engt h) . set Bounds( 0, 0) ;

pi ckup. get Wi t Var (_I engt h) . set Bounds(0, 0) ;

You follow the same procedure to create the del i ver y visit, add constraints, and add the
delivery visit to the submodel del i ver yModel .

Create delivery
Add the following code after the comment / / Creat e del i very

Il oVisit delivery(deliveryNode, deliveryVisitNane);

del i veryModel . add(del i very. get Del ayVar (_ti ne) == dropTime);

del i ver yModel . add(del i very. get Transit Var (_wei ght) == -quantity);

del i veryModel . add(del i veryM nTi me <= del i very. get Curmul Var (_ti ne) <=
del i ver yMaxTi ne) ;

del i veryModel . add(del i very);

del i very. get Del ayVar (_| engt h) . set Bounds(0, 0) ;

del i very. get Wi t Var (_I engt h) . set Bounds(O0, 0);

Finally, you add the pickup and delivery order constraint to the pi ckupMbdel . A reference
tothedel i ver yModel isplaced viadel i very. set Obj ect . This means that the
submodel for adelivery can be retrieved from the delivery at any time. Finally, each

pi ckupModel and del i ver yModel areadded to the model of the whole problem _ndl .

Order the pickup and delivery
Add the following code after the comment / / Or der the pickup and delivery

pi ckupModel . add( Il oOrderedVi sitPair(_env, pickup, delivery) );
del ivery.setject( (IloAny)deliveryMdel.getlnpl() );

_ndl . add( pi ckupModel );

_mdl . add( del i veryModel );

++it;

}
or der Reader . end() ;
}
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Solve

Asin Chapter 7, Pickup and Delivery Problems, you search for a solution using the two-
phase approach of generating a first solution and then improving it. However, in this
exampl e the solution processisiterative. Each depot model isimproved and then the whole
problem isimproved. When the next iteration to improve depots begins, a synchronization
needs to be performed. During this synchronization, the submodels are updated with the
changes made during the improvement stage of the whole problem.

Hereis a short description of the proposed heuristic:

1.

2
3.
4

Find afirst solution.

. Improve the solution at each depot.

Synchronize the solution with the full model.

. Improve the whole routing plan. This phase is one that can cause visits to migrate from

one depot to another. In other words, moves can be performed that cause avehiclefrom a
different depot to perform avisit.

5. Return to Step 2 until no further improvement is possible.

Do afinal solution synchronization.
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Declare the RoutingSolver class
The code for the declaration of the class Rout i ngSol ver isprovided for you:

cl ass RoutingSol ver {

Rout i nghbdel & _routing;
I | ovbdel _mdl ;
11 0Sol ver _sol ver;
I | oDi spat cher _di spat cher;
Il oRouti ngSol ution _sol ution;
Il oGoal _instanti at eCost;
Il oGoal _restoreSol ution;
Il oGoal _fsCoal ;
I | oNHood _nhood;
Il oMet aHeuri stic _greedy;
Il oGoal _nove;
public:

Rout i ngSol ver ( Rout i nghbdel & rout i nghbdel ) ;
~Rout i ngSol ver () {}

Il oEnv getEnv() const { return _ndl.getEnv();}

voi d syncSol ution(lloMddel nmdl, IloSolution s, IloGoal g);
voi d syncSol ution();

Il oBool findFirstSolution();

Il oBool i nproveDepots();

Il oBool inprovePl an();

void printlinformation() const;

There are several important differences between the Rout i ngSol ver classusedina
standard PDP and the Rout i ngSol ver class used in this problem. These include several
member functions used in the iterative solution process. syncSol uti on, i npr oveDepot s,
andi nprovePl an.

Define the RoutingSolver constructor

The Rout i ngSol ver constructor takes an instance of Rout i nghvobdel as aparameter. The
goal to instantiate cost is created using the function 1 | oDi chot oni ze. The goal to restore
the solutioniscreated using I | oRest or eSol ut i on. The goal used to find thefirst solution
is created by the predefined first solution heuristic I | oNear est Addi t i onGener at e. The
nearest addition heuristic builds afirst solution route by adding visits to the route. The visit
added to the route isthe visit closest—that is, the least costly to get to—to the end of the
current partial route of the vehicle. After thisvisit is added, the heuristic findsthe visit that is
closest to the visit just added to the end of the current partial route, and so on until al visits
are added. For more information about | | oNear est Addi ti onGener at e, see Appendix A,
Predefined First Solution Heuristics. The neighborhood _nhood used for the improvement
of the entire problem is smaller than that for the improvement of a depot. Here only

Il oRel ocat e and I | oExchange are used to increase the solving performance on thislarge
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problem. A greedy search heuristic is used. This constructor will be called from the nai n
function. This codeis provided for you:

Rout i ngSol ver: : Rout i ngSol ver (Rout i nghbdel & rout i nghbdel )
: _routing( routinghdel),
_mdl (routinghbdel . get Model ()),
_sol ver (routi nghbdel . get Model ()),
_di spat cher (_sol ver),
_sol ution(routinghMdel . get Mdel ())

Il oEnv env = get Env();
_instantiateCost =

I'l oDi chot omi ze(env, _dispatcher.getCostVar(), IloFalse);
_restoreSolution = |l oRestoreSol ution(env, _solution);
_fsGoal = Il oNearest Additi onGenerate(env);

_nhood = |l oRel ocate(env) + || oExchange(env);
_greedy = |l ol nprove(env);

Define the RoutingSolver::findFirstSolution function

Thefunction f i ndFi r st Sol ut i on searches for asolution using the goals_f sGoal and
_instanti at eCost . If successful, the solution is stored. If no first solution is found, the
program reports that it was unsuccessful in finding afirst solution. All other parts of the
program remain unchanged. The following code is provided for you:

Il oBool RoutingSol ver::findFirstSolution() {
if (!_solver.solve(_fsCGoal &% _instantiateCost)) {
_solver.error() << "Infeasible Routing Plan" << endl;
return Il oFal se;

}

_sol ution.store(_solver);

_solver.out() << "First solution with cost:
<< _sol ution. get j ecti veVal ue()
<< endl;

return 11 oTrue;

}

You do not need one sol ution per depot. One solution to the whole problem is sufficient. You
will simply extract the part of it that you wish to work on. Thisis possible for two reasons.
First, operations such as st or e and r est or e on solutionsignore parts of the solution that
are not extracted. Therefore, a solution can cover more variables than have been extracted
with no problems. Second, Dispatcher's neighborhoods (such as| | oRel ocat €) ignore
nonextracted parts of the solution and only generate neighbors for extracted parts. The result
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isthat you can perform local search over an extracted part of the routing solution, while the
remainder remains unchanged.

Note: Thereis one part of the solution that will always be extracted, regardiess of the part
of the solution being optimized: the objective. Thus, if you extract a submodel and restore
the corresponding part of a routing solution, the stored value of the objective reflects only
the cost of the submodel and not the whole solution. Thisis a situation where the cost value
of a solution must be treated with care. The function syncSol ut i on ensures that the cost
value is consistent with that computed from the extracted model.

Define the syncSolution functions

You define a function that takes the model for the whole problem _nd| and a solution, and
synchronizes the solution with the model. As discussed, the objective stored in the solution
may be inconsistent with the model you wish to work on. You correct this with the following
function which extracts the model passed, then restores and stores the solution. A subgoal is
also executed. After storing, the solution's objective is consistent with the model. This
function is used in the improvement iteration phase.

Synchronize the solution
Add the following code after the comment / / Synchr oni ze t he sol ution

voi d RoutingSol ver::syncSolution(lloMdel ndl, IloSolution s, IloGoal g) {
_solver.extract (ndl);
if (!_solver.solve( IloRestoreSolution( _solver.getEnv(), s) & g))
_solver.out() << "Synchronization failed" << endl;
el se
s.store(_sol ver);

Thefollowing member function is called after the iterative improvements have ended to do a
final solution synchronization. This code is provided for you:

voi d RoutingSol ver::syncSolution() {
syncSol ution(_ndl, _solution, _instantiateCost);

}

Define the RoutingSolver::improveDepots function

If afirst solution isfound, the solution isimproved using local search. You iterate over all
depots, using Depot : : fi | | Model to populate each model. You then update the cost of the
global solution according to the model of this depot. You use Depot : : i npr ove to attempt
to reduce the cost of the routing for this depot. Finally, the solution is synchronized with the
global model.
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Improve the depots
Add the following code after the comment / / | nprove the depots
I | oBool RoutingSol ver: :inproveDepots() {
Il oEnv env = get Env();
_nove =
I'l 0Si ngl eMove(env, _solution, _nhood, _greedy, _instantiateCost);

_solver.out() << endl << "Inprovenent |oop" << endl;

_solver.out() << " " << endl;

Il oBool inproved = Il0True;

Il olnt nbCf Depots = _routing. get Nunber O Depot s() ;
improved = || oFal se;

for (Ilolnt d = 0; d < nbODepots; ++d) {
Depot* depot = _routing. getDepot (d);
depot - >fil | Model (_sol ution);
syncSol uti on(depot - >get Model (), _solution, _instantiateCost);

if ( depot->inprove(_solver, _solution, _instantiateCost) ) {
i nproved = |1 0True;
}
}
/1 sync back to full nodel.
syncSol ution(_ndl, _solution, _instantiateCost);

return inproved;

Define the RoutingSolver::improvePlan function

After therouting for all depots has been improved independently, the routing for the problem
asawholeisimproved. After resetting the neighborhood and greedy metaheuristic, an
improvement loop is entered to improve the cost of all depots using the goal _nove. If there
was some improvement, then you go back to an independent improvement of each depot.
Otherwise, you leave the main improvement loop.
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Improve the routing plan
Add the following code after the comment / / | nprove the routing pl an

I'l oBool RoutingSol ver::inprovePlan() {
_solver.out() << "Optinmizing plan "
<< _solution.getSolution().getjectiveVal ue()
<< flush;
_nhood. reset ();
_greedy.reset();
Il ol nt nbl nproved = O;
while ( _solver.solve(_nove) ) { ++nbl nproved;}
_solver.out() << " --->"
<< _sol ution. getSolution().getj ectiveValue() << endl;
return ( nblnproved > 0 );

Define the RoutingSolver::printinformation function

Thepri nt | nf or mat i on function is the same asin Chapter 7, Pickup and Delivery
Problems.

Define the main function

After you finish creating the Depot , Rout i ngMbdel , and Rout i ngSol ver classes, you use
them in the mai n function. You can use command line syntax to pass the names of input files
to the model. If you do not specify input files, the defaults will be used. In the mai n
function, you first create an environment. Then you create an instance of the

Rout i ngvbdel classand parse the input files. You create the model for the whole problem
with the member function Rout i nghvbdel : : cr eat eMbdel . You create an instance of the
Rout i ngSol ver class. You find afirst solution and then use iterative improvement to
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improve the depots and the routing plan. You synchronize the final solution and print this
solution. The following code is provided for you:

int min(int argc, char* argv[]) {
Il oEnv env;
try {
Rout i nghodel routi nghbdel (env);
routi nghbdel . parse(argc, argv);
rout i nghbdel . cr eat eModel ();

Rout i ngSol ver rsol ver (routi nghbdel);
if ( rsolver.findFirstSolution() ) {

Il oBool inproved = Il oTrue;
do {
i nproved =

rsol ver. i nproveDepots() && rsolver.inprovePlan();
} while ( inproved );

rsol ver. syncSol ution();
rsol ver.printlnformation();
} catch (Il oException& ex) {
env.out () << "Error: " << ex << endl;

env. end();
return O;
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Compile and run the program

Compile and run the program. The first solution has a cost of 1397.52 units. After three
improvement loops, the solution has a cost of 983.385 units. The solution uses 15 vehicles:

Nurmber of fails 0
Nunber of choice points 0
Nurmber of vari abl es : 7354
Nunber of constraints : 1280
Reversi bl e stack (bytes) 1944724
Sol ver heap (bytes) : 2509244
Sol ver gl obal heap (bytes) : 2446204
And stack (bytes) : 20124
O stack (bytes) 1 44244
Search Stack (bytes) © 4044
Constraint queue (bytes) ;20176
Total menory used (bytes) : 5988760
El apsed time since creation : 0.461
Nunber of nodes : 103
Nurmber of visits : 260
Nunber of vehicles ;30
Nurmber of di mensi ons 03
Nunber of accepted noves c 141
Cost : 983. 385

Nunber of vehicles used : 15
First solution with cost: 1397.52

| npr overent | oop

Optim zi ng depot Depot 0 509.991 ---> 411.418

Optim zing depot Depot 1 385.144 ---> 351.056

Optim zi ng depot Depot 2 502.382 ---> 345.504
Optimzing plan 1107.98 ---> 1073.71

| mprovenent | oop

Optim zi ng depot Depot 0 412.393 ---> 391.898

Optim zi ng depot Depot 1 325.838 ---> 323.948

Opti m zi ng depot Depot 2 335.482 ---> 310.54
Optimzing plan 1026.39 ---> 992. 007

| npr overrent | oop

Optim zing depot Depot 0 385.09 ---> 378.142
Optim zing depot Depot 1 323.948 ---> 323.948
Optim zi ng depot Depot 2 282.968 ---> 281.295
Optimzing plan 983.385 ---> 983. 385

The complete program and output are listed in “Complete Program” on page 264. You can
also view it onlinein the Your Di spat cher Honme/ exanpl es/ src/ mdpdp. cpp file.
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Review Exercises

1. Why do you only need one solution for the whole problem?

2. Which part of the solution will always be extracted, regardless of the part of the solution
being optimized?

3. How isareferenceto avisit model stored in the visit itself?

Suggested Answers

Exercise 1
Why do you only need one solution for the whole problem?

Suggested Answer

One solution to the whole problem is sufficient. You will simply extract the part of it that
you wish to work on. Thisis possible for two reasons. First, operations such as st or e and
r est or e on solutions ignore parts of the solution that are not extracted. Therefore, a
solution can cover more variables than have been extracted with no problems. Second,
Dispatcher's neighborhoods (such as | | oRel ocat e) ignore nonextracted parts of the
solution and only generate neighbors for extracted parts. The result is that you can perform
local search over an extracted part of the routing solution, while the remainder remains
unchanged.

Exercise 2

Which part of the solution will always be extracted, regardless of the part of the solution
being optimized?

Suggested Answer

The objective will aways be extracted. Thus, if you extract a submodel and restore the
corresponding part of arouting solution, the stored value of the objective reflects only the
cost of the submodel and not the whole solution. Thisis a situation where the cost value of a
solution must be treated with care. The function syncSol ut i on ensures that the cost value
is consistent with that computed from the extracted model.

Exercise 3

How is areference to avisit model stored in the visit itself?
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Suggested Answer

A pointer to the model implementation is stored in the object field using
IloVisit::setject(lloAny).

Complete Program

The complete program for npdpd. cpp follows. You can also view it online in the file
Your Di spat cher Hone/ exanpl es/ src/ mdpdp. cpp.
I - *o CH+ -*-

/1l File: exanples/src/ mipdp. cpp
R e e e e TR

#incl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
cl ass Depot {
private:
|| oEnv _env;
I | oNode _nhode;
Il ol nt _nbO Trucks;
Il ol nt _capacity;
I'l oNum _openTi ne;
'l oNum _cl oseTi ne;
I | oVehi cl eArray _vehicl es;
IloVisitArray _visits;
I | oMbdel _nodel ;
I | oNHood _nhood;
Il oMetaHeuristic _nh;
public:
Depot (Il oEnv env, const char *name, |loNumx, |loNumy,
Il olnt nbOf Trucks, Ilolnt capacity,
I'l oNum openTi me, |l oNum cl oseTi e
)s
~Depot () ;

const char* getName() const { return _node. get Nane();}

void add(!| oExtractabl e ex) { _nodel.add(ex); }

voi d add(!l1oVehicle vehicle) { _vehicles.add(vehicle); _nodel.add(vehicle); }
Il oMbdel get Model () const { return _nodel; }

Il oBool inprove(lloSolver solver, |loRoutingSolution rs, IloGoal @);

void fill Mdel (11 oRoutingSolution rs);

voi d createVehicles(ll oD nmension2 tine, IloD nmension2 | ength, IloD mensionl
wei ght);
I I oVehi cl e creat eOneVehicl e(l1olnt vehicl el ndex,
I'l oDi nensi on2 tine,
I I oDi mensi on2 | ength,
I'l oDi nensi onl wei ght);
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::Depot (Il oEnv env, const char *nanme, |l oNum x,
Ilolnt nbOf Trucks, Ilolnt capacity,
I'l oNum openTi me, |1 oNum cl oseTi e
)
_env(env),
_node(env, x, y, 0, nane),
_nbO Trucks(nbO Trucks) ,
_capacity(capacity),
_openTi me(openTi ne),
_cl oseTi me(cl oseTi ne),
_vehicl es(env),
_visits(env),
_nodel (env)

Il oNumy,

Complete Program

_nhood = |l oTwoOpt (env) + Il oOrOpt (env) + |l oRel ocate(env) +

Il oCross(env) + |l oExchange(env)
/1+ 11 oRel ocat eTour s(env)

_nmh = 1l ol nprove(env);
}

Depot : : ~Depot () {
_nhood. end() ;
_nmh.end();
_vehicles.end();
_visits.end();

}
Il oBool Depot::inprove(lloSolver solver, |loRoutingSolution rs, IloGoal g) {
_nhood. reset ();
_mh.reset();
Il oGoal inprove = Il0Singl eMve(_env, rs, _nhood, _nh, g);
solver.out() << “ Optimzing depot “ << getNane() << “ “
<< rs.get Sol ution().gethjectiveVal ue() << flush;
Il oBool moves = 0;
whil e (sol ver. sol ve(inprove)) ++noves;
solver.out() << “ --->" << rs.getSolution().getChjectiveValue() << endl;
return (noves>0);
}
voi d Depot::fillMdel (Il oRoutingSolution rs) {
Ilolnt i;
for (i =0; i < _visits.getSize(); i++)

_nodel .renmove( (11 oMdel | *)_visits[i].getOject());

_visits.end();
_visits = IloVisitArray(_env);
for (i =0; i < _vehicles.getSize(); i++) {

for (IloRoutingSolution::Routelterator r(rs, _vehicles[i]); r.ok(); ++r) {

IloVisit visit = *r;

if ('visit.isFirstVisit() & !visit.isLastVisit() ) {

_visits.add(visit);

_nodel . add( (I1oModel I *)visit.getChject() );

}
}
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}
}

voi d Depot::createVehicles(lloD nension2 tineg,
Il oDi mensi on2 | ength,
Il oDi mensi onl wei ght) {
for (Ilolnt v=0; v < _nbO Trucks; ++v) {
Il oVehicl e vehicle = createeVehicle(v, time, length, weight);
_vehicles[v] = vehicle;
}
}

I'l oVehi cl e Depot:: creat eOneVehicl e(ll ol nt vehicl el ndex,
I'l oDi nension2 tinme,
I'l oD mension2 | ength,
I'l oD mensionl weight) {
char namebuf [ 128];
const char* depot Namre = get Nane();

sprintf(nanebuf, “Truck %d |eaving %", vehiclelndex, depotNane);
IloVisit first(_node, nanebuf);

sprintf(nanebuf, “Truck %d returning to %", vehiclelndex, depotNane);
IloVisit last (_node, nanebuf);

sprintf(nanebuf, “Vehicle %d of Depot %", vehiclelndex, getName());
Il oVehicle vehicle(first, last, namebuf);

vehi cl e. set Cost (I ength, 1.0);

vehi cl e. set Capaci t y(wei ght, _capacity);

add(vehicle);

add(first.getCunul Var(time) >= _openTinme);

add(l ast.getCQumul Var(tinme) <= _closeTine);

| ast . get Cunul Var (wei ght) . set Bounds( 0, 0) ;

first.get Cumul Var (I engt h) . set Bounds(O0, 0);

first.getDel ayVar (| ength).setBounds(O0, 0);
first.getWaitVar(length).setBounds(0,O0);

| ast . get Del ayVar (| engt h) . set Bounds( 0, 0);

| ast . get Wi t Var (| engt h) . set Bounds(0, 0) ;

vehi cl e. set bj ect (this);
return vehicle;

}

cl ass Routinghodel {
Il oEnv _env;
| | oMbdel _mdl ;
I | oMbdel _di nivbdel ;
|| oDi stance _di stance;
I I oDi mensi on2 _ting;
I | oDi nensi on2 _length;
I I oDi mensi onl _wei ght;
const char* _depotPath; // *“../../../exanpl es/datal ndvrp/depots.csv”;
const char* _visitPath; // “../../../exanples/data/ndvrp/vrpl00.csv”;
const char* _nodePath; // *“../../..I/exanpl es/data/ndvrp/nodel00.csv”;

Il ol nt _nbOf Depot s;
Depot ** _depot s;

prot ect ed:
voi d createD nensions();
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voi d createNodes (const char* nodePath);
voi d creat eDepot s(const char* depot Path);
voi d createVisits(const char* orderPath);

public:
Rout i nghbdel (11 oEnv env);
~Rout i nghbdel () {}

Il oEnv get Env() const { return _env; }
I oMbdel get Model () const { return _ndl; }
Il ol nt get Nunber O Depots() const { return _nbCf Depots;}
Depot * get Depot (Il olnt d) const {
assert( d >= 0 );
assert( d < _nbCf Depots);
return _depots[d];

}

voi d parse(int argc, char** argv);
void init();
voi d creat eMdel ();

}s

Rout i nghbdel : : Rout i nghbdel (|1 oEnv env)
_env(env),
_depotPath(“../../../exanpl es/ dat a/ ndpdp/ depot s. csv”),
_visitPath(“../../../exanpl es/ dat a/ mdpdp/ vr p100. csv”),
_nodePath (“../../../exanpl es/ dat a/ mdpdp/ nodel00. csv”),
_nbO Depot s(0),
_depot s(0)

{

}

voi d Routi nghWbdel : : parse(int argc, char** argv) {
if (argc >=4) {
_depot Path = argv[1];
_visitPath = argv[2];
_nodePat h argv[3];
}
}

voi d Routinghbdel :: createMdel () {
_mdl = Il oModel (_env);
creat eDi nensi ons();
cr eat eNodes(_nodePat h) ;
cr eat eDepot s(_depot Pat h) ;
createVisits(_visitPath);

N

}

voi d Routi ngMdel ::createD nensions() {
_di mvbdel = |1 oModel (_env);
_distance = Il oD stance(_env, |l oEuclidean);
_weight = IloD nensionl(_env, “weight”);

_di mvbdel . add(_wei ght);

_tine = Il oD nension2(_env, _distance , “tine”);
_di mvbdel . add(_tine);
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_length = Il oD nension2(_env, _distance , “distance”);
_di mvbdel . add(_I engt h);

_ndl . add(_di mvbdel ) ;
}

voi d Routi ngMdel : : creat eNodes(const char* nodePath) {
I | oCsvReader nodeReader (_env, nodePath);
for (Il oCsvReader::Linelterator it(nodeReader); it.ok(); ++it) {
Il oCsvLine line = *it;
const char* nanme = |ine. getStringByHeader (“nane”);
I | oNode node(_env,
I'i ne. get Fl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”),
0, // no Z coordinate here.
nane) ;
node. set Key( nane) ;

}
nodeReader . end() ;
}

voi d Routi nghWbdel : : creat eDepot s(const char* depot Pat h) {
I | oCsvReader depot Reader (_env, depot Path);
_nbCOF Depots = depot Reader . get Number O I t ens() ;
_depots = new (_env) Depot* [ _nbCfDepots ];

Il ol nt depotlndex = O;
for (IloCsvReader::Linelterator it(depotReader); it.ok(); ++it, ++depotl ndex)

{
Il oCsvLine line = *it;
const char* name = |ine. getStringByHeader (“nane”);
Il oNum x = |ine. get Fl oat ByHeader (“x");
IloNumy = |ine.getFl oat ByHeader (“y”);
Il oNum openTinme = |ine. getFl oat ByHeader (“openTi ne”);

I'l oNum cl oseTi ne
Il ol nt nbCF Trucks
Ilolnt capacity

| i ne. get Fl oat ByHeader (“cl oseTi nme”);
i ne. get | nt ByHeader (“nbCF Tr ucks”) ;
i ne. get | nt ByHeader (“capacity”);

Depot * depot =
new (_env) Depot(_env, name, X, Yy, nbOf Trucks, capacity, openTine,
cl oseTi ne) ;
_depots[ depotlndex ] = depot;

}
depot Reader . end() ;

Ilolnt d;
for (d=0; d < _nbOfDepots; ++d) {
Depot * depot = _depots[d];
depot - >creat eVehicl es(_time, _length, _weight);
depot - >add( _di nivbdel ) ;
_ndl . add( depot - >get Model ());
}

}

voi d Routi nghWbdel :: createVisits(const char* visitPath) {
I | oCsvReader order Reader (_env, visitPath);
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Il oCsvReader: : Linelterator it(orderReader);
while (it.ok() ) {

Il oCsvLine line = *it;

/lread visit data fromfiles

char * pickupVi sitName = |ine. getStringByHeader (“pi ckup”);

char * pi ckupNodeNane = |ine. get Stri ngByHeader (“pi ckupNode”) ;

char * deliveryVisitName = |ine.getStringByHeader(“delivery”);

char * deliveryNodeNanme = |ine. get StringByHeader (“deliveryNode”);

Il oNum quantity = |ine.getFl oat ByHeader (“quantity”);

Il oNum pi ckupM nTine = | i ne. get Fl oat ByHeader (“ pi ckupM nTi ne”);

Il oNum pi ckupMaxTi ne = | i ne. get Fl oat ByHeader (“ pi ckupMaxTi ne”) ;

Il oNum deliveryM nTine = line.getFl oat ByHeader (“del i veryM nTi ne”);
Il oNum del i veryMaxTi me = | i ne. get Fl oat ByHeader (“del i ver yMaxTi ne”);
Il oNum dropTi ne = |ine. get Fl oat ByHeader (“dr opTi me”);

Il oNum pi ckupTi ne = |ine. get Fl oat ByHeader (“ pi ckupTi ne”);

//read data nodes fromthe file nodes.csv and creat pickup and delivery
nodes

Il oNode pi ckupNode = Il oNode: : Fi nd(_env, pi ckupNodeNan®);

Il oNode deliveryNode = Il oNode: : Fi nd(_env, deliveryNodeNane);

//create and add pickup and delivery visits
Il oMbdel pi ckupModel (_env);
I | oMbdel deliveryMdel (_env);

Il oVisit pickup(pickupNode, pickupVisitNane);

pi ckupModel . add( pi ckup. get Del ayVar (_ti ne) == pi ckupTi ne);

pi ckupModel . add( pi ckup. get Transi t Var (_wei ght) == quantity);

pi ckupModel . add( pi ckupM nTi ne <= pi ckup. get Qunul Var (_ti me) <=
pi ckupMaxTi e) ;

pi ckupModel . add( pi ckup) ;

pi ckup. set j ect ( (11 oAny) pi ckupModel . getInpl () );

pi ckup. get Del ayVar (_| engt h) . set Bounds(0, 0) ;

pi ckup. get Wi t Var (_I| engt h) . set Bounds( 0, 0) ;

IloVisit delivery(deliveryNode, deliveryVisitNane);

del i veryModel . add(del i very. get Del ayVar (_ti me) == dropTine);

del i veryModel . add(del i very. get Transi t Var (_wei ght) == -quantity);

del i ver yModel . add(del i veryM nTi ne <= del i very. get Cunul Var (_tinme) <=
del i ver yMaxTi ne) ;

del i ver yModel . add(del i very);

del i very. get Del ayVar (_| engt h) . set Bounds( 0, 0) ;

del i very. get Wi t Var (_I engt h) . set Bounds(0, 0);

//add pickup and delivery order constraint

pi ckupModel . add( |1 oOrderedVisitPair(_env, pickup, delivery) );
del i very. set Qbject( (!l oAny)deliveryMdel.getlnpl () );

_nmdl . add( pi ckupMdel );

_ndl . add( del i veryModel );

++it;

}
or der Reader . end() ;

}
cl ass RoutingSol ver {
Rout i nghbdel & _routing;
I | oMbdel _mdl
'l oSol ver _sol ver;
I | oDi spat cher _di spat cher;
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oRouti ngSol ution _sol ution;

I
Il oGoal _instantiat eCost;
Il oGoal _restoreSol ution;
Il oGoal _fsCGoal ;
I | oNHood _nhood;
Il oMet aHeuri stic _greedy;
Il oGoal _nove;
public:

Rout i ngSol ver ( Rout i nghbdel & routi nghbdel ) ;
~Rout i ngSol ver () {}

Il oEnv getEnv() const { return _mdl.getEnv();}

void syncSol ution(lloMdel mdl, IloSolution s, |loCoal g);
voi d syncSol ution();

Il oBool findFirstSolution();

I oBool i nproveDepots();

I 1 oBool inprovePl an();

void printlnformation() const;

}s

Rout i ngSol ver: : Rout i ngSol ver (Rout i nghbdel & rout i nghbdel )
_routing( routinghMdel),
_ndl (routi nghbdel . get Model ()),
_sol ver (routingMdel . get Model ()),
_di spat cher (_sol ver),
_sol ution(routingMdel . get Model ())
{
Il oEnv env = get Env();
_instantiateCost =

Il oD chot om ze(env, _dispatcher.getCostVar(), |loFalse);
_restoreSol ution = || oRestoreSol uti on(env, _solution);
_fsGoal = Il oNearest Additi onCGenerate(env);

_nhood = Il oRel ocate(env) + Il oExchange(env);
_greedy = Il ol nprove(env);

voi d RoutingSol ver::printlnformation() const {
_solver.printlnformation();
_di spatcher.printlnfornmation();
_solver.out() << “===============" << endl
<< “Cost . “ << _dispatcher.getTotal Cost() << endl
<< “Nunber of vehicles used : *“
<< _di spat cher. get Nunber O Vehi cl esUsed() << endl
<< “Sol ution ;" << endl
<< _di spatcher << endl;

}

/1 Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution() {
if (!_solver.solve(_fsGal && _instantiateCost)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return Il oFal se;
}
_sol ution. store(_sol ver);
_solver.out() << “First solution with cost: *
<< _sol ution. get Obj ecti veVal ue()
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<< endl;
return Il oTrue;
}
Il oBool RoutingSol ver: :inproveDepots() {
Il oEnv env = get Env();
_nmove =
I'l 0Si ngl eMove(env, _solution, _nhood, _greedy, _instantiateCost);
_solver.out() << endl << “Inprovenent |oop” << endl;
_solver.out() << * "’ << endl;
Il oBool inproved = |Il0oTrue;
Ilolnt nbCf Depots = _routing. get Nunber O Depot s() ;
i mproved = Il oFal se;
for (Ilolnt d = 0; d < nbOfDepots; ++d) {
Depot * depot = _routing. get Depot (d);
depot ->fill Model (_sol ution);
syncSol uti on(depot - >get Model (), _solution, _instantiateCost);
if ( depot->inprove(_solver, _solution, _instantiateCost) ) {
i nproved = Il oTrue;
}
}
/1 sync back to full nodel.
syncSol ution(_ndl, _solution, _instantiateCost);
return inproved;
}
Il oBool RoutingSol ver::inprovePl an() {
_solver.out() << “Optimzing plan “
<< _sol ution. getSol ution().getbjectiveVal ue()
<< flush;
_nhood. reset ();
_greedy.reset();
Il ol nt nbl nproved = O;
while ( _solver.solve(_nove) ) { ++nbl nproved;}
_solver.out() << * --->*
<< _sol ution.getSolution().getjectiveValue() << endl;
return ( nblnproved > 0 );
}
voi d RoutingSol ver::syncSol ution(lloMdel nmdl, IloSolution s, IloGoal g) {
_sol ver.extract (mdl);
if (!_solver.solve( IloRestoreSolution( _solver.getEnv(), s) & g))
_solver.out() << “Synchronization failed” << endl;
el se
s.store(_sol ver);
}
voi d RoutingSol ver::syncSol ution() {
syncSol ution(_ndl, _solution, _instantiateCost);
}
int nmain(int argc, char* argv[]) {
Il oEnv env;
try {

Rout i nghvbdel routi nghbdel (env);
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routi nghbdel . parse(argc, argv);
rout i nghbdel . cr eat eModel ();

Rout i ngSol ver rsol ver (routinghbdel);
if ( rsolver.findFirstSolution() ) {

Il oBool inproved = Il oTrue;
do {
i mproved =

rsol ver.inproveDepots() && rsol ver.inprovePl an();
} while ( inproved );
}
rsol ver. syncSol ution();
rsol ver.printlnformation();
} catch (Il oException& ex) {
env.out() << “Error: “ << ex << endl;

env. end();
return O;

Complete Output
/**

* Conpl et e program out put :
First solution with cost: 1397.52

| mprovenent | oop

Opti m zi ng depot Depot O 509.991 ---> 411.418

Optim zi ng depot Depot 1 385.144 ---> 351.056

Opti m zi ng depot Depot 2 502.382 ---> 345.504
Optimzing plan 1107.98 ---> 1073.71

| npr overrent | oop

Opti m zi ng depot Depot 0 412.393 ---> 391. 898

Optim zing depot Depot 1 325.838 ---> 323.948

Opti m zi ng depot Depot 2 335.482 ---> 310.54
Qptimzing plan 1026.39 ---> 992. 007

| mprovenent | oop

Opti m zi ng depot Depot 0 385.09 ---> 378.142
Optim zi ng depot Depot 1 323.948 ---> 323.948
Opti m zing depot Depot 2 282.968 ---> 281.295
Optimzing plan 983.385 ---> 983. 385

Nurmber of fails 0
Nunber of choice points 0
Nurmber of vari abl es : 7354
Nunber of constraints : 1280
Reversi bl e stack (bytes) 1 944724
Sol ver heap (bytes) : 2509244
Sol ver gl obal heap (bytes) : 2446204
And stack (bytes) : 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
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Constrai nt queue (bytes) . 20176
Total menory used (bytes) ;5988760
El apsed time since creation : 0.461
Nunber of nodes ;103
Nunber of visits . 260
Nunber of vehicles ;30
Nunber of di nmensions 3
Nunber of accepted noves c 141
Cost : 983. 385

Nunber of vehicles used : 15

Sol ution

Unperformed visits : None
Vehicle 0 of Depot Depot 0 : Unused
Vehicle 1 of Depot Depot O :

-> Truck 1 leaving Depot O weight[0..200] tine[O0..4.62966] distance[0] ->
Pvisit21 weight[O0] tine[18.0278..22.6574] distance[18.0278] -> visit2l
wei ght [ 11] tine[ 18. 0278..22. 6574] distance[ 18.0278] -> Pvisit72 wei ght[O0]
time[32.4999..37.1296] distance[22.4999] -> visit72 weight[25]
time[ 32.4999..37.1296] distance[22.4999] -> Pvisit75 wei ght[0]
time[47.8851..52.5147] distance[27.8851..27.8851] -> visit75 weight[18]
time[47.8851..52.5147] distance[27.8851..27.8851] -> Pvisit23 weight[0]
time[ 66.3703..71] distance[36.3703..36.3703] -> visit23 weight[29] tinme[68..71]
di st ance[ 36. 3703. . 36. 3703] -> Pvisit67 weight[0] tine[90..93]

di stance[ 48. 3703..48.3703] -> visit67 weight[25] tinme[90..93]

di st ance[ 48. 3703. . 48. 3703] -> Pvisit39 weight[0] tine[109.899..123.401]
di stance[ 58. 2698. . 58. 2698] -> visit39 weight[31] time[109.899..123.401]
di st ance[ 58. 2698. . 58. 2698] -> Pvisit56 weight[0] tine[126.899..140.401]
di stance[ 65. 2698. . 65. 2698] -> visit56 weight[6] tine[126.899..140.401]
di st ance[ 65. 2698. . 65. 2698] -> Pvisit74 weight[0] tine[143.971..157.472]
di stance[ 72. 3409..72.3409] -> visit74 weight[8] tinme[149..157.472]

di stance[ 72. 3409..72.3409] -> Pvisit73 weight[0] tine[163.472..171.945]
di stance[ 76. 813..76.813] -> visit73 weight[9] tinme[163.472..171.945]

di stance[ 76. 813..76.813] -> Pvisit2 weight[0] time[182.472..190.945]

di stance[ 85.813..85.813] -> visit2 weight[7] tine[182.472..190.945]

di st ance[ 85. 813..85.813] -> Pvisit58 weight[0] time[201.528..210]

di stance[ 94. 8684. . 94.8684] -> visit58 weight[18] tinme[201.528..210]

di stance[ 94. 8684..94.8684] -> Truck 1 returning to Depot 0 weight[O0]
time[ 220. 583..230] distance[ 103.924..103. 924]

Vehicl e 2 of Depot Depot O :

-> Truck 2 | eaving Depot O weight[0..200] tine[O..68.1115] distance[0] ->
Pvisit89 weight[0] tine[9..77.1115] distance[9] -> visit89 weight[15]
time[9..77.1115] distance[9] -> Pvisit8 weight[0] tine[36.8885..105]

di stance[ 26.8885] -> visit8 weight[9] tinme[95..105] distance[26.8885] ->
Pvisit18 weight[0] tine[115.44..204] distance[37.3289..37.3289] -> visitl8

wei ght[12] time[ 115. 44..204] distance[37.3289..37.3289] -> Truck 2 returning to
Depot O wei ght[O0] tine[141.252..230] distance[53.1402..53.1402]

Vehicl e 3 of Depot Depot O :

-> Truck 3 leaving Depot 0 weight[0..200] tine[0..37.7199] distance[0] ->
Pvisit27 weight[0] tine[5..42.7199] distance[5] -> visit27 weight[16]
time[5..42.7199] dist ance[5] -> Pvisit69 weight[0] tine[22.2801..60]

di stance[ 12. 2801. . 12. 2801] -> visit69 weight[6] time[50..60]

di stance[ 12. 2801..12. 2801] -> Pvisit31 weight[0] tine[67.8102..185]
di st ance[ 20. 0904. . 20. 0904] -> visit31 weight[27] tine[67.8102..185]
di stance[ 20. 0904. . 20. 0904] -> Pvisit88 weight[0] tine[82.8102..200]
di st ance[ 25. 0904. . 25. 0904] -> visit88 weight[9] tine[82.8102..200]
di st ance[ 25. 0904. . 25.0904] -> Truck 3 returning to Depot 0 weight[O0]
time[112. 046. 230] di st ance[ 44. 3257. . 44. 3257]
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Vehi cl e 4 of Depot Depot O :

-> Truck 4 |l eaving Depot 0 weight[0..200] tine[O..8.78027] distance[0] ->
Pvisit52 weight[0] tine[11.3137..20.094] distance[11.3137] -> visit52 weight[9]
time[11.3137..20.094] distance[11.3137] -> Pvisit7 weight[0]
time[31.2132..39.9935] distance[21.2132] -> visit7 weight[5]
time[31.2132..39.9935] distance[21.2132] -> Pvisit62 wei ght[0]
time[50. 1575..58. 9377] distance[30.1575] -> visit62 weight[19]
tinme[58..58.9377] distance[30.1575] -> Pvisitll weight[0] tine[76.0623..77]

di stance[ 38.2197] -> visitl1ll weight[12] tinme[76.0623..77] distance[38.2197] ->
Pvisit19 weight[0] tine[93.1333..96.0544] distance[45.2908] -> visitl9

wei ght[17] tine[93.1333..96.0544] distance[45.2908] -> Pvisit47 weight[O0]
time[111.196..114.117] distance[53.3531] -> visit47 weight[27]

time[111. 196. . 114. 117] di stance[ 53. 3531] -> Pvisit36 weight[0]

time[128. 407..131. 328] di stance[ 60.5642..60.5642] -> visit36 weight[5]
time[128. 407..131. 328] di stance[ 60. 5642. . 60.5642] -> Pvisit49 wei ght[O0]
time[147.351..150.272] distance[69.5084..69.5084] -> visit49 wei ght[30]
time[147.351..150. 272] di stance[ 69. 5084..69.5084] -> Pvisit64 weight[O0]
time[170.079..173] distance[82.2364..82.2364] -> visit64 weight[9]
time[170.079..173] distance[82.2364..82.2364] -> Truck 4 returning to Depot 0
wei ght [0] ti me[ 226.598..230] dist ance[128 755..128. 755]

Vehicle 5 of Depot Depot 0 : Unused

Vehicle 6 of Depot Depot O :

-> Truck 6 | eaving Depot O weight[0..200] tine[O..92.1834] distance[0] ->

Pvisit53 weight[0] tine[4.47214..96.6556] distance[4.47214] -> visit53
wei ght[14] tine[95..96. 6556] distance[4.47214] -> Pvisit28 weight[O0]
time[112.211..113.867] distance[11.6832..11.6832] -> visit28 weight[16]
time[112.211..113.867] distance[11.6832..11.6832] -> Pvisit26 weight[O0]
tinme[130.273..131.929] distance[19. 7455..19. 7455] -> visit26 wei ght[17]
time[130.273..131.929] distance[ 19. 7455..19. 7455] -> Pvisit40 wei ght[O0]
tinme[147.344..149] distance[26.8166..26.8166] -> visit40 wei ght[9]
time[ 147. 344..149] distance[26.8166..26.8166] -> Pvisitl1l3 weight[0]
time[167.344..169] distance[36.8166..36.8166] -> visitl3 weight[23]
time[167.344..169] distance[36.8166..36.8166] -> Truck 6 returning to Depot 0
wei ght [0] ti me[ 188.525..230] distance[47.9969..47.9969]
Vehicle 7 of Depot Depot 0 : Unused
Vehicl e 8 of Depot Depot 0 : Unused
Vehicle 9 of Depot Depot 0 : Unused
Vehicle O of Depot Depot 1 :

-> Truck O | eaving Depot 1 weight[0..200] tine[O0..77.1716] distance[0] ->
Pvisit33 weight[0] tine[l..78.1716] distance[1l] -> visit33 weight[11]
time[1..78.1716] distance[l] -> Pvisit81 weight[O0] tine[13.8284..091]

di stance[ 3.82843] -> visit81l weight[26] tine[13.8284..91] distance[3.82843] ->
Pvisit9 weight[0] tine[29.8284..107] distance[9.82843..9.82843] -> visit9

wei ght[16] tine[97..107] distance[9.82843..9.82843] -> Pvisit51 weight[O0]
time[113. 325..147. 821] distance[ 16. 153..16.153] -> visit51 wei ght[10]
tinme[113. 325. . 147. 821] di stance[ 16. 153..16. 153] -> Pvisit20 wei ght[0]
time[131. 387..165. 884] distance[24.2152..24.2152] -> visit20 weight[9]
tinme[131. 387..165. 884] distance[24.2152..24.2152] -> Pvisit30 wei ght[0]

time[ 148. 458. . 182. 955] di stance[ 31. 2863.. 31. 2863] -> visit30 wei ght[21]

tinme[ 148. 458. . 182. 955] di stance[ 31.2863..31.2863] -> Pvisitl weight[O0]

time[ 169. 503. .204] distance[42.3317..42.3317] -> visitl weight[10]

time[ 169. 503. .204] distance[42.3317..42.3317] -> Truck O returning to Depot 1
wei ght [0] time[191.669..230] distance[54.4972..54.4972]

Vehicle 1 of Depot Depot 1 :

-> Truck 1 leaving Depot 1 weight[0..200] tine[0..97] distance[0] -> Pvisit79
wei ght[0] time[5..102] distance[5] -> visit79 weight[23] tine[92..102]
distance[5] -> Pvisit3 weight[0] time[105.606..176.172]

di st ance[ 8. 60555. . 8. 60555] -> visit3 weight[13] tine[105.606..176.172]
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di st ance[ 8. 60555. . 8. 60555] -> Pvisit77 weight[0] tine[118.434..189]
di stance[ 11.434..11.434] -> visit77 weight[14] tinme[179..189]

di stance[ 11.434..11.434] -> Truck 1 returning to Depot 1 weight[O]
time[197..230] distance[19.434..19.434]

Vehicl e 2 of Depot Depot 1 :

-> Truck 2 leaving Depot 1 weight[0..200] tine[O..60.4037] distance[0] ->
Pvisit50 weight[O] tine[7.2111..67.6148] distance[7.2111] -> visit50 wei ght[13]
time[7.2111..67.6148] distance[7.2111] -> Pvisit76 weight[0] tine[22.5963..83]
di stance[ 12. 5963] -> visit76 weight[13] tine[73..83] distance[12.5963] ->
Pvisit12 weight[0] tine[90.0711..133.159] distance[19.6673..19.6673] -> visitl2
wei ght[19] tine[90.0711..133.159] distance[19.6673..19.6673] -> Pvisit4
wei ght [0] time[115.882..158.971] distance[35.4787..35.4787] -> visit4
wei ght[19] tine[ 149..158.971] distance[ 35.4787..35.4787] -> Pvisit80 weight[0]
time[176.029..186] distance[52.5081..52.5081] -> visit80 weight[6]
time[176.029..186] distance[52.5081..52.5081] -> Pvisit68 weight[0]
time[188.029..198] distance[54.5081..54.5081] -> visit68 weight[36]
time[188.029..198] distance[54.5081..54.5081] -> Truck 2 returning to Depot 1
wei ght[0] tine[210.399..230] distance[66.8774..66.8774]

Vehicl e 3 of Depot Depot 1 :

-> Truck 3 leaving Depot 1 weight[0..200] tine[0..3.08082] distance[0] ->
Pvisit78 weight[0] tine[8.06226..11.1431] distance[8.06226] -> visit78
wei ght[3] tine[8.06226..11.1431] distance[8.06226] -> Pvisit34 weight[O0]
time[23.0623. . 26. 1431] di stance[ 13. 0623] -> vi sit34 wei ght[ 14]
time[23.0623..26.1431] distance[13.0623] -> Pvisit35 wei ght[0]
time[ 43.2603. . 46. 3411] di stance[ 23.2603] -> visit35 weight[8]
time[43.2603..46.3411] distance[23.2603] -> Pvisit71 wei ght[0]
time[59.9685..63.0493] distance[29.9685] -> visit71 weight[15]
time[59.9685..63.0493] distance[29.9685] -> Pvisit65 wei ght[0]
time[ 80.2641. . 83. 3449] di stance[ 40. 2641] -> visit65 wei ght[20]
time[ 80.2641..83.3449] distance[40.2641] -> Pvisit66 wei ght[0]
time[ 103. 866. . 106. 946] di st ance[ 53. 8656. . 53. 8656] -> visit66 wei ght[25]
time[ 103. 866. . 106. 946] di st ance[ 53. 8656. . 53. 8656] -> Pvisit32 weight[O0]
time[128. 426..131.507] distance[68.4258..68.4258] -> visit32 weight[23]
time[128. 426..131.507] distance[ 68.4258..68.4258] -> Pvisit90 weight[O0]
time[142.898..145.979] distance[72.898..72.898] -> visit90 weight[3]
tinme[142. 898. .145.979] distance[72.898..72.898] -> Pvisit63 weight[O0]
time[157.37..160. 451] distance[ 77.3701..77.3701] -> visit63 weight[10]
time[157. 37.. 160. 451] distance[ 77.3701..77.3701] -> Pvisit10 wei ght[O0]
time[176.857..179.938] distance[86.8569..86.8569] -> visitl0 weight[ 16]
time[176.857..179.938] distance[86.8569..86.8569] -> Pvisit70 weight[O0]
time[194.919..198] distance[94.9192..94.9192] -> visit70 weight[5]
tinme[194.919..198] distance[94.9192..94.9192] -> Truck 3 returning to Depot 1
wei ght [ 0] time[221.682..230] distance[111.682..111.682]

Vehicle 4 of Depot Depot 1 :

-> Truck 4 leaving Depot 1 weight[0..200] tine[0..92.5507] distance[0] ->
Pvisit29 weight[0] tine[14.2127..106.763] distance[14.2127] -> visit29
wei ght[9] tine[14.2127..106.763] distance[14.2127] -> Pvisit24 weight[O0]
tinme[ 31.2837..123. 834] distance[21.2837..21.2837] -> visit24 weight[3]
time[ 31.2837..123. 834] distance[21.2837..21.2837] -> Pvisit55 weight[O0]
tinme[53.4493..146] distance[33.4493..33.4493] -> visit55 weight[2]
time[136..146] distance[33.4493..33.4493] -> Pvisit25 weight[0]
time[ 149. 606. . 174. 958] di st ance[ 37. 0548. . 37.0548] -> visit25 weight[6]
time[172..174.958] distance[37.0548..37.0548] -> Pvisit54 weight[0]
time[194.042..197] distance[49.0964..49.0964] -> visit54 weight[18]
time[194.042..197] distance[49.0964..49.0964] -> Truck 4 returning to Depot 1
wei ght[0] tine[226.402..230] distance[71.4571..71.4571]

Vehicle 5 of Depot Depot 1 : Unused
Vehicle 6 of Depot Depot 1 : Unused
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Vehicle 7 of Depot Depot 1 : Unused
Vehicl e 8 of Depot Depot 1 : Unused
Vehicle 9 of Depot Depot 1 : Unused
Vehicle 0 of Depot Depot 2 : Unused
Vehicle 1 of Depot Depot 2

-> Truck 1 | eaving Depot 2 wei ght[0..200] tine[0..71.4822] distance[0] ->
Pvisit98 wei ght[0] tine[4.12311..75.6054] distance[4.12311] -> visit98
wei ght [ 10] ti ne[ 4. 12311. . 75. 6054] di stance[ 4.12311] -> Pvisit99 weight[ 0]
time[19.2221..90. 7044] distance[9.22213..9.22213] -> visit99 weight[9]
tinme[83..90.7044] distance[9.22213..9.22213] -> Pvisit84 weight[0]
time[103.296..111] distance[19.5178..19.5178] -> visit84 weight[7]
tinme[103.296..111] distance[19.5178..19.5178] -> Pvisit5 wei ght[O0]
time[117. 419..162. 292] di stance[ 23. 6409. . 23. 6409] -> visit5 wei ght[ 26]
time[117.419..162.292] distance[23.6409..23.6409] -> Pvisit93 weight[O0]
time[134.127..179] distance[30.3491..30.3491] -> visit93 weight[22]
time[134.127..179] distance[30.3491..30.3491] -> Pvisit100 weight[O0]
time[ 150. 127..195] di stance[ 36. 3491..36. 3491] -> visit100 weight[17]
time[185..195] distance[ 36.3491.. 36. 3491] -> Truck 1 returning to Depot 2
wei ght[0] tine[196..230] dist ance[ 37.3491. . 37. 3491]

Vehicl e 2 of Depot Depot 2

-> Truck 2 | eaving Depot 2 weight[0..200] time[O0..11.566] distance[0] ->
Pvi sit37 weight[0] tine[3.60555..15.1716] distance[3.60555] -> visit37
wei ght[8] tine[3.60555..15.1716] distance[3.60555] -> Pvisit92 weight[O0]
tinme[16.434..28] distance[6.43398] -> visit92 weight[2] tine[18..28]

di stance[ 6. 43398] -> Pvisit94 weight[0] tine[34.4031..62.5951]

di stance[ 12. 8371] -> visit94 weight[27] tine[34.4031..62.5951]

di stance[ 12. 8371] -> Pvisit95 weight[0] tine[47.5654..75.7574]

di stance[ 15.9994. . 15.9994] -> visit95 weight[20] tine[47.5654..75.7574]
di stance[ 15. 9994. . 15. 9994] -> Pvisit97 weight[0] time[60.5654..88.7574]
di stance[ 18.9994. . 18.9994] -> visit97 weight[12] tine[60.5654..88.7574]
di stance[ 18.9994. . 18.9994] -> Pvisit87 weight[0] tinme[74.808..103]

di st ance[ 23. 242. 23 242] -> visit87 weight[26] tinme[93..103]

di stance[ 23. 242..23.242] -> Truck 2 returning to Depot 2 weight[O0]
time[113. 05.. 230] di st ance[ 33. 2919. . 33. 2919]

Vehicl e 3 of Depot Depot 2 :

-> Truck 3 leaving Depot 2 weight[0..200] tine[0..6.359] distance[0] ->
Pvisit85 weight[0] tine[5.38516..11.7442] distance[5.38516] -> visit85
wei ght [41] tine[5.38516..11.7442] distance[5.38516] -> Pvisit61l weight[O0]
time[19.8573..26.2163] distance[9.8573..9.8573] -> visit6l weight[13]
time[19.8573..26.2163] distance[9.8573..9.8573] -> Pvisitl7 weight[0]
time[39.0768. .45.4358] distance[19.0768..19.0768] -> visitl7 weight[2]
time[39.0768..45.4358] distance[19.0768..19.0768] -> Pvisit45 weight[O0]
time[57.1391..63.4981] distance[27.1391..27.1391] -> visit45 weight[ 16]
time[57.1391. . 63.4981] distance[27.1391..27.1391] -> Pvisit46 wei ght[0]
time[77.9094. . 84. 2684] di stance[ 37.9094..37.9094] -> visit46 weight[1]
time[ 77.9094. . 84. 2684] di stance[ 37.9094..37.9094] -> Pvisit48 wei ght[0]
time[99.6141..105.973] distance[49.6141..49.6141] -> visit48 wei ght[36]
tinme[99.6141..105.973] distance[49.6141..49.6141] -> Pvisit82 weight[0]
time[114.999..121. 358] distance[54.9993..54.9993] -> visit82 weight[16]
tinme[114.999..121. 358] distance[54.9993..54.9993] -> Pvisit83 weight[0]
time[135.049..141. 408] di stance[ 65.0492..65.0492] -> visit83 weight[11]
time[ 135. 049. . 141. 408] di st ance[ 65. 0492. . 65. 0492] -> Pvisit60 wei ght[0]
time[ 149. 292. . 155. 651] di stance[ 69. 2918. . 69. 2918] -> visit60 wei ght[3]
tinme[ 149.292. . 155. 651] di stance[ 69. 2918..69.2918] -> Pvisit6 wei ght[O0]
time[ 168. 236..174.595] distance[ 78.2361..78.2361] -> visit6 weight[3]
tinme[ 168. 236..174.595] distance[ 78.2361..78.2361] -> Pvisit96 wei ght[0]
time[182.479..188. 838] distance[82.4787..82.4787] -> visit96 weight[11]
tinme[182.479..188.838] distance[82.4787..82.4787] -> Pvisit59 weight[O0]
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Complete Program

time[ 195. 641..202] distance[85.641..85.641] -> visit59 weight[28]
tinme[ 195. 641..202] distance[85.641..85.641] -> Truck 3 returning to Depot 2
wei ght[0] time[213.257..230] distance[93.2568..93.2568]
Vehicl e 4 of Depot Depot 2 :

-> Truck 4 | eaving Depot 2 weight[0..200] tine[0..64.5676] distance[0] ->
Pvisit44 weight[0] tine[7.61577..72.1833] distance[7.61577] -> visit44
wei ght[18] tine[69..72.1833] distance[7.61577] -> Pvisit38 weight[O0]
tinme[89.8167..93] distance[18.4324..18.4324] -> visit38 weight[16]
time[ 89.8167..93] distance[18.4324..18.4324] -> Pvisit86 weight[O0]
tinme[112. 855..162. 576] distance[31.4708..31.4708] -> visit86 wei ght[35]
time[112. 855..162.576] distance[31.4708..31.4708] -> Pvisitl6 weight[O0]
tinme[129.18..178.901] distance[37.7954..37.7954] -> visitl1l6 weight[19]
time[129.18..178.901] distance[37.7954..37.7954] -> Pvisit91l weight[O0]
tinme[144.279..194] distance[42.8944..42.8944] -> visit91l weight[1]
time[144.279..194] distance[42.8944..42.8944] -> Truck 4 returning to Depot 2
wei ght[0] tine[157.884..230] distance[46.5..46.5]
Vehicle 5 of Depot Depot 2 :

-> Truck 5 | eaving Depot 2 weight[0..200] tine[O0..25.474] distance[0] ->
Pvisit14 weight[0] tine[7.61577..33.0897] distance[7.61577] -> visitl4d
wei ght[20] tine[7.61577..33.0897] distance[7.61577] -> Pvisit43 weight[0]
time[28.2459..53. 7199] di stance[ 18.2459] -> visit43 weight[7]
tinme[28.2459..53. 7199] distance[18.2459] -> Pvisitl1l5 weight[0] tine[45.526..71]
di stance[ 25. 526. . 25.526] -> visit15 weight[8] tine[61..71]
di stance[ 25. 526. . 25.526] -> Pvisit41l weight[0] tine[83.1655..138.604]
di stance[ 37. 6916. . 37. 6916] -> visit4l weight[5] tine[83.1655..138.604]
di stance[ 37. 6916..37.6916] -> Pvisit22 weight[0] tinme[97.4082..152.847]
di stance[ 41. 9342..41.9342] -> visit22 weight[18] tinme[97.4082..152.847]
di stance[ 41.9342..41.9342] -> Pvisit57 weight[0] tine[120.561..176]
di stance[ 55. 0871..55.0871] -> visit57 weight[7] time[120.561..176]
di stance[ 55. 0871..55.0871] -> Pvisit42 weight[0] tine[138.561..194]
di stance[ 63. 0871..63.0871] -> visit42 weight[5] time[138.561..194]
di stance[ 63. 0871..63.0871] -> Truck 5 returning to Depot 2 weight[O0]
time[ 156. 371..230] distance[70.8974..70.8974]
Vehicle 6 of Depot Depot 2 : Unused
Vehicle 7 of Depot Depot 2 : Unused
Vehicl e 8 of Depot Depot 2 : Unused
Vehicle 9 of Depot Depot 2 : Unused

*/
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11

Modeling Complex Costs

In this lesson, you will learn how to:

0O model vehicle costs with variable cost coefficients

O use the member function set Cost to apply cost coefficient functions
O usethefunction || oNunifoNunSegnent Funct i on

In this lesson, you model problems which apply complex costs via variable cost coefficient
functions. In previous lessons, costs were typically based on linear combinations of the route
distance, time, or vehicle load. This lesson introduces variable cost coefficients, which are
values that can be applied to route dimensions in order to determine the route cost. These
variable coefficient functions allow you to model vehicle costs with greater flexibility, and
thereby extend your ability to apply awide variety of cost calculations to your routing
problems.

Thefirst exampleinthislesson, cost 1. cpp, models alast-visit-dependent cost, and it starts
with “Describe cost1” on page 280. The second example, cost 2. cpp, applies higher transit
costs as route distance thresholds are passed, and that |esson begins with “Describe cost2”
on page 282.
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Describe costl

Routing problem costs may be highly dependent on the location of specific customer visits.
This problem examines the case where the location of the last customer visit determines the
cost coefficient of the entire route. This type of problem could represent a business need to
have the last customer visit as close to the depot as possible.

Describe the problem

Thefirst step isto write a natural language description of the problem. The constraints and
objectivesfor cost 1. cpp are the same as for the PDP; in particular, the objectiveisto
minimize the costs of the delivery of all the parcels. The difference in thislesson liesin the
way the costs are calculated with cost coefficients. In cost 1. cpp, vehicle costs are derived
from a calcul ation based on the x-coordinate of the vehicle'slast visit before returning to the
depot.

Model costl

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial/
cost1l partial.cpp inyour development environment.

This problem is modeled as for a PDP, with only the creation and addition of a cost
coefficient function.

Create the LastVisitCostCoef function

Add the following code after the comment
/] Create the LastVisitCostCoef function.
I'l oNum Last Vi si t Cost Coef (Il oVisit visit) {

Il oNode node = visit.getNode();
return ((llolnt)(node.getX()) %5) + 1;

TheLast Vi si t Cost Coef isafunction of thetypel | oSi npl eVi si t ToNunFuncti on,
and it creates the cost coefficient from the x-coordinate of vi si t .

Next, you set the vehicle cost in the cr eat eVehi cl es function.
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Solve costl

Add the cost function
Add the following code after the comment / / Add t he cost function.

I'l oVi si t ToNunfFuncti on coef Functi on(_env, LastVisit Cost Coef);
vehi cl e. set Cost (di st ance,
coef Functi on,
vehicle.getLastVisit().getPrevVar());

Theselinesin cr eat eVehi cl es create the vehicle cost. coef Funct i on iscreated asan
Il oVi sit ToNunFunct i on which allows you to associate | | oNumvalues with visits.

The member function | | oVehi cl e: : set Cost isused here to associate a visit-dependent
proportional cost with vehi cl e. The parameter

vehi cl e. getLast Visit().getPrevVar () returnsthe location variable with which
coef Funct i on calculates the cost applied to di st ance. Note that the visit returned by
vehi cl e. get Last Vi sit (). get PrevVar () corresponds to thelast customer visit
performed before returning to the depot.

Solve costl

The solution for cost 1. cpp is computed, improved, and displayed by methods previously
presented for the PDP problem.
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Compile and run the costl program

The solution improvement phase finds a solution using 10 vehicles with a cost of 1203.79
units:

2286. 23
| nprovi ng sol ution
Nurmber of fails 0
Nunber of choice points 0
Nurmber of vari abl es 2344
Nunber of constraints 440
Reversi bl e stack (bytes) 201024
Sol ver heap (bytes) 1017340
Sol ver gl obal heap (bytes) 144384
And stack (bytes) 20124
O stack (bytes) 44244
Search Stack (bytes) 4044
Constraint queue (bytes) 11160
Total menory used (bytes) 1442320
El apsed time since creation 0.02
Nunber of nodes : 51
Nurmber of visits ;80
Nunber of vehicles 15
Nurmber of di mensi ons 3
Nunber of accepted noves 24
Cost 1203.79
Nurmber of vehicles used : 10

The completecost 1. cpp program and output is presented in “ Complete costl Program” on
page 286.

Describe cost2

282

There are numerous reasons why you may want to put a“penalty” cost on high mileagein a
route solution. For example, there may be a desire to simply limit the amount of driving
time, or adesire to keep all the vehiclesin a solution near the same mileage. One way to
achieve thisisto apply higher costs when the vehicle mileage for any particular route passes
certain thresholds. In cost 2. cpp, vehicle costs are calculated from the length of the trip;
longer trips result in higher costs.

Describe the problem

Thefirst step isto write a natural language description of the problem. The constraints and
objectivesfor cost 2. cpp are the same as for the PDP; in particular, the objectiveisto
minimize the costs of the delivery of all the parcels. The difference in thislesson liesin the
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Model cost2

way the costs are calculated. In cost 2. cpp, the cost is determined from the total length of
the vehicle route, which then determines the value returned by the segmented function.

Model cost2

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial/
cost2_partial . cpp inyour development environment.

In this example, the cost function is added asan | | oNunifoNunSegnent Funct i on in the
cr eat eVehi cl es function.

Add the vehicle cost function
Add the following code after the comment / / Add t he vehicle cost function.

vehi cl e. set Cost (di stance, 1);

I I oNunTfoNunSegnent Functi on cost Functi on(_env);
cost Functi on. set Sl ope(75, 100, 37.5, 0.5);

cost Functi on. set Sl ope(100, Illolnfinity, 100, 1);
vehi cl e. set Cost (di st ance, costFunction);

First, astandard proportional cost is applied on the distance traveled (cost per unit distanceis
1). Then, cost Funct i on is created with a default value of 0. The member function
set Sl ope isthen used to change the value of the function, depending on the range given.

Solve cost2

The solution for cost 2. cpp is computed, improved, and displayed by methods previously
presented for the PDP problem.
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Compile and run the cost2 program

The solution improvement phase finds a solution using 13 vehicles with a cost of 1900.16
units:

2583. 49
| nprovi ng sol ution
Nurmber of fails 0
Nunber of choice points 0
Nurmber of vari abl es : 2359
Nunber of constraints : 440
Reversi bl e stack (bytes) ;201024
Sol ver heap (bytes) : 1025380
Sol ver gl obal heap (bytes) ;269064
And stack (bytes) : 20124
O stack (bytes) 1 44244
Search Stack (bytes) © 4044
Constraint queue (bytes) ;11160
Total menory used (bytes) : 1575040
El apsed time since creation : 0.01
Nunber of nodes : 51
Nurmber of visits ;80
Nunber of vehicles . 15
Nurmber of di mensi ons 3
Nunber of accepted noves . 28
Cost : 1900. 16

Nunber of vehicles used : 13

The complete cost 2. cpp program and output is presented in “ Compl ete cost2 Program” on
page 293.

Review Exercises

284

For answers, see“ Suggested Answers’ on page 285.

1. What member function is used to associate a visit-dependent proportional cost with a
vehicle?

2. What Dispatcher classis used to associate | | oNumvalues with vehicle visits?

3. Thefollowing section of codeisfrom the cr eat eVehi cl es function of cost 1. cpp. If
the code. get Pr evVar () wereremoved, al the other codein cost 1. cpp remained the
same, and the depot were located at (0,0), what would be the resulting cost coefficient?

I'l oVi si t ToNunfFuncti on coef Functi on(_env, LastVisit Cost Coef);
vehi cl e. set Cost (di st ance,

coef Functi on,
vehicle.getLastVisit().getPrevVar());
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Suggested Answers

Exercise 1

What member function is used to associate a visit-dependent proportional cost with a
vehicle?

Suggested Answer
Il oVehi cl e: : set Cost.

Exercise 2

What Dispatcher classis used to associate | | oNumvalues with vehicle visits?

Suggested Answer
I'l oVi si t ToNunfuncti on.

Exercise 3

The following section of code isfrom thecr eat eVehi cl es function of cost 1. cpp. If the
code. get PrevVvar () wereremoved, al the other code in cost 1. cpp remained the same,
and the depot islocated at (0,0), what would be the resulting cost coefficient?

I'l oVi si t ToNunfFuncti on coef Functi on(_env, LastVisit Cost Coef);
vehi cl e. set Cost (di st ance,
coef Functi on,
vehicle.getLastVisit().getPrevVar());

Suggested Answer

Removing . get PrevVar () would mean that coef Funct i on usesthe very last visit—the
return to the depot visit—asthe visit to use in cal cul ating the cost coefficient. The coefficient
is based on the x-coordinate of thisvisit; so if the depot were located at (0,0), then the cost
would be based on a coefficient of 1. See the following code for the function

Last Vi si t Cost Coef .

Il oNum Last Vi sit Cost Coef (I1oVisit visit) {

I oNode node = visit.getNode();
return ((Ilolnt)(node.getX()) %5) + 1;
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Complete costl Program

286

The complete program and output for cost 1. cpp follows. You can aso view it onlinein the
file Your Di spat cher Hone/ exanpl es/ src/ cost 1. cpp.

R e I *o CH+ -*-
/1l File: exanples/src/costl.cpp

#incl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
N NN NN NN
/1 Modeling
cl ass Routinghodel {
Il oEnv _env;
I | oMbdel _nmdl

voi d createD nmensions();

voi d createll oNodes(char* nodeFi | eNang) ;

voi d createVehicl es(char* vehicl eFi | eNare) ;

void createVisits(char* visitsFileNane);
public:

Rout i nghbdel (11 oEnv env,

int argc,
char* argv[]);

~Rout i nghbdel () {}

Il oEnv getEnv() const { return _env; }

I | oMbdel get Model () const { return _ndl; }
h
Rout i nghbdel : : Rout i nghvbdel (11 oEnv env,

int argc,
char * argv[])
_env(env), _mdl (env){
creat eDi nensi ons();

char* nodeFi | eNane;

if(argc < 4)
nodeFi l eName = (char *) “../../../exanpl es/ data/ pdp/ nodes. csv”;
el se

nodeFi | eNare = argv[3];
creat el | oNodes(nodeFi | eNane) ;

char* vehi cl esFi | eNare;
if (argc < 2)
vehi cl esFil eNane = (char *) “../../../exanpl es/data/ pdp/vehicl es.csv”;
el se
vehi cl esFi |l eNane = argv[1];
creat eVehi cl es(vehi cl esFi | eNang) ;

char* visitsFil eNare;
if (argc < 3)
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Complete costl Program

vi sitsFi |l eName =
(char*) “../../..lexanpl es/ data/ pdp/visits.csv”;
el se
visitsFileName = argv[2];
createVisits(visitsFileNane);

}

/1 Create dinensions

voi d Routi nghWbdel : : creat eDi mensi ons() {
I | oDi mensi onl wei ght (_env, “Wight”);
wei ght . set Key(“Wi ght”);
_ndl . add(wei ght);

Il oDi mension2 time(_env, IloEuclidean, “Tine");
tine.setKey(“Tinme");

_mdl . add(time);

Il oDi nensi on2 di stance(_env, |l oEuclidean, |loFalse, “D stance”);

di stance. set Key(“Di stance”);
_mdl . add(di st ance);
}

I/ Create |l oNodes
voi d Routi nghWbdel : : createl | oNodes(char* nodeFi | eNane) {
I oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
Il oCsvLine line = *it;
char* nane = |ine.getStringByHeader (“name”);
I | oNode node(_env,
I'i ne. get Fl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”),
0,
nane) ;
node. set Key( nane) ;
++it;

}
csvNodeReader . end() ;
}

I'l oNum Last Vi sit Cost Coef (Il oVisit visit) {
| | oNode node = visit.getNode();
return ((Ilolnt)(node.getX()) %5) + 1;

/1 Create vehicles
voi d Routi nghbdel : : creat eVehi cl es(char* vehicl eFi | eNane) {

I'l oDi nensi onl wei ght = |l oD nensionl:: Find(_env, “Wight");
Il oDi mension2 tine = Il oD nmension2::Find(_env, “Time");
Il oDi mensi on2 di stance = || oDi nensi on2:: Find(_env, “Distance”);

I | oCsvReader csvVehi cl eReader (_env, vehicl eFi | eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {

IloCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * narel ast = line.getStringByHeader (“last”);
char * nane = |ine.get StringByHeader (“nane”);

I'l oNum capacity = |ine. get Fl oat ByHeader (“capacity”);
I'l oNum openTi e I'i ne. get Fl oat ByHeader (“open”);
I'l oNum cl oseTi ne = I|ine. get Fl oat ByHeader (“cl ose”);
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Il oNode nodel
I | oNode node2

Il oNode: : Fi nd(_env, nanefirst);
Il oNode: : Fi nd(_env, nanel ast);

IloVisit first(nodel, “depot”);
_mdl . add(first.getCunul Var (wei ght) == 0);
_ndl . add(first.getCunul Var(time) >= openTine);

IloVisit |ast(node2, “depot”);
_mdl . add(| ast. get Qunul Var (time) <= cl oseTine);
I'l oVehicle vehicle(first, last, nane);

I'l oVi si t ToNunfFuncti on coef Functi on(_env, LastVisit Cost Coef);
vehi cl e. set Cost ( di st ance,
coef Functi on,
vehicle.getlLastVisit().getPrevVar());

vehi cl e. set Capaci t y(wei ght, capacity);
_ndl . add(vehicle);
+H T

csvVehi cl eReader . end() ;

}

Il Create visits
voi d RoutinghWbdel :: createVisits(char* visitsFileNane) {
Il oDi mensi onl weight = Il oD nensionl:: Find(_env, “Wight");
Il oDi mension2 time = Il oD nmension2::Find(_env, “Time");
I | oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok())({
Il oCsvLine line = *it;
//read visit data fromfiles

char * pickupVisitName = |ine. getStringByHeader (“pi ckup”);

char * pi ckupNodeNare = |ine. get Stri ngByHeader (“pi ckupNode”) ;

char * deliveryVisitName = |ine.getStringByHeader(“delivery”);

char * deliveryNodeNane = |ine. get StringByHeader (“deliveryNode”);

Il oNum quantity = |ine.getFl oat ByHeader (“quantity”);

Il oNum pi ckupM nTine = | i ne. get Fl oat ByHeader (“ pi ckupM nTi ne”) ;

Il oNum pi ckupMaxTi ne = | i ne. get Fl oat ByHeader (“ pi ckupMaxTi ne”) ;

Il oNum deliveryM nTine = |line.getFl oat ByHeader (“del i veryM nTi ne”);
Il oNum del i veryMaxTi ne = | i ne. get Fl oat ByHeader (“del i ver yMaxTi ne”);
Il oNum dropTi ne = |ine. get Fl oat ByHeader (“dr opTi me”);

Il oNum pi ckupTi ne = | i ne. get Fl oat ByHeader (“ pi ckupTi ne”);

I/ read data nodes fromthe file nodes.csv
/1 and create pickup and delivery nodes

Il oNode pi ckupNode = Il oNode: : Fi nd(_env, pi ckupNodeNan®);
Il oNode deliveryNode = Il oNode: : Fi nd(_env, deliveryNodeNane);

//create and add pickup and delivery visits

Il oVisit pickup(pickupNode, pickupVisitNane);

_ndl . add( pi ckup. get Del ayVar (ti me) == pi ckupTi ne);

_ndl . add( pi ckup. get Transi t Var (wei ght) == quantity);

_nmdl . add( pi ckupM nTi ne <= pi ckup. get Cunul Var (ti me) <= pi ckupMaxTi re);
_ndl . add( pi ckup) ;

IloVisit delivery(deliveryNode, deliveryVisitNane);

_ndl . add(del i very. get Del ayVar (tinme) == dropTine);
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_nmdl . add(del i very. get Transi t Var (wei ght) == -quantity);

_ndl . add(del i veryM nTi ne <= del i very. get CQunul Var (ti me) <= deliveryMaxTi ne);
_nmdl . add(del i very);

//add pickup and delivery order constraint

_mdl . add(I1 oOrderedVi sitPair(_env, pickup, delivery));

++it;

}
csvVisit Reader. end();

}
N NN NN
/1 Sol ving
cl ass RoutingSol ver {
I | oMbdel _mdl ;
I'l oSol ver _sol ver;

Il oRouti ngSol ution _solution;

Il oBool findFirstSolution(lloGoal goal);
voi d greedyl nprove(l| oNHood nhood, Il oGoal subGoal);
voi d i nprove(lloGoal subgoal);
public:
Rout i ngSol ver ( Rout i nghbdel ndl);
~Rout i ngSol ver () {}
Il oRouti ngSol uti on get Sol ution() const { return _solution; }
void printlnformation() const;
voi d sol ve();

}s

Rout i ngSol ver: : Rout i ngSol ver ( Rout i nghbdel ndl )
: _mdl (ndl . get Model ()), _solver(ndl.getMdel ()), _solution(ndl.getMdel()) {}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution(lloGoal goal) {
if (!_solver.solve(goal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return || oFal se;

I | oDi spat cher di spatcher(_sol ver);

_sol ver.out() << dispatcher.getTotal Cost() << endl;
_sol ution.store(_sol ver);

return Il oTrue;

}

/1 1nprove solution using nhood
voi d Routi ngSol ver: : greedyl nprove(l | oNHood nhood, |l oGoal subCGoal) {
_solver.out() << “Inproving solution” << endl;

Il oEnv env = _sol ver. get Env();
nhood. reset ();
Il oGoal inprove = Il 0Singl eMove(env,
_solution,
nhood,
I'l ol nprove(env),
subGoal ) ;

whil e (_sol ver.sol ve(inprove)) {}

}

/1 lnprove sol ution
voi d RoutingSol ver::inprove(lloGoal subCoal) {
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Il oEnv env = _sol ver. get Env();

I I oNHood nhood = || oTwoOpt (env)

Il oOr Opt (env)

I | oRel ocat e(env)
Il oCross(env)

I | oExchange(env);
gr eedyl nprove( nhood, subGoal);

++ + 1

+

/! D splay Dispatcher information
voi d RoutingSol ver::printlnformation() const {
I | oDi spat cher di spatcher(_sol ver);
_solver.printlnformation();
di spat cher. printlnformation();
_SOI ver. out () << “zZzz=============" << endl|
<< “Cost : “ << dispatcher.get Total Cost() << endl
<< “Nunber of vehicles used : *
<< di spat cher. get Number O Vehi cl esUsed() << endl
<< “Sol ution ;" << endl
<< di spatcher << endl;

}

/1 Solving
voi d RoutingSol ver::solve() {
I | oDi spat cher di spat cher(_sol ver);

Il oEnv env = _sol ver. get Env();

/1 Subgoal

Il oGoal instantiateCost = Il oD chotom ze(env,
di spat cher . get Cost Var (),
Il oFal se);

Il oGoal restoreSolution = Il oRestoreSol ution(env, _solution);

Il oGoal goal = IloSavingsCenerate(env) &% instantiateCost;

/1 Sol ving

if (findFirstSolution(goal)) {
i nprove(instanti at eCost);
_sol ver. sol ve(restoreSol ution);
}
}

LHEEEEEEEEE i bbb i i i bbb

int main(int argc, char * argv[]) {

11 oEnv env;

try {
Rout i ngvbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (nmdl);
sol ver. sol ve();
solver.printlnformation();

} catch(ll oException& ex) {
cerr << “Error: " << ex << endl;

env. end();

return O;

}
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Complete costl Output

/*)\'

2286. 23

| mprovi ng sol ution

Nurmber of fails )
Nurmber of choice points 0
Nurmber of vari abl es 1 2344
Nunber of constraints : 440
Reversi bl e stack (bytes) : 201024
Sol ver heap (bytes) ;1017340
Sol ver gl obal heap (bytes) : 144384
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) : 4044
Constraint queue (bytes) ;11160
Total menory used (bytes) 1 1442320
El apsed time since creation : 0.02
Nunber of nodes : b1
Nurmber of visits . 80
Nunber of vehicles . 15
Nurmber of di mensi ons 3
Nurmber of accepted noves 1 24
Cost : 1203. 79

Nurmber of vehicles used : 10

Sol uti on

Unperformed visits : None

vehiclel :

-> depot Weight[O] Tinme[O0..12.414] Distance[0..Inf) -> visit35 Wight[O0..175]
Ti me[ 41. 0366. . 53. 4506] Distance[0..Inf) -> visit19 Weight[8..183]
Ti me[ 99. 2963. . 111. 71] Distance[0..Inf) -> visit36 Wi ght[25..200]
Time[ 122. 296. . 134. 71] Distance[0..Inf) -> visit20 Wight[17..192]
Ti me[ 175. 586. . 188] Distance[0..Inf) -> depot Wi ght[0..175] Ti me[217.209. . 230]
Di stance[ 0. . I nf)
vehicle2 :

-> depot Wight[0] Tine[0..18.7919] D stance[O0..Inf) -> visit21 Wi ght[O0..140]
Ti me[ 18. 0278. . 36. 8197] Distance[0..Inf) -> visit22 Wight[11..151]
Ti me[ 38. 0278. . 56. 8197] Distance[0..Inf) -> visit23 Wight[0..140] Ti ne[68..78]
Di stance[0..Inf) -> visit39 Wight[29..169] Tinme[86.6023..137.537]
Di stance[O0..Inf) -> visit24 Wi ght[60..200] Tine[120.14..171.074]
Di stance[0..Inf) -> visit40 Wi ght[31..171] Ti e[ 157. 065..208] Di stance[O..|nf)
-> depot Weight[O0..140] Tine[178.246..230] Distance[O0..Inf)
vehicl e3 :

-> depot Weight[0] Tinme[0..47.076] Distance[0..Inf) -> visit5 Weight[O0..145]
Ti me[ 20. 6155. . 67. 6915] Distance[O0..Inf) -> visit17 Wight[26..171]
Ti me[ 40. 6155. . 87. 6915] Distance[0..Inf) -> visit45 Weight[28..173]
Ti me[ 58. 6778. . 105. 754] Distance[O0..Inf) -> visit46 Wi ght[44..189]
Tinme[ 79. 4481. . 126. 524] Distance[O0..Inf) -> visit47 Wight[28..173]
Ti me[ 99. 4481. . 146. 524] Distance[0..Inf) -> visit48 Wi ght[55..200]
Ti nme[ 115. 851. . 162. 927] Distance[0..Inf) -> visit18 Wi ght[28..173]
Ti me[ 139. 744. . 186. 82] Distance[0..Inf) -> visit6 Wight[26..171]
Ti me[ 160. 924. . 208] Distance[0..Inf) -> depot Weight[O0..145] Tine[182.104..230]
Di stance[ 0. . | nf)
vehicl e4 :

-> depot Weight[O] Time[O0..13.1563] Distance[0..Inf) -> visit33 Weight[O0..175]
Ti me[ 24. 7588. . 37. 9152] Distance[0..Inf) -> visit29 Wi ght[11..186]
Ti me[ 49. 6249. . 62. 7813] Distance[0..Inf) -> visit34 Wight[20..195]
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Ti me[ 72. 6633. . 85.8197] Distance[0..Inf) -> visit9 Wight[9..184] Tinme[97..107]
Distance[0..Inf) -> visit30 Weight[25..200] Tine[122..174] Distance[O0..Inf) ->
visit1l0 Weight[16..191] Tinme[142..194] Distance[O..Inf) -> depot Wight[O0..175]
Time[177. 495..230] Distance[O..Inf)

vehicl e5 :

-> depot Weight[O] Time[0..22.3215] Distance[0..Inf) -> visit27 Wight[O0..145]
Time[ 5..27.3215] Distance[O0..Inf) -> visit31l Wight[16..161]

Ti me[ 27. 6491. . 49. 9706] Distance[0..Inf) -> visitll Weight[43..188] Tine[67..77]
Di stance[0..Inf) -> visit32 Wight[55..200] Tinme[92.5242..143.223]

Di stance[0..Inf) -> visit28 Wight[28..173] Tinme[135.082..185. 78]

Di stance[0..Inf) -> visit12 Weight[12..157] Ti e[ 154. 301..205] Distance[O..Inf)
-> depot Weight[O0..145] Tine[179.301..230] Distance[O..Inf)

vehi cl e6 :

-> depot Weight[O] Tinme[O0..19.9727] Distance[0..Inf) -> visit4l Weight[O..164]
Ti me[ 28. 8617. . 48. 8345] Distance[0..Inf) -> visitl1l5 Wight[5..169] Tine[61..71]
Distance[O0..Inf) -> visit13 Weight[13..177] Tine[109..125.282] D stance[O0..Inf)
-> visit42 Wight[36..200] Tine[133.318..149.6] D stance[O0..Inf) -> visitl4
Wi ght [ 31..195] Tine[152.537..168.82] D stance[0..Inf) -> visitl6
Wi ght[8..172] Tine[173.718..190] D stance[0..Inf) -> depot Weight[O..164]

Ti me[ 212. 872..230] Distance[O..Inf)
vehi cl e7 :

-> depot Weight[O] Tinme[O0..18.5452] Distance[0..Inf) -> visit43 Wight[0..193]
Ti me[ 34. 176. . 52. 7212] Distance[O0..Inf) -> visit44 Wight[7..200] Tine[69..79]
Distance[0..Inf) -> visit25 Weight[O0..193] Tine[172..175.639] Distance[O0..Inf)
-> visit26 Wight[6..199] Tine[204.361..208] Distance[O0..Inf) -> depot
Wi ght[0..193] Tine[225.541..230] D stance[O0..Inf)
vehicl e8 :

-> depot Weight[0] Tine[0..0.750223] Distance[0..Inf) -> visitl Weight[O0..182]
Ti me[ 15. 2315. . 15. 9818] Distance[0..Inf) -> visit37 Wi ght[10..192]

Ti me[ 61. 0366. . 61. 7868] Di stance[0..Inf) -> visit38 Wi ght[18..200]

Ti me[ 92. 2498. . 93] Distance[0..Inf) -> visit2 Wight[10..192] Ti me[134.561..202]
Di stance[0..Inf) -> depot Weight[O0..182] Tinme[162.561..230] Distance[O..Inf)
vehicl e9 :

-> depot Weight[0O] Tinme[O0..61.5802] D stance[O0..Inf) -> visit7 Wight[O0..195]
Time[ 21. 2132..82.7934] Distance[0..Inf) -> visit8 Wi ght[5..200] Tine[95..105]
Di stance[0..Inf) -> depot Weight[O0..195] Time[131.249..230] Distance[O..Inf)
vehi cl e10 :

-> depot Weight[O] Tinme[O0..5.75685] Distance[0..Inf) -> visit49 Wight[0..170]
Ti me[ 43. 9318. . 49. 6886] Distance[0..Inf) -> visit50 Wi ght[30..200]

Ti me[ 99. 9969. . 105. 754] Distance[0..Inf) -> visit3 Wight[0..170]

Time[ 118. 243. . 124] Distance[0..Inf) -> visit4 Wi ght[13..183]

Ti me[ 153. 243. . 159] Distance[0..Inf) -> depot Weight[O0..170] Ti ne[188.243..230]
Di stance[ 0. . | nf)

vehicl ell : Unused

vehi cl e12 : Unused

vehi cl e13 : Unused

vehi cl e14 : Unused

vehi cl el5 : Unused

*/
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Complete cost2 Program

The complete program and output for cost 2. cpp follows. You can aso view it onlinein the
file Your Di spat cher Hone/ exanpl es/ src/ cost 2. cpp.

R e e i -F. CH+ -*-
/1 File: exanpl es/src/cost2. cpp

#incl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
NN NN NNy
/1 Model i ng
cl ass Routi nghbdel {

Il oEnv _env;

I | oMbdel _mdl ;

voi d createD nmensions();
voi d createll oNodes(char* nodeFi | eNang) ;
voi d createVehicl es(char* vehi cl eFi | eNane) ;
void createVisits(char* visitsFileNane);
public:
Rout i nghbdel (11 oEnv env,
int argc,
char* argv[]);
~Rout i nghbdel () {}
Il oEnv getEnv() const { return _env; }
I | oMbdel get Model () const { return _mdl; }
H

Rout i nghbdel : : Rout i nghbdel (I 1 oEnv env,
int argc,
char * argv[])
_env(env), _mdl (env){
creat eDi mensi ons() ;

char* nodeFi | eNane;

if(argc < 4)
nodeFi | eName = (char *) “../../../exanpl es/ data/pdp/ nodes. csv”;
el se

nodeFi | eNare = argv[3];
creat el | oNodes(nodeFi | eNane) ;

char* vehi cl esFi | eNane;
if (argc < 2)
vehi cl esFil eNane = (char *) “../../../exanpl es/data/ pdp/ vehi cl es. csv”;
el se
vehi cl esFil eNane = argv[1];
creat eVehi cl es(vehi cl esFi | eNang) ;

char* visitsFil eNang;

if (argc < 3)
visitsFi |l eNane =
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(char*) “../../../exanpl es/ data/ pdp/visits.csv”;
el se
visitsFil eName = argv[2];
createVisits(visitsFileNane);

}

// Create dinensions

voi d RoutingMdel ::createD nensions() {
I I oDi mensi onl wei ght (_env, “Wight”);
wei ght . set Key(“Wi ght”);
_mdl . add(wei ght) ;

Il oDi nension2 tinme(_env, |loEuclidean, “Tinme");
tine.setKey(“Time");

_mdl . add(tine);

I I oDi mensi on2 di stance(_env, |l oEuclidean, Il oFalse, “Distance”);

di st ance. set Key(“Di stance”);
_mdl . add( di st ance);
}

/1 Create Il oNodes
voi d Routi nghWbdel : : createl | oNodes(char* nodeFi | eNane) {
I | oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
Il oCsvLine line = *it;
char* nane = |ine.getStringByHeader (“nanme”);
I | oNode node(_env,
I'i ne. get Fl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”),
0,
nane) ;
node. set Key( nane) ;
++it;

}
csvNodeReader . end() ;
}

/1 Create vehicles
voi d Routi nghWbdel : : creat eVehi cl es(char* vehicl eFi | eNane) {

I'l oDi mensi onl weight = Il oD nensionl:: Find(_env, “Wight”);
Il oDi mension2 time = Il oD nmension2::Find(_env, “Time");
I I oDi mensi on2 di stance = || oD nensi on2: : Fi nd(_env, “Distance”);

I | oCsvReader csvVehi cl eReader (_env, vehicl eFi| eNane);
Il oCsvReader: : Linelterator it(csvVehicleReader);
while(it.ok()) {

Il oCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * narel ast = line.getStringByHeader (“last”);
char * nane = |ine. get StringByHeader (“nane”);

I'l oNum capacity
I'l oNum openTi e
Il oNum cl oseTi ne
Il oNode nodel =
Il oNode node2 =

| i ne. get Fl oat ByHeader (“capacity”);
I'i ne. get Fl oat ByHeader (“open”);

= |ine. get Fl oat ByHeader (“cl ose”);

| oNode: : Fi nd(_env, nanmefirst);

| oNode: : Fi nd(_env, nanel ast);

IloVisit first(nodel, “depot”);
_ndl . add(first.getCQunul Var (wei ght) == 0);
_ndl . add(first.getCunul Var (ti me) >= openTine);
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IloVisit |ast(node2, “depot”);
_nmdl . add(| ast. get Gumul Var (time) <= cl oseTine);
I'l oVehicle vehicle(first, last, nane);

vehi cl e. set Cost (di stance, 1);

I | oNumlroNunSegnent Functi on cost Functi on(_env);
cost Functi on. set Sl ope(75, 100, 37.5, 0.5);

cost Functi on. set Sl ope(100, Ilolnfinity, 100, 1);
vehi cl e. set Cost (di stance, costFunction);

vehi cl e. set Capaci t y(wei ght, capacity);
_mdl . add(vehicle);
++it;

csvVehi cl eReader . end() ;

}

// Create visits
voi d RoutinghWbdel ::createVisits(char* visitsFileNane) {
Il oDi mensi onl wei ght = Il oD nensionl:: Find(_env, “Wight”);
Il oDi mension2 tine = Il oD nmension2::Find(_env, “Time");
I oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok())({
Il oCsvLine line = *it;
//read visit data fromfiles

char * pickupVisitName = |ine. get StringByHeader (“pi ckup”);

char * pi ckupNodeNare = |ine. get Stri ngByHeader (“pi ckupNode”);
char * deliveryVisitNane = |ine.getStringByHeader(“delivery”);
char * deliveryNodeName = |ine. getStringByHeader (“deliveryNode”);
Il oNum quantity = line.getFl oat ByHeader (“quantity”);

Il oNum pi ckupM nTi ne = | i ne. get Fl oat ByHeader (“ pi ckupM nTi ne”);

Il oNum pi ckupMaxTi ne = | i ne. get Fl oat ByHeader (“ pi ckupMaxTi ne”) ;

Il oNum del iveryM nTine = |ine. getFl oat ByHeader (“del i veryM nTi ne”);
Il oNum del i veryMaxTi ne = | i ne. get Fl oat ByHeader (“del i ver yMaxTi ne”);
Il oNum dropTi me = |ine. getFl oat ByHeader (“dropTi me”);

I'l oNum pi ckupTi ne = | i ne. get Fl oat ByHeader (“ pi ckupTi ne”);

/1 read data nodes fromthe file nodes.csv
/] and create pickup and delivery nodes

Il oNode pi ckupNode = Il oNode: : Fi nd(_env, pi ckupNodeNane);
Il oNode deliveryNode = Il oNode: : Fi nd(_env, deliveryNodeNane);

//create and add pickup and delivery visits

Il oVisit pickup(pickupNode, pickupVisitNane);

_ndl . add( pi ckup. get Del ayVar (ti ne) == pi ckupTi ne);

_ndl . add( pi ckup. get Transi t Var (wei ght) == quantity);

_ndl . add( pi ckupM nTi ne <= pi ckup. get Cumul Var (ti me) <= pi ckupMaxTi ne);
_ndl . add( pi ckup) ;

Il oVisit delivery(deliveryNode, deliveryVisitNane);

_ndl . add(del i very. get Del ayVar (ti me) == dropTine);

_ndl . add(del i very. get Transi t Var (wei ght) == -quantity);

_ndl . add(del i veryM nTi ne <= del i very. get Qunul Var (time) <= deliveryMaxTi ne);
_ndl . add(del i very);

//add pickup and delivery order constraint

_ndl . add( 11 oOrderedVisitPair(_env, pickup, delivery));
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}
csvVi si t Reader . end() ;

}
NN NN
/1 Solving
cl ass RoutingSol ver {

I | oMbdel _mdl ;

11 0oSol ver _sol ver;

Il oRouti ngSol ution _sol ution;

Il oBool findFirstSolution(lloGoal goal);
voi d greedyl nprove(l | oNHood nhood, |l oGoal subGoal);
voi d inmprove(lloGoal subgoal);
public:
Rout i ngSol ver ( Rout i nghbdel ndl);
~Rout i ngSol ver () {}
Il oRouti ngSol uti on get Sol ution() const { return _solution; }
void printlnformation() const;
voi d sol ve();

b

Rout i ngSol ver: : Rout i ngSol ver ( Rout i nghbdel ndl)
: _mdl (ndl . get Model ()), _solver(mdl.getMdel ()), _solution(ndl.getMdel()) {}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution(lloCoal goal) {
if (!_solver.solve(goal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return Il oFal se;
}
I | oDi spat cher di spat cher(_sol ver);
_sol ver.out () << dispatcher.getTotal Cost() << endl;
_sol ution.store(_sol ver);
return Il oTrue;

}

// lnprove sol ution using nhood
voi d Routi ngSol ver: : greedyl nprove(l | oNHood nhood, |l oGoal subGoal) {
_solver.out() << “Inproving solution” << endl;

Il oEnv env = _sol ver. get Env();

nhood. reset ();

Il oGoal inprove = |l0Singl eMve(env,
_solution,
nhood,
I'l ol mprove(env),
subCoal ) ;

whil e (_sol ver.sol ve(inprove)) {}

}

/1 1nprove solution
voi d RoutingSol ver::inprove(lloGoal subCoal) {
Il oEnv env = _sol ver. get Env();
I oNHood nhood = |l oTwoQpt (env)
+ 11 0O Opt (env)
+ |1 oRel ocat e( env)
+ 11 oCross(env)
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+ |1 oExchange(env);
gr eedyl nprove( nhood, subGoal);

// D splay Dispatcher information
voi d RoutingSol ver::printlnformation() const {
I | oDi spat cher di spat cher(_sol ver);
_solver.printlnformation();
di spatcher. printlnformation();
_SOI ver . out () << Y zzzzz==—=—=—=—=====" << end|
<< “Cost . “ << dispatcher.get Total Cost() << endl
<< “Nunber of vehicles used : *
<< di spat cher. get Nunber O Vehi cl esUsed() << endl
<< “Sol ution 1 Y << endl
<< || oVer bose(di spatcher) << endl;

}

/1 Sol ving
voi d RoutingSol ver::solve() {
I | oDi spat cher di spatcher(_sol ver);

Il oEnv env = _sol ver. get Env();

/'l Subgoal

Il oGoal instantiateCost = Il oD chotom ze(env,
di spat cher . get Cost Var (),
Il oFal se);

Il oGoal restoreSolution = Il oRestoreSolution(env, _solution);

Il oGoal goal = IloSavingsCenerate(env) && instantiateCost;

/1 Sol vi ng

if (findFirstSolution(goal)) {
i nprove(instanti ateCost);
_sol ver. sol ve(restoreSol ution);

}}
FHEETEEEEEE bbb bbb i i i e b rr iy

int main(int argc, char * argv[]) {

11 oEnv env;

try {
Rout i ngMbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
sol ver. sol ve();
sol ver.printlnformation();

} catch(ll oException& ex) {
cerr << “Error: " << ex << endl;

env. end();
return O;

Complete cost2 Output

/**

2583. 49

| mprovi ng sol ution

Nunber of fails 0
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Nunber of choice points 0

Nurmber of vari abl es ;2359
Nunber of constraints : 440
Reversi bl e stack (bytes) ;201024
Sol ver heap (bytes) : 1025380
Sol ver gl obal heap (bytes) ;269064
And stack (bytes) : 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
Constrai nt queue (bytes) ;11160
Total menory used (bytes) : 1575040
El apsed time since creation : 0.01
Nunber of nodes . 51
Nunber of visits ;80
Nunber of vehicles . 15
Nurber of di mensi ons 3
Nunber of accepted noves : 28
Cost : 1900. 16

Nurmber of vehicles used : 13

Sol ution

Unper f or mred visits : None

vehicl el
Cost coefficients : Distance[2]

Route : depot -> visit35 -> visit49 -> visit36 -> visit50 -> depot

Wi ght : depot [0], quantity [O0..162] -> visit35 [0..162], quantity [8] ->
visit49 [8..170], quantity [30] -> visit36 [38..200], quantity [-8] -> visit50
[30..192], quantity [-30] -> depot [0..162], quantity (-Inf..Inf) TransitSum (-
Inf..Inf)

Time : depot [0..19.1001], delay [O..19.1001] -> travel [41.0366], wait
[0..19.1001] -> visit35 [41.0366..60.1367], delay [10] -> travel [57.0789],
wait [0..19.1001] -> visit49 [108.115..127.216], delay [10] -> travel
[8.94427], wait [0..19.1001] -> visit36 [127.06..146.16], delay [10] -> travel
[46.8402], wait [O0..19.1001] -> visit50 [183.9..203], delay [10] -> travel
[16.9706], wait [O..19.1295] -> depot [210.87..230], delay [O..Inf) -> travel
[0], wait [O..Inf) TransitSum [210.87..Inf)

Di stance : depot [O..Inf), delay [O..Inf) -> travel [41.0366], wait [O..Inf)
->visit35 [0..Inf), delay [O..Inf) -> travel [57.0789], wait [O..Inf) ->
visit49 [0..Inf), delay [0..Inf) -> travel [8.94427], wait [0..Inf) -> visit36
[0..1nf), delay [0..Inf) -> travel [46.8402], wait [O..Inf) -> visit50
[0..1Inf), delay [O..Inf) -> travel [16.9706], wait [O..Inf) -> depot [O..Inf),
delay [0..Inf) ->travel [0], wait [O..Inf) TransitSum[170.87..1nf)

vehi cl e2
Cost coefficients : Distance[2]
Route : depot -> visit2l -> visit22 -> visit23 -> visit39 -> visit24 ->
vi si t40 -> depot

Weight : depot [0], quantity [0..140] -> visit21 [0..140], quantity [11] ->
visit22 [11..151], quantity [-11] -> visit23 [0..140], quantity [29] -> visit39
[29..169], quantity [31] -> visit24 [60..200], quantity [-29] -> visit40
[31..171], quantity [-31] -> depot [O..140], quantity (-Inf..Inf) TransitSum (-
Inf..Inf)

Time : depot [O0..18.7919], delay [0..18.7919] -> travel [18.0278], wait
[0..18.7919] -> visit21 [18.0278..36.8197], delay [10] -> travel [10], wait
[0..18.7919] -> visit22 [38.0278..56.8197], delay [10] -> travel [11.1803],
wait [0..18.7919] -> visit23 [68..78], delay [10] -> travel [8.60233], wait
[0..50.9346] -> visit39 [86.6023..137.537], delay [10] -> travel [23.5372],
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Complete cost2 Program

wait [0..50.9346] -> visit24 [120.14..171.074], delay [10] -> travel [26.9258],
wait [0..50.9346] -> visit40 [157.065..208], delay [10] -> travel [11.1803],
wait [0..51.7543] -> depot [178.246..230], delay [O..Inf) -> travel [0], wait
[0..1nf) TransitSum[169.454..1nf)

Di stance : depot [O..Inf), delay [0..Inf) -> travel [18.0278], wait [O..Inf)
->visit2l [O0..Inf), delay [O..Inf) ->travel [10], wait [O..Inf) -> visit22
[0..1nf), delay [0..Inf) -> travel [11.1803], wait [O..Inf) -> visit23
[0..Inf), delay [O..Inf) -> travel [8.60233], wait [O0..Inf) -> visit39
[0..1nf), delay [0..Inf) -> travel [23.5372], wait [O..Inf) -> visit24
[0..1Inf), delay [0..Inf) -> travel [26.9258], wait [O0..Inf) -> visit40
[0..1nf), delay [0..Inf) -> travel [11.1803], wait [O..Inf) -> depot [O..Inf),
delay [0..Inf) ->travel [0], wait [O..Inf) TransitSum[109.454..1nf)

vehi cl e3
Cost coefficients : Distance[l.5..2]
Route : depot -> visit7 -> visit8 -> visit4s -> visit46 -> visit47 ->
vi sit48 -> depot

Weight : depot [0], quantity [O0..173] -> visit7 [0..173], quantity [5] ->
visit8 [5..178], quantity [-5] -> visit45 [0..173], quantity [16] -> visit46
[16..189], quantity [-16] -> visit47 [0..173], quantity [27] -> visit48
[27..200], quantity [-27] -> depot [0..173], quantity (-Inf..Inf) TransitSum (-
Inf..Inf)

Time : depot [0..61.5802], delay [O..61.5802] -> travel [21.2132], wait
[0..61.5802] -> visit7 [21.2132..82.7934], delay [10] -> travel [12.2066], wait
[0..61.5802] -> visit8 [95..105], delay [10] -> travel [6.40312], wait
[0..23.4234] -> visit45 [111.403..134.827], delay [10] -> travel [10.7703],
wait [0..23.4234] -> visit46 [132.173..155.597], delay [10] -> travel [10],
wait [0..23.4234] -> visit47 [152.173..175.597], delay [10] -> travel
[6.40312], wait [O0..23.4234] -> visit48 [168.577..192], delay [10] -> travel
[27.8029], wait [O0..23.6205] -> depot [206.379..230], delay [O..Inf) -> travel
[0], wait [O..Inf) TransitSum[154.799..1nf)

Di stance : depot [O..Inf), delay [O..Inf) -> travel [21.2132], wait [O..Inf)
->visit7 [0..Inf), delay [O..Inf) -> travel [12.2066], wait [O..Inf) -> visit8
[0..1Inf), delay [0O..Inf) -> travel [6.40312], wait [O0..Inf) -> visit45
[0..1nf), delay [O0..Inf) -> travel [10.7703], wait [O..Inf) -> visit46
[0..Inf), delay [O..Inf) -> travel [10], wait [O..Inf) -> visit47 [0..Inf),
delay [0..Inf) -> travel [6.40312], wait [O..Inf) -> visit48 [0..Inf), delay
[0..Inf) -> travel [27.8029], wait [O..Inf) -> depot [O..Inf), delay [O..Inf) -
> travel [0], wait [O0..Inf) TransitSum|[94.7992..I1nf)

vehi cl e4
Cost coefficients : Distance[2]
Route : depot -> visit33 -> visit29 -> visit34 -> visit9 -> visit30 ->
visit10 -> depot

Weight : depot [0], quantity [0..175] -> visit33 [0..175], quantity [11] ->
visit29 [11..186], quantity [9] -> visit34 [20..195], quantity [-11] -> visit9
[9..184], quantity [16] -> visit30 [25..200], quantity [-9] -> visitl10
[16..191], quantity [-16] -> depot [O..175], quantity (-Inf..Inf) TransitSum (-
I nf..Inf)

Time : depot [O0..13.1563], delay [O..13.1563] -> travel [24.7588], wait
[0..13.1563] -> visit33 [24.7588..37.9152], delay [10] -> travel [14.8661],
wait [0..13.1563] -> visit29 [49.6249..62.7813], delay [10] -> travel
[13.0384], wait [0..13.1563] -> visit34 [72.6633..85.8197], delay [10] ->
travel [11.1803], wait [O..13.1563] -> visit9 [97..107], delay [10] -> travel
[15], wait [0..52] -> visit30 [122..174], delay [10] -> travel [10], wait
[0..52] -> visit10 [142..194], delay [10] -> travel [25.4951], wait
[0..52.5049] -> depot [177.495..230], delay [O..Inf) -> travel [0], wait
[0..1Inf) TransitSum][174.339..1nf)
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Di stance : depot [O..Inf), delay [0..Inf) -> travel [24.7588], wait [O0..Inf)
->visit33 [0..Inf), delay [O..Inf) -> travel [14.8661], wait [O..Inf) ->
visit29 [0..Inf), delay [0..Inf) -> travel [13.0384], wait [O..Inf) -> visit34
[0..1Inf), delay [O..Inf) -> travel [11.1803], wait [O..Inf) ->visit9 [0..Inf),
delay [0..Inf) -> travel [15], wait [O..Inf) -> visit30 [0..Inf), delay
[0..Inf) ->travel [10], wait [O..Inf) -> visitl0 [O..Inf), delay [O..Inf) ->
travel [25.4951], wait [0..Inf) -> depot [O0..Inf), delay [O..Inf) -> travel
[0], wait [O..Inf) TransitSum][114.339..1nf)

vehi cl e5
Cost coefficients : Distance[2]
Route : depot -> visit3l -> visitl9 -> visitll -> visit32 -> visit20 ->
visitl2 -> depot

Wi ght : depot [0], quantity [0..144] -> visit31 [O0..144], quantity [27] ->
visitl9 [27..171], quantity [17] -> visitl1ll [44..188], quantity [12] -> visit32
[56..200], quantity [-27] -> visit20 [29..173], quantity [-17] -> visit1l2
[12..156], quantity [-12] -> depot [O0..144], quantity (-Inf..Inf) TransitSum (-
Inf..Inf)

Time : depot [0..14.5761], delay [O..14.5761] -> travel [17.4642], wait
[0..14.5761] -> visit31 [17.4642..32.0404], delay [10] -> travel [17.8885],
wait [0..14.5761] -> visit19 [45.3528..59.9289], delay [10] -> travel
[7.07107], wait [O..14.5761] -> visitll [67..77], delay [10] -> travel
[15.5242], wait [0..51.2917] -> visit32 [92.5242..143.816], delay [10] ->
travel [10.7703], wait [0..51.2917] -> visit20 [113.295..164.586], delay [10] -
> travel [30.4138], wait [0..51.2917] -> visitl1l2 [153.708..205], delay [10] ->
travel [15], wait [O..51.2917] -> depot [178.708..230], delay [O..Inf) ->
travel [0], wait [O..Inf) TransitSum[174.132..1nf)

Di stance : depot [O..Inf), delay [O..Inf) -> travel [17.4642], wait [O..Inf)
->visit31 [O..Inf), delay [O..Inf) -> travel [17.8885], wait [O..Inf) ->
visitl19 [0..Inf), delay [O..Inf) -> travel [7.07107], wait [O..Inf) -> visitll
[0..1nf), delay [0..Inf) -> travel [15.5242], wait [O..Inf) -> visit32
[0..1Inf), delay [O..Inf) -> travel [10.7703], wait [O..Inf) -> visit20
[0..1nf), delay [0..Inf) -> travel [30.4138], wait [0..Inf) -> visitl2
[0..1Inf), delay [O..Inf) ->travel [15], wait [O..Inf) -> depot [O..Inf), delay
[0..1nf) ->travel [0], wait [O..Inf) TransitSum][114.132..1nf)

vehi cl e6
Cost coefficients : Distance[1.5..2]

Route : depot -> visit4l -> visitls -> visit42 -> visitle -> visit5 ->
visit6 -> depot

Wi ght : depot [0], quantity [O..174] -> visit4l [0..174], quantity [5] ->
visitl5 [5..179], quantity [8] -> visit42 [13..187], quantity [-5] -> visitl1l6
[8..182], quantity [-8] -> visit5 [0..174], quantity [26] -> visit6 [26..200],
quantity [-26] -> depot [0..174], quantity (-Inf..Inf) TransitSum (-Inf..Inf)

Time : depot [0..19.9727], delay [O..19.9727] -> travel [28.8617], wait
[0..19.9727] -> visit4l [28.8617..48.8345], delay [10] -> travel [12.1655],
wait [0..19.9727] -> visitl5 [61..71], delay [10] -> travel [9.21954], wait
[0..60.4756] -> visit42 [80.2195..140.695], delay [10] -> travel [16.1245],
wait [0..60.4756] -> visitl6 [106.344..166.82], delay [10] -> travel [11.1803],
wait [0..60.4756] -> visit5 [127.524..188], delay [10] -> travel [10], wait
[0..60.4756] -> visit6 [147.524..208], delay [10] -> travel [11.1803], wait
[0..61.2953] -> depot [168.705..230], delay [0..Inf) -> travel [0], wait
[0..1nf) TransitSum[158.732..1nf)

Di stance : depot [O0..Inf), delay [O..Inf) -> travel [28.8617], wait [O..Inf)
->visit4l [O..Inf), delay [O..Inf) -> travel [12.1655], wait [O..Inf) ->
visitl5 [0..Inf), delay [0..Inf) -> travel [9.21954], wait [O0..Inf) -> visit42
[0..1nf), delay [0..Inf) -> travel [16.1245], wait [O..Inf) -> visit16
[0..1Inf), delay [O..Inf) -> travel [11.1803], wait [O..Inf) -> visit5 [0..Inf),
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Complete cost2 Program

delay [O..Inf) ->travel [10], wait [O..Inf) -> visit6 [0..Inf), delay [O..Inf)
-> travel [11.1803], wait [O..Inf) -> depot [0..Inf), delay [O..Inf) -> travel
[0], wait [O..Inf) TransitSum[98.732..Inf)

vehi cl e7
Cost coefficients : Distance[l..2]

Route : depot -> visit27 -> visit28 -> visit25 -> visit26 -> depot

Weight : depot [0], quantity [0..184] -> visit27 [0..184], quantity [16] ->
visit28 [16..200], quantity [-16] -> visit25 [0..184], quantity [6] -> visit26
[6..190], quantity [-6] -> depot [O0..184], quantity (-Inf..Inf) TransitSum (-
I nf..Inf)

Tinme : depot [0..114.52], delay [0..114.52] -> travel [5], wait
[0..114.52] -> visit27 [5..119.52], delay [10] -> travel [6.7082], wait
[0..114.52] -> visit28 [21.7082..136.228], delay [10] -> travel [29.4109], wait
[0..114.52] -> visit25 [172..175.639], delay [10] -> travel [22.3607], wait
[0..3.63932] -> visit26 [204.361..208], delay [10] -> travel [11.1803], wait
[0..4.45898] -> depot [225.541..230], delay [O..Inf) -> travel [O0], wait
[0..1nf) TransitSum[114.66..1nf)

Di stance : depot [O..Inf), delay [0..Inf) -> travel [5], wait [O..Inf) ->
visit27 [0..Inf), delay [0..Inf) -> travel [6.7082], wait [O..Inf) -> visit28
[0..1nf), delay [0..Inf) -> travel [29.4109], wait [O..Inf) -> visit25
[0..1Inf), delay [0O..Inf) -> travel [22.3607], wait [O..Inf) -> visit26
[0..1nf), delay [0..Inf) -> travel [11.1803], wait [O..Inf) -> depot [O..Inf),
delay [0..Inf) -> travel [0], wait [O..Inf) TransitSum][74.6601..1nf)

vehi cl e8
Cost coefficients : Distance[l.5..2]

Route : depot -> visit37 -> visit38 -> depot

Wi ght : depot [0], quantity [0..192] -> visit37 [0..192], quantity [8] ->
visit38 [8..200], quantity [-8] -> depot [0..192], quantity (-Inf..Inf)
TransitSum (-1nf..Inf)

Time : depot [O0..40.5736], delay [0..40.5736] -> travel [21.2132], wait
[0..40.5736] -> visit37 [21.2132..61.7868], delay [10] -> travel [21.2132],
wait [0..40.5736] -> visit38 [83..93], delay [10] -> travel [42.4264], wait
[0..94.5736] -> depot [135.426..230], delay [0..Inf) -> travel [0], wait
[0..1Inf) TransitSum[104.853..1nf)

Di stance : depot [O..Inf), delay [0..Inf) -> travel [21.2132], wait [O..Inf)
->visit37 [0..Inf), delay [O..Inf) -> travel [21.2132], wait [O..Inf) ->
visit38 [0..Inf), delay [0..Inf) -> travel [42.4264], wait [O..Inf) -> depot
[0..Inf), delay [O..Inf) -> travel [O], wait [O..Inf) TransitSum[84.8528..Inf)

vehi cl e9
Cost coefficients : Distance[l..2]

Route : depot -> visit3 -> visit4 -> depot

Weight : depot [0], quantity [0..187] -> visit3 [0..187], quantity [13] ->
visit4 [13..200], quantity [-13] -> depot [O..187], quantity (-Inf..Inf)
TransitSum (-1nf..Inf)

Time : depot [O..101.639], delay [0..101.639] -> travel [22.3607], wait
[0..101.639] -> visit3 [22.3607..124], delay [10] -> travel [25], wait
[0..101.639] -> visit4 [149..159], delay [10] -> travel [25], wait [O..46] ->
depot [184..230], delay [O..Inf) ->travel [0], wait [O..Inf) TransitSum
[92.3607..Inf)

Di stance : depot [O..Inf), delay [0..Inf) -> travel [22.3607], wait [O..Inf)
->visit3 [0..Inf), delay [O..Inf) -> travel [25], wait [O..Inf) -> visit4
[0..1nf), delay [O..Inf) ->travel [25], wait [O..Inf) -> depot [O..Inf), delay
[0..1Inf) -> travel [0], wait [O..Inf) TransitSum[72.3607..1nf)

vehi cl el0
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Cost coefficients : Distance[l.5..2]

Route : depot -> visit43 -> visit44 -> depot

Wi ght : depot [0], quantity [O0..193] -> visit43 [0..193], quantity [7] ->
visit44 [7..200], quantity [-7] -> depot [O0..193], quantity (-Inf..Inf)
TransitSum (-1nf..Inf)

Time : depot [O..18.5452], delay [O0..18.5452] -> travel [34.176], wait
[0..18.5452] -> visit43 [34.176..52.7212], delay [10] -> travel [16.2788], wait
[0..18.5452] -> visit44 [69..79], delay [10] -> travel [31.8904], wait
[0..119.11] -> depot [110.89..230], delay [0..Inf) ->travel [0], wait [O..Inf)
Transi t Sum [ 102. 345. . | nf)

Distance : depot [O0..Inf), delay [0..Inf) -> travel [34.176], wait [O..Inf) -
> visit43 [0..Inf), delay [0..Inf) -> travel [16.2788], wait [O..Inf) ->
visitd44 [0..Inf), delay [0..Inf) -> travel [31.8904], wait [O..Inf) -> depot
[0..Inf), delay [O..Inf) -> travel [O], wait [O..Inf) TransitSum[82.3453..1nf)

vehicl ell
Cost coefficients : Distance[l..2]

Route : depot -> visitl7 -> visitl1l8 -> depot

Wi ght : depot [0], quantity [0..198] -> visitl7 [0..198], quantity [2] ->
visit18 [2..200], quantity [-2] -> depot [O0..198], quantity (-Inf..Inf)
TransitSum (-1nf..Inf)

Time : depot [O..145.558], delay [0..145.558] -> travel [30.4138], wait
[0..145.558] -> visitl7 [30.4138..175.972], delay [10] -> travel [18.0278],
wait [0..145.558] -> visitl8 [58.4416..204], delay [10] -> travel [15.8114],
wait [0..145.747] -> depot [84.253..230], delay [O..Inf) -> travel [0], wait
[0..1nf) TransitSum[84.253..1nf)

Di stance : depot [O..Inf), delay [0..Inf) -> travel [30.4138], wait [O0..Inf)
->visitl7 [O..Inf), delay [O..Inf) -> travel [18.0278], wait [O..Inf) ->
visitl8 [0..Inf), delay [0..Inf) -> travel [15.8114], wait [0..Inf) -> depot
[0..1Inf), delay [O..Inf) -> travel [O], wait [O..Inf) TransitSum[64.253..1nf)

vehi cl el2
Cost coefficients : Distance[l..2]

Route : depot -> visitl3 -> visitl4 -> depot

Wi ght : depot [0], quantity [0..177] -> visitl1l3 [0..177], quantity [23] ->
visitl4 [23..200], quantity [-23] -> depot [O..177], quantity (-Inf..Inf)
TransitSum (-1 nf..Inf)

Time : depot [O0..144.606], delay [O..144.606] -> travel [11.1803], wait
[0..144.606] -> visitl3 [109..155.787], delay [10] -> travel [21.2132], wait
[0..46.7868] -> visitl4 [140.213..187], delay [10] -> travel [32.0156], wait
[0..47.7712] -> depot [182.229..230], delay [O..Inf) -> travel [0], wait
0..Inf) TransitSum[84.4092..Inf)

Di stance : depot [O..Inf), delay [0..Inf) -> travel [11.1803], wait [O..Inf)
->visitl13 [0..Inf), delay [O..Inf) -> travel [21.2132], wait [O..Inf) ->
visitld [0..Inf), delay [0..Inf) -> travel [32.0156], wait [O..Inf) -> depot
[0..Inf), delay [O..Inf) -> travel [O], wait [O..Inf) TransitSum[64.4092..1nf)

vehi cl el3
Cost coefficients : Distance[l..2]

Route : depot -> visitl -> visit2 -> depot

Weight : depot [0], quantity [0..190] -> visitl [0..190], quantity [10] ->
visit2 [10..200], quantity [-10] -> depot [O..190], quantity (-Inf..Inf)
TransitSum (-1nf..Inf)

Time : depot [O..144.211], delay [O..144.211] -> travel [15.2315], wait
[0..144.211] -> visitl [15.2315..159.442], delay [10] -> travel [32.5576], wait
[0..144.211] -> visit2 [57.7892..202], delay [10] -> travel [18], wait
[0..144.211] -> depot [85.7892..230], delay [0..Inf) ->travel [0], wait
[O0..1nf) TransitSum[85.7892..1nf)
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Complete cost2 Program

Di stance : depot [O..Inf), delay [0..Inf) -> travel [15.2315], wait [O..Inf)
->visitl [0..Inf), delay [O..Inf) ->travel [32.5576], wait [0..Inf) -> visit2
[0..1nf), delay [O..Inf) ->travel [18], wait [O..Inf) -> depot [O..Inf), delay
[0..Inf) ->travel [0], wait [O..Inf) TransitSum[65.7892..1nf)
vehicl el4 : Unused
vehicl el5 : Unused

*/
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12

Docking Bays: Modeling External
Resources

In this lesson, you will learn how to:
0O model a shared external resource that is used by vehicles
O create an activity that uses that resource

O incorporate IBM ILOG Scheduler into your Dispatcher programs

Describe

Vehicles and their drivers may occasionally need resources that can be considered “ external”
to the delivery processitself. For example, there may be handling resources such as people,
cranes, or docking bays at a depot that are necessary to load the trucks, or there may be
trailers (shared between vehicles) that are used for the deliveries. External resources can be
modeled with IBM ILOG Scheduler and incorporated into your Dispatcher program, thus
increasing your ability to model various delivery problems.

This lesson demonstrates the use of external resources by starting with a standard Pickup
and Delivery Problem (PDP) and adding the requirement to use one of alimited number of
depot docking baysto load the trucks. Three docking bays are used to load up to 15 vehicles.
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Thereisabreak on each docking bay, which represents a break for the people loading the
vehicles.

Describe the problem

Thefirst step isto write a natural language description of the problem. A good way to start
this process is to analyze the constraints and objectives.

What are the constraints in this problem?
O Delivery trucks must be loaded at alimited number of docking bays at the depot.

0O Thereisabreak on the docking bay resource that represents a break for the people
loading the trucks.

0O Congtraintsthat exist for aregular PDP exist here aswell, such as pickups and deliveries
with time window constraints, and capacity constraints on the trucks. In this example, a
csv datafile positions all pickups at the docking bays.

The objective is to minimize the cost of the delivery of all the parcels.

Model

306

Once you have written a description of this problem, you can use Dispatcher and Scheduler
classesto model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial /
bays_parti al . cpp inyour development environment.

Thislesson requires the IBM ILOG Scheduler library to model the resource and the pickup
activity.

Include the Scheduler library
Add the following code after the comment / / I ncl ude the Schedul er library.

#i ncl ude <ilsched/il oschedul er. h>

Asin the previous examples, you will use aRout i nghbdel classto call the functions that
create the dimensions, nodes, vehicles, and visits. In this example, Rout i nghbdel includes
some Scheduler code and a function to create the docking bays.
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Model

Declare the RoutingModel class
Add the following code after the comment / / Decl are the Routi nghbdel cl ass.

cl ass Routinghbdel {

Il oEnv _env;

I | oModel _nmdl ;

|| oDi screteResource _bays;

Il ol nt _schedG anul arity;

voi d creat eDepot Docki ngBays(char* baysFi | eNane) ;
voi d createDi nensi ons();
voi d creat eNodes(char* nodeFi | eNane) ;
voi d createVehicl es(char* vehicl eFi | eNane) ;
voi d createVisits(char* visitsFileNane);
public:
Rout i nghbdel (11 oEnv env,
int argc,
char* argv[],
Ilolnt schedGanularity = 100);
~Rout i nghbdel () {}
|| oDi screteResource getBays() const { return _bays; }
Il oEnv getEnv() const { return _env; }
I oMbdel get Model () const { return _mdl; }

h

The docking bays are modeled in Scheduler as an instance of 1 | oDi scr et eResour ce. A
discrete resource has a capacity that can vary over time, but is always available only asa
positive integer.

Theinteger variable _schedG anul ari ty isused asascaling factor to relate floating-point
dimension variables of Dispatcher to the integer values of the Scheduler resource time
variables.

The function cr eat eDepot Docki ngBays creates the docking bays and their associated
breaks.
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Create the docking bays
Add the following code after the comment / / Cr eat e t he docki ng bays.

voi d Routi ngMbdel : : cr eat eDepot Docki ngBays(char* baysFi | eNane) {
/1 Schedul er environnent settings
I | oCsvReader csvBaysReader (_env, baysFil eNane);
Il oCsvReader:: Linelterator it(csvBaysReader);
while (it.ok()) {
Il oCsvLine line = *it;
I'l oSchedul er Env schedEnv(_env);

Ilolnt horizon = line.getlntByHeader("horizon");
Ilolnt nbOXBays = |ine. getlntByHeader ("bays");

Ilolnt breakStart = line.getlntByHeader("breakStart");
Il olnt breakEnd = |i ne. getl nt ByHeader (" br eakEnd");

schedEnv. set Hori zon(hori zon * _schedG anul arity);
_bays = Il oD screteResource(_env, nbCOfBays);
_bays. addBreak(breakStart * _schedGanularity,

breakEnd * _schedG anul arity);
++it;

}
csvBaysReader . end() ;
}

Datafor the discrete resource isread in from acsv file. Thehori zon is used to set the
ending point of the time window over which the resource capacity constraints are enforced.
Thehori zon ismultiplied by agranularity (_schedGranul ari t y) of 100 and then
applied to aninstance of | | oSchedul er Env (schedEnv). | | oSchedul er Env servesas
the repository of all the default parameters used in creating Scheduler modeling objects.

Thecode_bays = |1 oDi scret eResource(_env, nbOf Bays); createsthe docking
bays as a discrete resource of capacity nbCOf Bays (in this example, “3").

The break start and end times are also multiplied by _schedG anul ari t y and then added
tothe _bays resource.

Hereis an example to demonstrate the effect of the granularity: assume that visavisit
initially starting after 1.56 and ending before 3.34, with aduration of 1. If

_schedG anul ari ty == 1, then v will start after 2 and end before 3.34, and the resource
will berequired between 2 and 3. If _schedG anul ari ty == 100, then v will start after
1.56 and end before 3.34, and the resource will be required at least between 156 and 256.

The dimensions, nodes, and vehicles are created just as for the PDP. The visits require
additional code to model the docking bay pickups.
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Solve

Create the docking bay pickups
Add the following code after the comment / / Creat e t he docki ng bay pi ckups.

Il oNunVar process(_env, 0, pickupMaxTine * _schedGanularity, |LONT);

Il oActivity vehicl eLoad(_env, process);

Il oNunVar start(_env, 0, pickupMaxTine * _schedGanularity, |LQONT);

Il oNunVar end(_env, 0, pickupMaxTime * _schedGanularity, |ILONT);

_ndl . add(start == vehicl eLoad. get Start Expr());

_mdl . add(end == vehi cl eLoad. get EndExpr());

vehi cl eLoad. set Nane( pi ckupVi si t Nang) ;

vehi cl eLoad. set Breakabl e() ;

_ndl . add(vehi cl eLoad. requi res(_bays, 1));

_mdl . add(start == pi ckup. get Currul Var (tine) * _schedGanularity);

_ndl . add(end <= (pi ckup. get Qurrul Var (ti nme) + pickup. get Del ayVar (tine))
* _schedGanularity);

mdl . add( process >= pickupTine * _schedGanularity);

This section of the function Cr eat eVi si t s models the pickup and loading activity at the
docking bay as a Scheduler activity vehi cl eLoad. The Scheduler member function

Il oActivity::setBreakabl e dlowsvehi cl eLoad to be interrupted by the personnel
break. The member function | | oActi vity: :requires isaresource constraint that states
that the activity vehi cl eLoad requires (or consumes) exactly one of the resource _bays.
For discrete resources, the activity requires the stated resource capacity at all times after the
activity's start time (for the entire time the activity is occurring).

The activity vehi cl eLoad is constructed with a start time of st art , an end time of end,
and a processing time (total time the activity occurs) of pr ocess. Notethat st art , end and
pr ocess are constructed from the floating point cumul and delay variables, which are then
scaled by the granularity.

This section of code links the Dispatcher pickup visits to the Scheduler activities. Itis
important to have the visit cover the entire time of the activity; in other words, both start at
the same time and the visits end after the activity end time (cumulVar + delayVar).

The processing time is constrained to be greater than or equal to the actual time to perform
the pickup (it can be more than that due to breaks). The delay variable of the pickup is
greater than or equal to the pi ckupTi me to take into account the fact that the visit coversthe
activity, which itself can be interrupted by a break.

Solve

The solution islargely computed, improved, and displayed by methods previously presented
for the PDP problem, but with two additions. A small section of code is added to iterate
through the Scheduler activity, and a Scheduler subgoal is added to instantiate the starting
times of the visits.
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Add the activity iteration
Add the following code after the comment / / Add the activity iteration.
Il cSchedul er sched(_sol ver);

for (llcActivitylterator iter(sched); iter.ok(); ++iter) {
_solver.out() << *iter << endl;

This section of the function Rout i ngSol ver: : print | nf or mat i on iterates through the
activity schedule to retrieve solution information for display.

Add the subgoals
Add the following code after the comment / / Add t he subgoal s.

Il oGoal instantiateCost = Il oD chotom ze(env,
di spat cher. get Cost Var (),
Il oFal se);
Il oGoal schedGoal = Il oSet Ti mesForward(env);
Il oGoal subGoal = schedGoal && instantiateCost;
Il oGoal restoreSolution = Il oRestoreSolution(env, _solution) & subGoal;
Il oGoal goal = Il oSavingsCGenerate(env, schedGoal) && instantiateCost;

The predefined Scheduler subgoal | | 0Set Ti mesFor war d instantiates the activity
variables, which via propagation, in turn instantiates the time variables of the visits. It is
necessary to do this to make certain that the current solution isfeasible.
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Compile and run the program

Review Exercises

The solution improvement phase finds a solution using 6 vehicles with a cost of 1432.17

units:

1641. 01
| npr ovi ng
Nunber of
Nunber of
Nunber of
Nunber of

sol ution
fails

choi ce points
vari abl es
constraints

0
1068
2215
564

Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constraint queue (bytes)
Total menory used (bytes)
Running tine since creation
Nunber of nodes

Nurmber of visits

Nunber of vehicles

Nurmber of di mensi ons
accepted noves

1432. 17
vehicles used : 6

385944
1041460
184996
20124
44244
4044
9148
1689960
0. 023437

Review Exercises

For answers, see “Suggested Answers’ on page 311.

1. What is adiscrete resource?

. What Scheduler class is used to model a discrete resource?

2
3. What member function do you use to model an activity using a resource?
4

. What member function do you use to allow an activity to be interrupted by breaks?

Suggested Answers

Exercise 1

What is a discrete resource?

IBM ILOG DISPATCHER

— USER’'S MANUAL

311



Suggested Answer

A discrete resourceis aresource that has a discrete capacity; that is, the resource is available
in units of positive integers, and the resource is either being used in its entirety (1) or itis
fully available. Examples include three bricklayers, five trucks, or seven docking bays.

Exercise 2

What Scheduler classis used to model a discrete resource?

Suggested Answer

Il oDi screteResource.

Exercise 3

What member function do you use to model an activity using a resource?

Suggested Answer

In this example, you used the IBM ILOG Scheduler member function
Il oActivity::requires. Depending onthetype of the resource, there are other member
functions available to model resource consumption.

Exercise 4
What member function do you use to allow an activity to be interrupted by breaks?

Suggested Answer

TheIBM ILOG Scheduler member function | | oActi vity: : set Breakabl e alowsan
activity to be interrupted by breaks.

Complete Program

312

The complete program follows. You can also view it onlinein thefile
Your Di spat cher Hone/ exanpl es/ src/ bays. cpp.

R e *o CH+ -*-
/1 File: exanpl es/src/bays. cpp

e e R LR R
#i ncl ude <il dispat/il odi spatcher. h>

#i ncl ude <il sched/il oschedul er. h>

| LOSTLBEG N
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Complete Program

NNy,
/1 Model i ng

cl

ass Routi nghvbdel {

Il oEnv _env;

I | oMbdel _mdl ;

Il oDi screteResource _bays;

Il ol nt _schedG anul arity;

voi d creat eDepot Docki ngBays(char* baysFil eNare) ;
voi d createD nmensions();

voi d createNodes(char* nodeFi | eNang) ;

voi d createVehicl es(char* vehicl eFi | eNare) ;

void createVisits(char* visitsFileNane);

public:

}s

Rout i nghbdel (11 oEnv env,
int argc,
char* argv[],
Ilolnt schedGanularity = 100);
~Rout i nghbdel () {}
I | oDi screteResource getBays() const { return _bays; }
Il oEnv getEnv() const { return _env; }
I | oMbdel get Model () const { return _ndl; }

Rout i nghbdel : : Rout i nghvbdel (11 oEnv env,

int argc,
char * argv[],
Ilolnt schedG anularity)
_env(env), _mdl (env), _schedGanularity(schedGanularity) {

creat eDi mensi ons() ;

char* nodeFi | eNare;
if(argc < 4)
nodeFi l eName = (char *) “../../../exanpl es/ data/pdp/ nodes. csv”;
el se
nodeFi | eName = argv[3];
cr eat eNodes( nodeFi | eNane) ;

char* baysFi | eNaneg;

if (argc < 5)
baysFil eName = (char*) “../../../exanpl es/ data/ bays. csv”;
el se

baysFi | eNane = argv[4];
cr eat eDepot Docki ngBays( baysFi | eNarne) ;

char* vehi cl esFi | eNang;

if (argc < 2)
vehi cl esFil eNane = (char *) “../../../exanpl es/data/ pdp/vehi cl es. csv”;
el se

vehi cl esFi |l eNane = argv[1];
cr eat eVehi cl es(vehi cl esFi | eNane) ;

char* visitsFil eNane;
if (argc < 3)
visitsFil eNarme =
(char*) “../../../exanpl es/ data/ pdp/vi sitsWthPi ckupl nDepot . csv”;
el se
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visitsFil eName = argv[2];
createVisits(visitsFileNane);

}

// Create docking bays
voi d Routi nghWbdel : : cr eat eDepot Docki ngBays(char* baysFi | eNane) {
/1 Schedul er environnent settings
I | oCsvReader csvBaysReader (_env, baysFil eNane);
Il oCsvReader:: Linelterator it(csvBaysReader);
while (it.ok()) {
Il oCsvLine line = *it;
I'l oSchedul er Env schedEnv(_env);

I'lolnt horizon = line.getlntByHeader (“horizon”);

Il olnt nbOXBays = line.getlntByHeader (“bays”);

Ilolnt breakStart = |ine.getlntByHeader(“breakStart”);
Il olnt breakEnd = |ine. get ! nt ByHeader (“breakEnd”);

schedEnv. set Hori zon(hori zon * _schedGanul arity);
_bays = Il oD screteResource(_env, nbC Bays);
_bays. addBr eak(breakStart * _schedGanularity,

breakEnd * _schedG anul arity);
++it;

}
csvBaysReader . end() ;
}

// Create dinensions

voi d Routi ngMdel ::createD nensions() {
I'l oDi mensi onl wei ght (_env, “Wight”);
wei ght . set Key(“Wi ght”);
_mdl . add(wei ght) ;

Il oDi nension2 tinme(_env, |loEuclidean, “Time");
tine.setKey(“Time");

_mdl . add(tine);

I I oDi mensi on2 di stance(_env, |l oEuclidean, Il oFalse, “Distance”);

di st ance. set Key(“Di stance”);
_mdl . add( di st ance);
}

/1 Create nodes
voi d Routi nghWbdel : : creat eNodes(char* nodeFi | eNane) {
I | oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
Il oCsvLine line = *it;
char* nane = |ine. getStringByHeader (“name”);
I | oNode node(_env,
|'i ne. get Fl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”),
0,
nane) ;
node. set Key( nane) ;
++it;

}
csvNodeReader . end() ;
}

I/l Create vehicles
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voi d Routi nghWbdel : : creat eVehi cl es(char* vehicl eFi | eNane) {

Il oDi mensi onl weight = Il oD nensionl:: Find(_env, “Wight");
Il oDi mension2 time = Il oD nmension2::Find(_env, “Time”");
I | oDi mensi on2 di stance = Il oD nensi on2:: Fi nd(_env, “Distance”);

I | oCsvReader csvVehi cl eReader (_env, vehicl eFi | eNane);
Il oCsvReader:: Linelterator it(csvVehicl eReader);
while(it.ok()) {

Il oCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * nanel ast = |ine.getStringByHeader(“last”);
char * nane = |ine. getStringByHeader (“nane”);

Il oNum capacity = line.getFl oat ByHeader (“capacity”);
I'l oNum openTi ne = |i ne. get Fl oat ByHeader (“open”);

Il oNum cl oseTi e
Il oNode nodel =
I | oNode node2 =

= |l i ne. get Fl oat ByHeader (“cl ose”);
| oNode: : Fi nd(_env, nanefirst);
| oNode: : Fi nd(_env, nanel ast);

IloVisit first(nodel, “depot”);
_ndl . add(first.getCunul Var (wei ght) == 0);
_mdl . add(first.getCunul Var (time) >= openTine);

IloVisit |ast(node2, “depot”);

_ndl . add(| ast. get Qunul Var (ti me) <= cl oseTine);
Il oVehicle vehicle(first, last, nane);

vehi cl e. set Cost (di stance, 1.0);

vehicl e. set Cost (tine, 1.0);

vehi cl e. set Capaci t y(wei ght, capacity);

_mdl . add(vehicle);

++it;

csvVehi cl eReader. end() ;

}

// Create visits

voi d RoutinghWbdel ::createVisits(char* visitsFileNane) {
Il oDi mensi onl wei ght = Il oD nensionl:: Find(_env, “Wight”);
Il oDimension2 tine = |l oD nmension2::Find(_env, “Time");

I | oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
while(it.ok())({

Il oCsvLine line = *it;

/lread visit data fromfiles

char * pickupVisitName = |ine. get StringByHeader (“pi ckup”);

char * pi ckupNodeNarme = |ine. get Stri ngByHeader (“ pi ckupNode”) ;
char * deliveryVisitName = |ine.getStringByHeader(“delivery”);
char * deliveryNodeNane = |ine. getStringByHeader (“deliveryNode”);
Il oNum quantity = line.getFl oat ByHeader (“quantity”);

I'l oNum pi ckupM nTi ne
Il oNum pi ckupMaxTi ne

|'i ne. get Fl oat ByHeader (“ pi ckupM nTi ne”);
I'i ne. get Fl oat ByHeader (“ pi ckupMaxTi me”);

Il oNum del i veryM nTinme = |ine. getFl oat ByHeader (“del i veryM nTi ne");
Il oNum del i veryMaxTi ne = | i ne. get Fl oat ByHeader (“del i ver yMaxTi ne”);
I'l oNum dropTi ne = |i ne. get Fl oat ByHeader (“dr opTi ne”);

Il oNum pi ckupTi ne = | i ne. get Fl oat ByHeader (“ pi ckupTi ne”);

I/ read data nodes fromthe file nodes.csv
/1 and create pickup and delivery nodes
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Il oNode pi ckupNode = Il oNode: : Fi nd(_env, pi ckupNodeNan®);

Il oNode deliveryNode = Il oNode: : Fi nd(_env, deliveryNodeNane);
//create and add pickup and delivery visits

Il oVisit pickup(pickupNode, pickupVisitNane);

_ndl . add( pi ckup. get Del ayVar (ti me) >= pi ckupTi ne);

_nmdl . add( pi ckup. get Transi t Var (wei ght) == quantity);

_ndl . add( pi ckupM nTi ne <= pi ckup. get Cunul Var (ti me) <= pi ckupMaxTi e) ;
_mdl . add( pi ckup);

IloVisit delivery(deliveryNode, deliveryVisitNane);

_nmdl . add(del i very. get Del ayVar (ti me) == dropTine);

_ndl . add(del i very. get Transi t Var (wei ght) == -quantity);

_nmdl . add(del i veryM nTi ne <= del i very. get Qunul Var (ti me) <= deliveryMaxTi ne);
_ndl . add(del i very);

//add pickup and delivery order constraint

_ndl . add( Il oOrderedVisitPair(_env, pickup, delivery));

/1 Pickup requiring docking bay

Il oNunmVar process(_env, 0, pickupMaxTine * _schedGanularity, |LQONT);

Il oActivity vehicl eLoad(_env, process);

Il oNunVar start(_env, 0, pickupMaxTine * _schedGanularity, |LQONT);

Il oNunVar end(_env, 0O, pickupMaxTinme * _schedGanularity, |ILONT);

_ndl . add(start == vehicl eLoad. get Start Expr());

_mdl . add(end == vehi cl eLoad. get EndExpr());

vehi cl eLoad. set Nane( pi ckupVi si t Nang) ;

vehi cl eLoad. set Breakabl e() ;

_ndl . add(vehi cl eLoad. requi res(_bays, 1));

_mdl . add(start == pi ckup. get Currul Var (tine) * _schedGanularity);

_ndl . add(end <= (pi ckup. get Currul Var (ti ne) + pi ckup. getDel ayVar (tine))
* _schedG anul arity);

_ndl . add( process >= pickupTime * _schedGanularity);

++it;

}
csvVisit Reader. end();

}
R NN NNy
/1 Sol ving
cl ass RoutingSol ver {
I | oMbdel _nmdl ;
I'l oSol ver _sol ver;

Il oRouti ngSol ution _solution;

Il oBool findFirstSolution(lloGoal goal);
voi d greedyl nprove(ll oNHood nhood, |loGoal subGoal);
voi d inprove(lloCoal subgoal);
public:
Rout i ngSol ver (Rout i nghbdel ndl);
~Rout i ngSol ver () {}
Il oRouti ngSol ution getSolution() const { return _solution; }
void printlnformation() const;
voi d sol ve();

}s

Rout i ngSol ver: : Routi ngSol ver ( Rout i nghbdel ndl )
: _mdl (ndl . get Model ()), _solver(ndl.getMdel ()), _solution(ndl.gethMdel()) {}
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// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution(lloGoal goal) {
if (!_solver.solve(goal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return || oFal se;

I | oDi spat cher di spatcher(_sol ver);

_sol ver.out() << dispatcher.getTotal Cost() << endl;
_sol ution.store(_sol ver);

return Il oTrue;

}

/1 1nprove solution using nhood
voi d Routi ngSol ver: : greedyl nprove(l | oNHood nhood, |l oGoal subCGoal) {
_solver.out() << “Inproving solution” << endl;

Il oEnv env = _sol ver. get Env();

nhood. reset ();

Il oGoal inprove = Il 0Singl eMove(env,
_solution,
nhood,
I'l ol nprove(env),
subGoal ) ;

whil e (_sol ver.sol ve(inprove)) {}

}

/1 lnprove sol ution

voi d RoutingSol ver::inprove(lloGoal subCoal) {
Il oEnv env = _sol ver. get Env();
I I oNHood nhood = || oTwoOpt (env)

+ 11 oOr Opt (env)
+ |1 oRel ocat e( env)
+ 11 oCross(env)
+ Il oExchange(env);

gr eedyl nprove( nhood, subGoal);

/1 D splay Dispatcher information
voi d RoutingSol ver::printlnformation() const {
I | oDi spat cher di spat cher(_sol ver);
_solver.printlnformation();
di spat cher. printlnformation();
_solver.out() << “===============" << endl
<< “Cost : “ << dispatcher.get Total Cost() << endl
<< “Nunber of vehicles used : *
<< di spat cher. get Number O Vehi cl esUsed() << endl
<< “Sol ution ;Y << endl
<< di spatcher << endl;

I'l cSchedul er sched(_sol ver);
for (IlcActivitylterator iter(sched); iter.ok(); ++iter) {
_solver.out() << *iter << endl;

}
}

/1 Sol ving
voi d RoutingSol ver::solve() {
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I | oDi spat cher di spatcher(_sol ver);

Il oEnv env = _sol ver. get Env();
/1 Subgoal s
Il oGoal instantiateCost = Il oD chotom ze(env,
di spat cher . get Cost Var (),
Il oFal se);
Il oGoal schedGoal = Il oSetTi mesForward(env);
Il oGoal subCoal = schedGoal && instantiateCost;
Il oGoal restoreSolution = Il oRestoreSolution(env, _solution) & subGoal;
Il oGoal goal = |l oSavingsCenerate(env, schedCoal) && instantiateCost;
/1 Sol vi ng

if (findFirstSolution(goal)) {
i nprove(subCoal );
_sol ver. sol ve(restoreSol ution);
}
}

LEEEEEETEEET bbb i i i r i n i i i rirny

int min(int argc, char * argv[]) {
I oEnv env;
try {
Ilolnt schedG anularity = 100;
Rout i ngMbdel ndl (env, argc, argv, schedGanularity);
Rout i ngSol ver sol ver (mdl);
sol ver. sol ve();
sol ver.printlnformation();
} catch(ll oException& ex) {
cerr << “Error: * << ex << endl;
}
env. end();
return O;

Complete Output

/**

1641. 01

| mprovi ng sol ution

Nunber of fails 0
Nunber of choice points ;1068
Nunber of variabl es 1 2215
Nurmber of constraints . 564
Reversi bl e stack (bytes) : 385944
Sol ver heap (bytes) ;1041460
Sol ver gl obal heap (bytes) : 184996
And stack (bytes) ;20124
O stack (bytes) 1 44244
Search Stack (bytes) ;4044
Constrai nt queue (bytes) : 9148
Total menory used (bytes) ;1689960
Runni ng time since creation :0.023437
Nurmber of nodes ;51
Nunber of visits . 70
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Complete Program

Nunber of vehicles . 15
Nunber of di nmensi ons 3
Nunber of accepted noves 11
Cost : 1432, 17

Nunber of vehicles used : 6

Sol uti on :

Unperformed visits : None
vehiclel :

-> depot Weight[0O] Tinme[0] Distance[0.. Inf) -> pickupll Wight[O0..171]
Time[0] Distance[O0.. Inf) -> pickupl9 Wight[12..183] Tinme[10] D stance[O..
Inf) -> deliveryl9 Weight[29..200] Tinme[52.0156..59.9289] Distance[0.. Inf) ->
deliveryll Wight[12..183] Tine[69.0867..77] Distance[0.. Inf) -> depot
Wi ght[0..171] Tine[112.628..230] D stance[0.. Inf)
vehicle2 :

-> depot Weight[O0] Tinme[0] D stance[0.. Inf) -> pickup3 Wight[O0..143] Tine[0]
Di stance[0.. Inf) -> pickup9 Weight[13..156] Tinme[10] D stance[0.. Inf) ->
pi ckupl2 Weight[29..172] Tine[20] D stance[O0.. Inf) -> pickup20 Wi ght[48..191]
Ti me[ 40] Distance[O0.. Inf) -> delivery20 Wi ght[57..200] Tine[81.6228..85.8197]
Di stance[0.. Inf) -> delivery9 Wight[48..191] Tine[102.803..107] D stance[O..
Inf) -> delivery3 Wight[32..175] Tine[127.803..183.82] Distance[0.. Inf) ->
del iveryl2 Wi ght[19..162] Ti ne[148.983..205] Distance[0.. Inf) -> depot
Wi ght [0..143] Tine[173.983..230] D stance[0.. Inf)
vehicle3 :

-> depot Weight[O] Tinme[0] D stance[O.. Inf) -> pickup7 Wi ght[O..146] Tine[O0]
Di stance[0.. Inf) -> pickup8 Weight[5..151] Tine[10] D stance[0.. Inf) ->
pi ckup5 Wi ght[14..160] Tinme[20] Distance[0.. Inf) -> pickupl8 Wi ght[40..186]
Time[ 40] Distance[0.. Inf) -> pickupl7 Weight[52..198] Tinme[50] D stance[O..
Inf) -> delivery7 Wight[54..200] Tine[81.2132..82.7934] D stance[0.. Inf) ->
del i very8 Wi ght[49..195] Tine[103.42..105] D stance[0.. Inf) -> deliveryl?
Wi ght [ 40. . 186] Tine[ 127. 348..162.82] D stance[0.. Inf) -> delivery5
Wi ght [ 38..184] Tine[147.348..182.82] D stance[0.. Inf) -> deliveryl8
Wi ght[12..158] Ti me[ 168. 528..204] D stance[0.. Inf) -> depot Wi ght[O..146]
Time[ 194. 34..230] Distance[0.. Inf)
vehicle4 :

-> depot Weight[0] Tine[0..50] Distance[0.. Inf) -> pickupl Weight[O..174]
Time[ 50] Distance[0.. Inf) -> pickuplO0 Weight[10..184] Tinme[60] D stance[O..
Inf) -> deliveryl0 Weight[26..200] Tinme[95.4951..178.444] Distance[0.. Inf) ->
deliveryl Wight[10..184] Tine[121.051..204] D stance[0.. Inf) -> depot
Wi ght[0..174] Tine[ 146. 283..230] D stance[0.. Inf)
vehicl e5 :

-> depot Weight[0] Tinme[0..20] Distance[0.. Inf) -> pickupl5 Wi ght[O..174]
Time[ 20] Distance[0.. Inf) -> deliveryl5 Wi ght[8..182] Tinme[70.4138..70.4162]
Di stance[0.. Inf) -> pickup4 Weight[O..174] Tine[110.83..110.83] D stance[O0..
Inf) -> pickup2 Weight[19..193] Tine[120.83..120.83] D stance[0.. Inf) ->
del i very4 Wi ght[26..200] Tine[155.83..159] Distance[0.. Inf) -> delivery2
Wei ght[7..181] Tine[186.054..202] D stance[0.. Inf) -> depot Weight[O0..174]

Ti me[ 214. 054. . 230] Distance[0.. Inf)
vehicl e6 :

-> depot Weight[O] Tine[0..40] Distance[0.. Inf) -> pickup6 Wi ght[O..135]
Time[ 40] Distance[0.. Inf) -> pickupl6é Wight[3..138] Tinme[50] Distance[O..
Inf) -> pickupl4d Weight[22..157] Tinme[60] Distance[0.. Inf) -> pickupl3
Wi ght[42..177] Time[70] Distance[0.. Inf) -> deliveryl6 Wi ght[65..200]

Ti me[ 109. 155. . 116. 606] Distance[0.. Inf) -> deliveryld Wi ght[46..181]

Ti me[ 130. 335. . 137.787] Distance[0.. Inf) -> deliveryl3 Wi ght[26..161]

Time[ 161. 548. . 169] Distance[0.. Inf) -> delivery6 Wight[3..138]
Tinme[178.619..208] Distance[0.. Inf) -> depot Weight[O0..135] Ti ne[199. 8. .230]
Di stance[0.. Inf)
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vehi cl e7 : Unused
vehi cl e8 : Unused
vehi cl €9 : Unused
vehi cl €10 : Unused
vehi cl e11 : Unused
vehi cl e12 : Unused
vehi cl €13 : Unused
vehi cl e14 : Unused
vehi cl €15 : Unused

pi ckup20 [4000 -- (1000) 1000 --> 5000]
pi ckup19 [1000 -- (1000) 1000 --> 2000]
pi ckup18 [4000 -- (1000) 1000 --> 5000]
pi ckupl7 [5000 -- (1000..1158) 1000..1158 --> 6000. . 6158]
pi ckupl6 [5000 -- (1000) 1000 --> 6000]

[
[
[
%
pi ckupl5 [2000 -- (1000) 2000 --> 4000]
[
[
[
[

pi ckup14 [ 6000 -- (1000) 1000 --> 7000]

pi ckupl3 [ 7000 -- (1000..1745) 1000..1745 --> 8000. . 8745]
pi ckup12 [ 2000 -- (1000) 2000 --> 4000]

pi ckup1l [0 -- (1000) 1000 --> 1000]

pi ckup10 [ 6000 -- (1000..9294) 1000..9294 --> 7000. . 15294]
pi ckup9 [1000 -- (1000) 1000 --> 2000]

pi ckup8 [1000 -- (1000) 1000 --> 2000]

pi ckup7 [0 -- (1000) 1000 --> 1000]

pi ckup6 [4000 -- (1000) 1000 --> 5000]

pi ckup5 [2000 -- (1000) 2000 --> 4000]

pi ckup4 [11083 -- (1000) 1000 --> 12083]

pi ckup3 [0 -- (1000) 1000 --> 1000]

pi ckup2 [12083 -- (1000..1317) 1000..1317 --> 13083. . 13400]
pi ckupl [5000 -- (1000) 1000 --> 6000]

*/
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Part |l



Field Service Solutions

This part consists of the following lessons:

O Chapter 13, Dispatching Technicians

O Chapter 14, Dispatching Technicians |

O Chapter 15, CARP: \Misiting Arcs Using Multiple Vehicles



13

Dispatching Technicians

In this lesson, you will learn how to:
O model atechnician routing problem
O match differing technician skill levels with multiple customer skill requirements

O useintrinsic dimensions to model a skill cost.

Describe

A typical rea-world routing problem involves dispatching technicians, such as repair
persons or equipment installers, to customer sites. This type of problem can be viewed as a
type of Vehicle Routing Problem, except that technicians must be routed along with the
vehicles. Customer visits can also require a quantity of goods to be picked up or delivered.

Technicians may have different skill levels, and customer visits require a particular skill set
to complete ajob. Therefore you need to model these skills and apply constraints and costs
to them. One way to model thisiswith afixed charge for each technician based on skill
level, regardless of thejob skill required at the actual customer site. Aslong asthetechnician
has at |east the appropriate level of skill, the visit can occur. However, this can lead to
obviousinequities, if highly-trained technicians are performing less-demanding visits.
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There isadifferent and often better way to model these costs that would maximize the
quality of service. If atechnician type iswell suited to performing a certain visit, then the
cost for that technician/visit pair should be low. If atechnician typeisnot well suited to
performing avisit, the cost for that technician/visit pair should be high.

In this example, five technicians with different skill levels perform customer visits with ten
different skill requirements. The costs for a particular visit can vary significantly, depending
on the technician skill level used.

Describe the problem

Thefirst step isto write a natural language description of the problem. A good way to start
this processis to analyze the constraints and objectives.

What are the constraints in this problem?

O There are five technicians with differing skill levels, and numerous customer visits each
with one of ten different skill requirements.

0O Thereisonetechnician per vehicle.

0O Each customer visit requires a technician, and any technician can visit any customer.
However, the cost for each visit varies depending on both the technician skill level and
the skill required at the visit.

The objective is to minimize the cost of supplying technicians to visit all customer sites.

Model

324

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial /
techni c2_parti al . cpp inyour development environment.

Asin the previous examples, you will use aRout i nghbdel classto call the functions that
create the dimensions, nodes, vehicles (technicians), and visits.
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Model

Declare the RoutingModel class
Add the following code after the comment / / Decl are t he Routi nghbdel cl ass.

cl ass Routinghbdel {
Il oEnv _env;
I | oModel _nmdl ;

voi d createDi nensions();

voi d createll oNodes(char* nodeFi | eNane) ;

voi d createTechni ci ans(char* technici anFi | eNane);

voi d createVisits(char* visitsFileNane);

voi d setVisitsSkill Penalty(char * skill CostsFil eNane,
char * visitSkillsFileNane,
char * techSkill sFil eNane);

Thefunction cr eat eDi nensi ons definestheski | | Penal t y dimension. The

creat eTechni ci ans functionissimilar to thecr eat eVehi cl es function of previous
lessons, inthat it addsan I | oVehi cl e to the model. The function

set Vi si t sSki | | Penal ty calculates the cost of each visit and adds it to the model. The
other functions are similar to their counterparts in the previous lessons.

Create the dimensions
Add the following code after the comment / / Cr eat e t he di nensi ons.

voi d RoutingMdel ::createD nensions() {
I'l oDi nensionl skill Penalty(_env, |loFalse, "SkillPenalty");
_ndl . add(skill Penalty);
skill Penal ty. set Key("Skill Penal ty");

Il oDi nension2 tine(_env, |IloEuclidean, "Tinme");
time. setKey("Tinme");
_mdl . add(tine);

}

Instances of | | oDi mensi onl areintrinsic dimensions; this means that the value of the
dimension depends only on the object itself (such as an object’s weight), and not on any
other factors. Thedimension ski | | Penal t y will be used to assign acost to the visit of each
vehicle, just asweight or capacity were used in previous lessons. The second parameter is
setto !l | oFal se in order to speed up search; thisis permissible as no constraints are posted
onvariablesrelated totheski | | Penal t y. However, ski | | Penal ty can still beusedinthe
cost function.

The function cr eat eTechni ci ans adds vehicles named t echni ci an to the model.
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Create the vehicle/technicians
Add the following code after the comment / / Creat e t he vehi cl e/t echni ci ans.

Il oVehicle technician(first, last, nane);
techni ci an. set Cost (tine, 1.0);

techni ci an. set Cost (skill Penalty, 1.0);

t echni ci an. set Key( nane) ;

_ndl . add(t echnici an);

Asthereisonly one technician per vehicle, it is convenient to represent the vehicle with the
namet echni ci an. Thissection of cr eat eTechni ci ans setsthe cost for the vehicles
based on thedimensionsof t i me and ski | | Penal ty.

Thefirst section of cr eat eTechni ci ans issimilar to what you have worked with in the
cr eat eVehi cl es function of previous lessons, with the addition of some code to ensure
that aski | | Penal ty of zerois associated with the first and last visits to the depot.

voi d Routi ngMbdel : : creat eTechni ci ans(char* techFil eNane) {
Il oDi nension2 time = |IloD mension2::Find(_env, "Time");
Il oDi nensi onl skillPenalty = Il oD nensionl::Find(_env, "SkillPenalty");
Il oCsvReader csvTechReader (_env, techFil eNane);
Il oCsvReader:: Linelterator it(csvTechReader);
while(it.ok()) {
Il oCsvLine line = *it;

char * nanefirst = line.getStringByHeader("first");

char * nanelast = |ine.getStringByHeader("last");

char * nane = l|ine.getStringByHeader ("nane");

I'l oNum openTi ne = |i ne. get Fl oat ByHeader (" open");

I oNum cl oseTi me = |ine. get Fl oat ByHeader (" cl ose");

Il oNode nodel = Il oNode:: Find(_env, nanefirst);
=11

I | oNode node2 oNode: : Fi nd(_env, nanel ast);
IloVisit first(nodel, "depot");

_ndl . add(first.getTransitVar(skillPenalty) == 0);
_mdl . add(first.getCQumul Var (time) >= openTine);

IloVisit |ast(node2, "depot");

_ndl . add( | ast. get Curmul Var (time) <= cl oseTine);
_mdl . add(| ast. get Transi t Var (skill Penalty) == 0);
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Create the setVisitsSkillPenalty function

Add the following code after the comment
//Create the setVisitsSkillPenalty function.

voi d RoutingMdel : :setVisitsSkillPenal ty(char * skill CostsFil eNane,
char * visitSkillsFileNamne,
char * techSkillsFil eNane) {
oD nmensi onl skill Penalty = |l oD nensionl::Find(_env, "SkillPenalty");

Il
Il oCsvReader csvVisitSkill sReader(_env, visitSkillsFileNane);
Il oCsvReader csvTechSkil | sReader (_env, techSkillsFileNane);
Il oCsvReader csvSkil | Cost sReader (_env, skill CostsFileNane);
Ilolnt nbOxf Tech = csvTechSki | | sReader . get Nunber O | t ems() ;
Il oVehicl eArray techs(_env, nbO Tech);

Ilolnt i =0;

Il oCsvReader:: Linelterator it(csvTechSkill sReader);
while(it.ok()){

Il oCsvLine line = *it;

char * techNane = |ine. get StringByHeader ("name");

Il oVehi cl e technician = Il oVehicle::Find(_env, techNane);
techs[i] = technician;

i ++;

++it;

Model

This section of the function creates the vehicle array t echs with the vehicle instances
techni ci an. Thel | oCsvReader instancecsvVi si t Ski | | sReader readsthe skills

required at each customer visit; csvTechSki | | sReader readsthe skill level of each

technician; and csvSki | | Cost sReader reads the cost for each technician skill type to

perform avisit to a customer site.

The next section of set Vi si t sSki | | Penal ty creates an array of the cost for each visit,

named vi si t Cost . To create this array, the visit skill required for each visit

(vi si t Ski | | Nane) isread from acsv file. The cost to make this visit with the various
techSki | | levelsisread with csvSki | | Cost sReader asan| | oCsvLi ne costli ne.
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Theninlterator it3thevalueincostl i ne corresponding to the appropriate
techSki | | Nane isstored inthe array vi si t Cost .

Il oCsvReader: : Linelterator it2(csvVisitSkillsReader);
while(it2.ok()){
Il oCsvLine line = *it2;

char * visitName = |ine. get StringByHeader ("nanme");
IloVisit visit = IloVisit::Find(_env, visitNane);
char * visitSkillName = |ine.getStringByHeader ("VisitSkillName");

Il oCsvLine costline = csvSkill CostsReader. getLi neByKey(1, visitSkillNane);
I'l oNunmArray visitCost(_env, nbOf Tech);
Ilolnt k = O;
Il oCsvReader: : Linelterator it3(csvTechSkill sReader);
whi | e(it3.0k()){
IloCsvLine linel = *it3;

char * techSkill Name = |inel. get StringByHeader (" TechSkil | Nanme");
visitCost[k] = costline. getFl oat ByHeader (t echsSki | | Nane) ;

k++;

++it3;

Add the skill cost
Add the following code after the comment / / Add t he skill cost.

I I oVehi cl eToNunfuncti on function(_env, techs, visitCost);
I oNunVar skill CostVar (function(visit.getVehicleVar()));
_ndl . add(visit.getTransitVar(skillPenalty) == skill CostVar);

Inthis section of set Vi si t sSki | | Penal ty, thel | oVehi cl eToNunFuncti on
constructor associates the values of the array vi si t Cost to the vehicle/technicians of the
array t echs. Thenvi si t. get Vehi cl evar returnsthe vehicle/technician for the visit, and
the cost for that visit is applied to the I | oNunVar ski | | Cost Var. Finaly, thisis added to
the model inthe dimension ski | | Penal ty.

Solve

The solution is computed, improved, and displayed by methods previously presented for the
PDP problem.
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Review Exercises

Compile and run the program

The solution improvement phase finds a solution using 5 vehicles with a cost of 1441.04

units:

/ * %

1619. 09

| mprovi ng sol ution

Nunber of fails 0
Nunber of choice points 0
Nunber of vari abl es © 619
Nurmber of constraints ;232
Reversi bl e stack (bytes) : 76404
Sol ver heap (bytes) ;402280
Sol ver gl obal heap (bytes) : 481592
And stack (bytes) ;20124
O stack (bytes) 1 44244
Search Stack (bytes) : 4044
Constrai nt queue (bytes) : 11160
Total menory used (bytes) ;1039848
El apsed time since creation 0
Nurmber of nodes 21
Nunber of visits : 30
Nurmber of vehicles 5
Nunber of di mensions 12
Nunber of accepted noves ;16
Cost : 1441.04

Nunber of vehicles used : 5

Review Exercises

For answers, see " Suggested Answers’ on page 330.

1. What Dispatcher class can be used to associate | | oNumAr r ay values with an array of
vehicles?

2. What isanintrinsic dimension?

3. What Dispatcher classis used to represent intrinsic dimensions?
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Suggested Answers

Exercise 1

What Dispatcher class can be used to associate | | oNunmAr r ay values with an array of
vehicles?

Suggested Answer

I I oVehi cl eToNunfuncti on.

Exercise 2
What is an intrinsic dimension?

Suggested Answer

Anintrinsic dimension isadimension that depends only on the object itself, not on any other
factors.

Exercise 3

What Dispatcher classis used to represent intrinsic dimensions?

Suggested Answer

Il oDi nensi onl.

Complete Program

330

The complete program follows. You can also view it onlinein thefile
Your Di spat cher Hone/ exanpl es/ src/techni c2_conpl et e. cpp.

R e I *o CH+ -*-
/'l File: exanpl es/src/technic2.cpp

#incl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
PHECTEETEETE L bbb bbb nrnd
/1 Model i ng
cl ass Routinghodel {
I'l oEnv _env;
| | oMbdel _mdl ;

voi d createD nensions();
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Complete Program

voi d createll oNodes(char* nodeFi | eNang) ;

voi d creat eTechni ci ans(char* techni ci anFi | eNare) ;

void createVisits(char* visitsFileNane);

void setVisitsSkillPenalty(char * skill CostsFil eNane,
char * visitSkillsFileNane,
char * techSkillsFil eNane);

public:

Rout i nghbdel (11 oEnv env,

int argc,
char* argv[]);

~Rout i nghbdel () {}

Il oEnv getEnv() const { return _env; }

I | oMbdel get Model () const { return _ndl; }
h
Rout i nghbdel : : Rout i nghvbdel (11 oEnv env,

int argc,
char * argv[])
_env(env), _mdl (env){
creat eDi nensi ons();

char* nodeFi | eNane;

if(argc < 4)
nodeFi | eName = (char *) “../../../exanpl es/ datal/techni c2/ nodes. csv”;
el se

nodeFi | eNamre = argv[3];
creat el | oNodes(nodeFi | eNane) ;

char* technici anFi | eNane;
if (argc < 2)
techni cianFi l eNane = (char *) “../../../exanpl es/data/technic2/
techni ci ans. csv”;
el se
techni ci anFi | eNare = argv[1];
creat eTechni ci ans(techni ci anFi | eNane) ;

char* visitsFil eNang;

if (argc < 3)
vi sitsFi |l eName =
(char*) “../../../exanpl es/data/technic2/visits.csv";
el se

vi sitsFileName = argv[2];
createVisits(visitsFileNane);

//set the correct skillPenalty for visits

char * visitSkillsFileName = (char *) “../../../exanpl es/dataltechnic2/
visitSkills.csv”;

char * techSkillsFileNane = (char *) “../../../exanpl es/datal/technic2/
techSkills.csv”;

char * skill CostsFileNane = (char *) “../../../exanpl es/datal/technic2/
ski 'l Costs.csv”;

if(argc >= 4)
visitSkillsFileName = argv[4];

if(argc >= 5) {
visitSkillsFileName = argv[4];
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techSkill sFileNane = argv[5];

}
if(argc >= 6) {

visitSkillsFileName = argv[4];
techSkill sFileNane = argv[5];
skill CostsFileName = argv[6];

}
set VisitsSkill Penal ty(skill CostsFil eNanme, visitSkillsFileNane,
techSkil | sFi |l eNane);

}

// Add di nensi ons

voi d RoutingMdel ::createD nensions() {
I'l oDi mensi onl skillPenalty(_env, |loFalse, “SkillPenalty”);
_ndl . add(skill Penal ty);
skillPenalty.setKey(“SkillPenalty”);

Il oDi nension2 tinme(_env, |loEuclidean, “Tinme");
tine.setKey(“Time");
_mdl . add(tine);

}

// Create |l oNodes
voi d Routi nghWbdel : : createl | oNodes(char* nodeFi | eNane) {
I oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
Il oCsvLine line = *it;
char* nane = |ine.getStringByHeader (“name”);
I | oNode node(_env,
I'i ne. get Fl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”),
0,
nane) ;
node. set Key( nane) ;
++it;

}
csvNodeReader . end() ;
}

/1 Create technicians
voi d Routi nghWbdel : : creat eTechni ci ans(char* techFil eNane) {
Il oDi mension2 tinme = Il oD nmension2::Find(_env, “Time");
I'l oDi nensionl skillPenalty = |l oD nensionl:: Find(_env, “SkillPenalty”);
I oCsvReader csvTechReader (_env, techFileNane);
Il oCsvReader:: Linelterator it(csvTechReader);
while(it.ok()) {
IloCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * narel ast = line.getStringByHeader (“last”);
char * nane = |ine.get StringByHeader (“nane”);

Il oNum openTi ne = |i ne. get Fl oat ByHeader (“open”);

Il oNum cl oseTi e
I | oNode nodel
I | oNode node2

= |l i ne. get Fl oat ByHeader (“cl ose”);
Il oNode: : Fi nd(_env, nanefirst);
Il oNode: : Fi nd(_env, nanel ast);

IloVisit first(nodel, “depot”);
_ndl . add(first.getTransitVar(skillPenalty) == 0);
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Complete Program

_mdl . add(first.getCunul Var (time) >= openTine);

IloVisit |ast(node2, “depot”);
_ndl . add(| ast. get Qunul Var (ti me) <= cl oseTine);
_nmdl . add(| ast. get Transi t Var(skill Penalty) == 0);

Il oVehicle technician(first, last, nane);
techni ci an. set Cost (tine, 1.0);

techni ci an. set Cost (skil |l Penalty, 1.0);

t echni ci an. set Key(nane) ;

_mdl . add(t echni ci an);

++it;

}
csvTechReader . end() ;
}

Il Create visits
voi d Routinghbdel :: createVisits(char* visitsFileNane) {
Il oDimension2 tine = |l oD nmension2::Find(_env, “Time");
I oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
whi | e(it.ok())({
Il oCsvLine line = *it;
//read visit data fromfiles
char * visitNanme = |ine. getStringByHeader (“nane”);
char * nodeNane |'i ne. get StringByHeader (“node”);
I'l oNum m nTi me I'i ne. get Fl oat ByHeader (“m nTi ne”);
I'l oNum maxTi me I'i ne. get Fl oat ByHeader (“ maxTi ne”) ;
I'l oNum dr opTi e I'i ne. get Fl oat ByHeader (“dr opTi nme”);
Il oNode node = Il oNode:: Fi nd(_env, nodeNane);
IloVisit visit(node, visitNane);
_mdl . add(visit.getDelayVar(tinme) == dropTine);
_ndl . add(m nTime <= visit.getCumul Var(tine) <= maxTi ne);
visit.setKey(visitNane);
_nmdl . add(visit);
++it;

csvVi si t Reader . end() ;
}

//set the correct skillPenalty for visits
voi d Routi nghWbdel : : setVisitsSkill Penalty(char * skill CostsFil eNane,
char * visitSkillsFileNane,
char * techSkill sFil eNanme) {
Il oDi mensi onl skillPenalty = Il oD nensionl:: Find(_env, “SkillPenalty”);
Il oCsvReader csvVisitSkillsReader(_env, visitSkillsFileNane);
Il oCsvReader csvTechSkill sReader(_env, techSkillsFil eNane);
Il oCsvReader csvSkill Cost sReader (_env, skill CostsFil eNane);
Il ol nt nbOFf Tech = csvTechSki | | sReader . get Nunber O I t ens() ;
Il oVehi cl eArray techs(_env, nbOf Tech);
Ilolnt i = 0;
Il oCsvReader:: Linelterator it(csvTechSkill sReader);
whi | e(it.ok())({
Il oCsvLine line = *it;
char * techNane = |ine. get Stri ngByHeader (“nane”);
Il oVehicle technician = Il oVehicle::Find(_env, techNane);
techs[i] = technician;
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i ++;
++it;
}
Il oCsvReader:: Linelterator it2(csvVisitSkillsReader);

while(it2.0k()){
Il oCsvLine line = *it2;

char * visitNanme = |ine. getStringByHeader (“nane”);
IloVisit visit = IloVisit::Find(_env, visitNanme);
char * visitSkillName = line.getStringByHeader (“VisitSkillName”);

Il oCsvLi ne costline = csvSkill CostsReader. getLi neByKey(1, visitSkillName);
I'l oNumArray visitCost(_env, nbO Tech);
Ilolnt k = 0;
Il oCsvReader:: Linelterator it3(csvTechSkill sReader);
whi | e(it3.0k()){
Il oCsvLine linel = *it3;

char * techSkill Name = |inel. getStringByHeader (“TechSkill Nane”);
visitCost[k] = costline. getFl oat ByHeader (techSki | | Nane) ;

k++;

++H 35

}

I'l oVehi cl eToNunfuncti on function(_env, techs, visitCost);
I'l oNunVar skill CostVar (function(visit.getVehicleVar()));
_mdl . add(visit.getTransitVar(skillPenalty) == skill CostVar);

++it2;
}
csvVisitSkill sReader. end();

csvTechSki | | sReader. end();
csvSki | | Cost sReader. end() ;

}
R NN NN
/1 Sol ving
cl ass RoutingSol ver {
I | oMbdel _mdl ;
I'l oSol ver _sol ver;

Il oRouti ngSol ution _sol ution;

Il oBool findFirstSolution(lloGoal goal);
voi d greedyl nprove(l| oNHood nhood, Il oGoal subGoal);
voi d i nprove(lloGoal subgoal);
public:
Rout i ngSol ver (Rout i nghbdel ndl);
~Rout i ngSol ver () {}
Il oRout i ngSol uti on getSolution() const { return _solution; }
void printlnformation() const;
voi d sol ve();

}s

Rout i ngSol ver: : Routi ngSol ver ( Rout i nghbdel ndl )
: _mdl (ndl . get Model ()), _solver(ndl.getMdel ()), _solution(ndl.gethMdel()) {}

/1 Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution(lloGoal goal) {
if (!_solver.solve(goal)) {
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Complete Program

_solver.error() << “Infeasible Routing Plan” << endl;
return || oFal se;

I | oDi spat cher di spatcher(_sol ver);

_sol ver.out() << dispatcher.getTotal Cost() << endl;
_sol ution.store(_sol ver);

return Il oTrue;

}

/1 1nprove solution using nhood
voi d Routi ngSol ver: : greedyl nprove(l| oNHood nhood, IloGoal subCoal) {
_solver.out() << “Inproving solution” << endl;

Il oEnv env = _sol ver. get Env();

nhood. reset ();

Il oGoal inprove = Il 0Singl eMve(env,
_solution,
nhood,
I'l ol nprove(env),
subGoal ) ;

whil e (_sol ver.sol ve(inprove)) {}

-

/1 Inprove sol ution

voi d RoutingSol ver::inprove(lloGoal subCoal) {
Il oEnv env = _sol ver. get Env();
I I oNHood nhood = || oTwoOpt (env)

+ 11 oOr Opt (env)
+ |1 oRel ocat e( env)
+ 11 oOross(env)
+ Il oExchange(env);

gr eedyl nprove( nhood, subGoal);

/1 D splay Dispatcher information
voi d RoutingSol ver::printlnformation() const {
I | oDi spat cher di spatcher(_sol ver);
_solver.printlnformation();
di spat cher. printlnformation();
_solver.out() << “===============" << endl
<< “Cost : “ << dispatcher.getTotal Cost() << endl
<< “Nunber of vehicles used : *
<< di spat cher. get Number O Vehi cl esUsed() << endl
<< “Sol ution 1Y << endl
<< di spatcher << endl;

}

/1 Sol ving
voi d RoutingSol ver::solve() {
I | oDi spat cher di spat cher(_sol ver);

Il oEnv env = _sol ver. get Env();

/1 Subgoal

Il oGoal instantiateCost = Il oD chotom ze(env,
di spat cher . get Cost Var (),
|| oFal se);

Il oGoal restoreSolution = Il oRestoreSol ution(env, _solution);

Il oGoal goal = IlolnsertionGenerate(env, instantiateCost);

/1 Sol ving
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if (findFirstSolution(goal)) {
i nprove(instanti at eCost);
_sol ver. sol ve(restoreSol ution);
}
}

FHEETEEEEEE bbb bbb b i r i rrr g

int nmain(int argc, char * argv[]) {
11 oEnv env;
try {
Rout i ngMbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
sol ver. sol ve();
sol ver.printlnformation();
} catch(ll oException& ex) {
cerr << “Error: " << ex << endl;
}
env. end();
return O;

Complete Output

/**

1619. 09

| mprovi ng sol ution

Nunber of fails 0
Nunber of choice points 0
Nunber of variabl es © 619
Nurmber of constraints ;232
Reversi bl e stack (bytes) : 76404
Sol ver heap (bytes) ;402280
Sol ver gl obal heap (bytes) : 481592
And stack (bytes) ;20124
O stack (bytes) 1 44244
Search Stack (bytes) ;4044
Constrai nt queue (bytes) : 11160
Total menory used (bytes) ;1039848
El apsed time since creation 0
Nurmber of nodes 21
Nunber of visits ;30
Nurmber of vehicles 5
Nunber of di mensi ons 2
Nunber of accepted noves ;16
Cost : 1441. 04

Nunber of vehicles used : 5

Sol ution

Unperformed visits : None

techl :

-> depot SkillPenalty[O..Inf) Tine[0..157.82] -> visitl3 SkillPenalty[O..Inf)
Ti me[ 159..169] -> depot SkillPenalty[O0..Inf) Tinme[180.18..230]
tech2 :

-> depot SkillPenalty[O..Inf) Tine[0..13.173] -> visit14 SkillPenalty[O0..Inf)
Ti me[ 32. 0156. . 45. 1886] -> visitl1l5 SkillPenalty[O0..Inf) Tinme[61..71] -> depot
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Skill Penal ty[O..Inf) Tine[101.414..230]
tech3 :

-> depot SkillPenalty[O..Inf) Tine[0..7.46725] -> visit6 SkillPenalty[O..Inf)
Time[ 11. 1803. . 18. 6476] -> visit5 SkillPenal ty[O..Inf) Time[31.1803..38.6476] ->
visitl6 SkillPenal ty[O..Inf) Tine[52.3607..59.8279] -> visitl7
Skill Penal ty[O..Inf) Tinme[73.541..81.0083] -> visit7 SkillPenalty[O..Inf)

Ti me[ 108. 541. . 116.008] -> visit19 SkillPenalty[0..Inf) Tine[129.721..137.189] -
> visitl1l0 SkillPenalty[O..Inf) Tine[154.721..162.189] -> visit20

Skill Penal ty[O..Inf) Time[180.533..188] -> depot SkillPenalty[O0..Inf)

Ti me[ 222. 156. . 230]

tech4 :

-> depot SkillPenalty[O..Inf) Tine[0..32.9017] -> visitl SkillPenalty[O..Inf)
Ti me[ 15. 2315. . 48.1333] -> visit3 SkillPenal ty[O0..Inf) Tine[39.7918..72.6935] ->
visit9 SkillPenalty[O..Inf) Tinme[97..97.6935] -> visitl1l2 SkillPenalty[O..Inf)
Ti me[ 132. 495..133.189] -> visit4 SkillPenalty[O..Inf) Time[158.306..159] ->
visit2 SkillPenalty[O..Inf) Time[188.53..202] -> depot SkillPenalty[O..Inf)

Ti me[ 216. 53. . 230]
techb :

-> depot SkillPenalty[O..Inf) Tinme[O0..37.2929] -> visitll Skill Penalty[O..Inf)
Tinme[67..70.8339] -> visit8 SkillPenalty[O0..Inf) Time[101. 166..105] -> visitl8
Skill Penal ty[O..Inf) Time[121.606..204] -> depot SkillPenalty[O..Inf)

Ti me[ 147. 418. . 230]
*/
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14

Dispatching Technicians Il

In this lesson, you will learn how to:
O model the vehicle-visit compatibility constraint
O model various technician job skill levels

O usethe Dispatcher class| | oVi si t Vehi cl eConpat

Describe

In Lesson 13, Dispatching Technicians, the concept of routing skilled technicians to
customer sites was introduced. In that lesson, any technician could visit any customer site to
perform any job, but the cost would vary depending on the level of the skill delivered and the
level of the skill needed at the customer site.

Thislesson examines the case where each customer visit requires a specific set of three skills
(thejob or visit profile) to complete the visit. However, not al technicians possess the
appropriate skills. The problem therefore consists of routing the technicians to jobs that they
can be accomplish. Furthermore, most technicians can perform various jobs at customer
sites, but with different levels of effectiveness.
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Describe the problem

Thefirst step isto write a natural language description of the problem. A good way to start
this processis to analyze the constraints and objectives.

What are the constraints in this problem?

O Customer visits require specific skills from a pool of technicians with differing ability
levels.

0O Thereareten different job profiles (Vi si t Profi | el D) required at the customer sites,
and there are five different technicians skill profiles (TechPr of i | el D) with which to
perform the customer jobs.

0O Theability level of each technician at a particular skill (ski | I nLevel ) variesfrom zero
(not able to perform that skill) to five (“expert”). There is a constraint of a minimum
ability level per skill. For example, ajob may require level 3 at skill 1, level 4 at skill 2,
and level 5 at skill 3.

0O There are time constraints on some visits and the depot, aswell as a service time.

The objective is to minimize the cost of routing the techniciansto all customer sites.

Model

340

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial /
techni cl_parti al . cpp inyour development environment.

This program starts with a class that models both skill requirements for jobs and skills
provided by technicians.
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Declare the SkillProfile class
Add the following code after the comment / / Decl are the Skill Profile class.

class SkillProfile {
Il oEnv _env;
Ilolnt _nbOf Skills;
Ilolnt* _skillLevels;
public:
Skill Profile(lloEnv env, Ilolnt nbOrskills):
_env(env),
_nbO Ski | I s(nbOF Skil I's),
_skillLevel s(0)

_skillLevels = new (env) Ilolnt [ nbOfSkills ];
for (Ilolnt s=0; s< _nbOFSkills; ++s) _skilllLevels[s] = O;

voi d setSkillLevel (Ilolnt skilllndex, Ilolnt Ievel=1) {
_skillLevels[ skilllndex ] = level; }

/**

* Returns true if <code>other</code> is conparable with this
* and is greater.

*/

Il oBool isG eaterThanOr Equal (const Skill Profile* other);

ThesSki | I Profile classmapsal evel for each technician skill. The function
Skill Profile::isG eaterThanO Equal follows, and is used to ensure that the skill
level meets the constraint of the job profile.

Il oBool SkillProfile::isGeaterThanO Equal (const SkillProfile* other) {
for(llolnt index = O;
index < _nbOSkills &% other-> nbOFSkills; ++index) {
if ( _skillLevels[index] < other->_skillLevels[index] ) {
return Il oFal se;
}

return 11 oTrue;

}
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Declare the RoutingModel class
Add the following code after the comment / / Decl are t he Routi nghbdel cl ass.

voi d createDi nensions();

voi d createll oNodes(const char* nodePath);

voi d createSkillProfiles(const char* profilePath);

voi d set Techni ci anSkil | Profil es(const char* techProfilePath);
void setVisitSkillProfiles(const char* visitProfil ePath);

voi d createTechni ci ans(const char* technicianPath);

voi d createVisits(const char* visitsPath);

voi d post Conpatibility();

The only dimension defined in cr eat eDi nensi ons isti me, and cr eat el | oNodes is
similar to previous lessons. cr eat eTechni ci ans issimilar to the same functionin
Chapter 13, Dispatching Technicians. The other functionsin Rout i ngMbdel are new, and
these are associated with the technician skills, levels, and visit requirements.

Thefollowing is the first section of Rout i nghbdel and is provided for you:

cl ass Routinghbdel {
Il oEnv _env;
| | oModel _nmdl;
Il oArray<Skill Profile*> _profiles;
Ilolnt _nbOf Skills;

const char* _nodePat h;

const char* _technicianPat h;

const char* _visitPath;

const char* _profilePath;

const char* _techProfilePath; // table binding profiles to tecnicians
const char* _visitProfilePath; // table binding profiles to visits

342 IBM ILOG DISPATCHER — USER’S MANUAL



Model

Create the getSkillProfile function

Add the following code after the comment
[/ Create the getSkillProfile function.

SkillProfile* getSkillProfile(llolnt profileld) {
if ( _profiles.getSize() <= profileld ) {
for (Ilolnt p= _profiles.getSize(); p <= profileld; ++p) {
_profiles.add( (SkillProfile*) 0);
}

}

SkillProfile* profile = _profiles[ profileld ] ;

if (0==nprofile) {
profile = new (_env) SkillProfile(_env, _nbOSkills);
_profiles[ profileld ] = profile;

return profile;

Skill profiles, both for jobs and technicians, are stored in an array and identified by a unique
ID. Retrieving the profile from its ID is performed by alazy accessor technique. Missing
array dots arefilled with zeros; then, if areturned profile isnull, anew profile is created,
stored, and returned.
Thefinal section of Rout i ngvodel follows:
public:

Rout i nghbdel (11 oEnv env);

~Rout i nghbdel () {}

voi d parse(int argc, char** argv);
voi d createMdel ();

Il oEnv getEnv() const { return _env; }
|| oMbdel get Model () const { return _nmdl; }

b

Create the parse function
Add the following code after the comment / / Creat e t he parse functi on.

voi d RoutingMdel ::parse(int argc, char** argv) {

if (largc >1) _visitPath = argv[1];
if ( argc > 2 ) _technicianPath = argv[2];
if (argc >3 ) _visitProfilePath = argv[3];
if ( argc >4 ) _techProfilePath = argv[4];
if (argc >5) _profilePath = argv[5];
if ( argc > 6 ) _nodePath = argv[6];

}
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_vi si t Pat h accesses the data for the visit: the time window during which the visit can
occur, and the service time. The technicians are identified through _t echni ci anPat h.
_visitProfil ePat h accessesthe map of visitsto the visit skill profile IDs.
_techProfil ePat h accesses the map of technicians to the technician skill profile IDs, and
_profil ePat h accessesthe technician skill ability levels and the skill ability levels
required at the customer visits.

Rout i nghbdel : : Rout i nghbdel (11 oEnv env)
: _env(env),
_mdl (env),
_profiles(env),
_nbO skills(3),
_nodePat h("../../../exanpl es/ data/techni cl/ nodes. csv"),
_technicianPath("../../../exanpl es/ data/techni cl/technicians.csv"),
_visitPath("../../../exanpl es/data/technicl/visits.csv"),
_profilePath("../../../exanpl es/data/technicl/SkillProfiles.csv"),
_techProfilePath("../../../exanpl es/ data/technicl/techSkills.csv"),
_visitProfilePath("../../../exanpl es/data/technicl/visitSkills.csv")

{1

Add the vehicle/technician
Add the following code after the comment / / Add t he vehi cl e/t echni ci an.

Il oVehicle technician(first, last, nane);
techni ci an. set Cost (tine, 1.0);

t echni ci an. set Key( nane) ;

_ndl . add(t echni ci an);
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This code is asection of cr eat eTechni ci ans, and adds the vehicle/technician with the
sole cost factor of t i me. The first section of the function follows.

voi d RoutingMdel ::createTechnici ans(const char* techPath) {
Il oDi nension2 tine = Il oD nension2::Find(_env, "Tine");
I oCsvReader csvTechReader (_env, techPath);
char nanebuf[128];
Il oCsvReader: : Linelterator it(csvTechReader);
for( ; it.ok(); ++it) {
Il oCsvLine line = *it;

char * namefirst = |ine.getStringByHeader("first");
char * narel ast = |ine.getStringByHeader("last");
char * name = |ine. get StringByHeader (" nane");

I'l oNum openTi ne = |i ne. get Fl oat ByHeader (" open");

Il oNum cl oseTi me
1| oNode nodel
I | oNode node2

= |ine. get Fl oat ByHeader (" cl ose");
I oNode: : Fi nd(_env, nanefirst);
I I oNode: : Fi nd(_env, nanel ast);

sprintf(namebuf, "start_9%", nane);
IloVisit first(nodel, nanebuf);
_ndl . add( first.getCunul Var(tine) >= openTine );

sprintf(nanmebuf, "end_%", nare);
IloVisit |ast(node2, namebuf);
_ndl . add( | ast.getCunul Var(tine) <= cl oseTine );

Add the PenaltyCost
Add the following code after the comment / / Add t he Penal t yCost .

_mdl . add( visit.getDelayVar(tinme) == serviceTine );

_ndl . add( m nTinme <= visit.getCumul Var (tine) <= maxTi ne);
vi sit. setPenal t yCost (10000) ;

visit.setKey(visitNane);

_mdl . add(visit);

mi nTi me and mexTi me are the time windows for a paticular visit. The member function

Il oVisit::setPenaltyCost isused to set the cost of not performing avisit. By defaullt,
the penalty costis! | ol nfi ni t y, which meansthat visits must be performed in asolution if
avalueisnot set with this member function.

IBM ILOG DISPATCHER — USER’'S MANUAL 345



The following code is the first section of creat eVi si t s.

voi d RoutingMdel ::createVisits(const char* visitsPath) {
Il oDi nension2 tine = Il oD nension2::Find(_env, "Tine");
Il oCsvReader csvVisitReader(_env, visitsPath);
Il oCsvReader:: Linelterator it(csvVisitReader);
for( ;it.ok(); ++it) {
IloCsvLine line = *it;
//read visit data fromfiles
char * visitName = |ine. get StringByHeader ("nanme");
char * nodeNane = |ine. get StringByHeader ("node");
I'l oNum m nTi e |'i ne. get Fl oat ByHeader (" m nTi me") ;
I'l oNum maxTi e I'i ne. get Fl oat ByHeader (" naxTi ne") ;
I'l oNum servi ceTime = |ine. get Fl oat ByHeader (" dr opTi ne");
Il oNode node = |l oNode: : Fi nd(_env, nodeNane);
IloVisit visit(node, visitNane);

Define the createSkillProfiles function

Add the following code after the comment
/1 Define the createSkillProfiles function.

voi d RoutingMdel ::createSkill Profil es(const char* profilePath) {
Il oCsvReader skill Profil eReader(_env, profilePath);
for( lIloCsvReader::Linelterator it(skillProfileReader); it.ok(); ++it) {
Il oCsvLine line = *it;

Ilolnt profileld = line.getlntByHeader("id");
Ilolnt skilllLevel = line.getlntByHeader("SkilllLevel");
Ilolnt skill2Level = line.getlntByHeader("Skill2Level");

Ilolnt skill3Level l'i ne. get | nt ByHeader (" Ski |l | 3Level ");

SkillProfile* profile = getSkillProfile(profileld);
assert( O != profile );

profile->setSkillLevel (0, skilllLevel);
profile->setSkillLevel (1, skill2Level);
profile->setSkillLevel (2, skill3Level);

}
skill Profil eReader. end();
}

Thisfunction reads the csv file and creates the skill profiles of the technicians and visits; the
levels of each skill that are available from the technician or required at the customer visit.
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Define the setTechnicianSkillProfiles function

Add the following code after the comment
/1 Define the setTechnicianSkillProfiles function.

voi d RoutingMdel ::set TechnicianSkill Profiles(const char* techProfilePath) {
/1 now read the techProfilePath table.
Il oCsvReader techProfil eReader(_env, techProfilePath);
for (1loCsvReader::Linelterator tpit(techProfileReader); tpit.ok(); ++tpit) {
Il oCsvLine line = *tpit;

const char* techName = |ine. get StringByHeader ("nane");
Ilolnt profileld = line.getlntByHeader("TechProfileld");
Il oVehicle tech = Il oVehicle::Find(_env, techNane);

SkillProfile* profile = getSkillProfile(profileld);

if (0!=tech.getlnmpl() & O !=profile ) {
tech.setbject( (IloAny)profile );

}

}
techProfil eReader. end();
}

This function implements the mapping between the technician and the skill profile. The
profileitself is stored in the object field of thel | oVehi cl e (for technicians) or I | oVi si t
(for visits), asan | | oAny voi d* pointer. Attaching profilesto avehicle/visitis crucial to
the implementation of the compatibility constraint, which takes one vehicle and one visit.

Define the setVisitSkillProfiles function

Add the following code after the comment
/1 Define the setVisitSkillProfiles function.

voi d RoutingMdel ::setVisitSkillProfiles(const char* visitProfilePath) {
/1 now read the techProfilePath table.
Il oCsvReader visitProfil eReader(_env, visitProfilePath);
for (IloCsvReader::Linelterator vpit(visitProfileReader); vpit.ok(); ++vpit)
{
Il oCsvLine line = *vpit;
const char* visitName = |ine. getStringByHeader ("nane");
Ilolnt profileld = line.getlntByHeader("VisitProfileld");
IloVisit visit = IloVisit::Find(_env, visitNane);
SkillProfile* profile = getSkillProfile(profileld);
if (0!=visit.getlnpl() & 0 != profile ) {
visit.setObject( (IloAny)profile );
}

visitProfil eReader. end();
}

Thisfunction identifiesthevi si t Profi | el d required at each customer visit.
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Define the AreSkillsCompatible predicate

Add the following code after the comment
/1 Define the AreSkill sCompati bl e predicate.

static IloBool AreSkillsConpatible(lloVisit visit, IloVehicle vehicle) {
SkillProfile* visitProfile = (SkillProfile*)visit.getObhject();
Skill Profile* techProfile = (SkillProfile*)vehicle.getject();
if (0!=visitProfile) {
if ( 0!=techProfile ) {
return techProfile->i sGeaterThanO Equal (visitProfile);

} else {
return Il oFal se;
}
} else {
return Il oTrue;

}
}

This predicate checks the compatibility relation between avisit and atechnician. A visitis
compatible with atechnician if the visit profile is subsumed by the technician profile. A
special caseis also considered for avisit with no profile where al technicians are
compatible.

Define the postCompatibility function

Add the following code after the comment
/I Define the postConpatibility function.

voi d RoutingMdel :: post Compatibility() {
I'l oVi si t Vehi cl eConpat conpat (_env, AreSkill sConpatible);
_ndl . add( Il oConpati bl e(compat, "skill conpatibility"));
}

IBM ILOG Dispatcher provides away for you to define compatibility relations between
visits and vehicles. These relations can then be used to build compatibility constraints. In
this example the constructor | | oVi si t Vehi cl eConpat usesthe predicate

Ar eSki | | sConpat i bl e to build the compatibility relation. Thefunction | | oConpati bl e
isthen used to create the compatibility constraint to ensure that only compatible vehicles are
used on avisit.

The compatibility constraint is used to check that only compatible visit/vehicle assignments
are built, by removing incompatible vehicles. A predicate is used for convenience; you can
also subclass a predefined class for more complex cases.
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Solve

The solution is computed, improved, and displayed by methods previously presented for the
PDP problem, with the addition of one goal.

Add the goals
Add the following code after the comment / / Add t he goal s.

Il oGoal instantiateCost =

Il oD chot om ze(env, dispatcher.getCostVar(), |loFalse);
Il oGoal restoreSolution = Il oRestoreSol ution(env, _solution);
Il oGoal goal =

Il ol nsertionGenerate(env) && instantiateCost ;

Il ol nsertionGener at e isan insertion heuristic algorithm used to build afirst solution
for arouting plan. Aninsertion heuristic builds a solution to the routing model using an
algorithm which consists of inserting visits at the lowest cost position at the time of
insertion. Thisinsertion point will not necessarily be the visit's lowest cost position when the
entire routing plan has been constructed.
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Compile and run the program

The solution improvement phase finds a solution using 4 vehicles with a cost of 619.143

units

First Solution with cost: 735.716

| nprovi ng sol ution

***| mproved Sol ution***

Nunber of fails 0
Nunber of choice points ;1049
Nunber of vari abl es : 479
Nurmber of constraints 108
Reversi bl e stack (bytes) 68364
Sol ver heap (bytes) 333940
Sol ver gl obal heap (bytes) 70960
And stack (bytes) 20124
O stack (bytes) 44244
Search Stack (bytes) 4044
Constrai nt queue (bytes) 11160
Total menory used (bytes) 552836
El apsed time since creation 0
Nurmber of nodes 21
Nunber of visits 30
Nurmber of vehicles 5
Nunber of di mensions 1
Nunber of accepted noves 13

Cost © 619.143

Nunber of vehicles used : 4

Review Exercises

For answers, see " Suggested Answers’ on page 350.

1. What Dispatcher classis used to build a compatibility relation?

2. What predefined function is used to create a compatibility constraint from a

compatibility relation?

3. What isan insertion heuristic algorithm used for?

Suggested Answers

Exercise 1

What Dispatcher classis used to build a compatibility relation?
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Suggested Answer
Il oVi sitVehicl eConpat.

Exercise 2

What predefined function is used to create a compatibility constraint from a compatibility
relation?

Suggested Answer
Il oConpati bl e.

Exercise 3

What is an insertion heuristic algorithm used for?

Suggested Answer

An insertion heuristic algorithm is used to build afirst solution for arouting plan. An
insertion heuristic builds a solution to the routing model using an algorithm which consists
of inserting visits at the lowest cost position at the time of insertion.

Complete Program

The complete program follows. You can also view it onlinein thefile
Your Di spat cher Hone/ exanpl es/ src/techni cl. cpp.

I - *o CH+ -*-
/'l File: exanples/src/technicl.cpp

#incl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
/**
* This exanpl e shows the use of the visit-vehicle conpatibility constraint.
* The constraint is defined using skill proficiency vectors, attached
* to both visits and vehicles.
*
*
*/
/**
* The SkillProfile class is used to nodel vector a skill proficiencies.
* it maps a level for each skill.
*/
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class SkillProfile {
Il oEnv _env;
Ilolnt _nbOrskills;
Ilolnt* _skillLevels;
public:
SkillProfile(lloEnv env, llolnt nbOrSkills):
_env(env),
_nbO Skills(nbOFsSkills),
_skill Level s(0)

_skillLevels = new (env) Ilolnt [ nbOSkills ];

for (Ilolnt s=0; s< _nbOFSkills; ++s) _skillLevels[s] = 0;
}
void setSkillLevel (Ilolnt skilllndex, llolnt |evel=1) {
_skillLevels[ skilllndex ] = level; }
/**

* Returns true if <code>other</code> is conparable with this
* and is greater.

*/

I oBool isG eaterThanOr Equal (const Skill Profile* other);

virtual void display(lLOSTD(ostrean)& os) const {
05 << “[*:
for (Ilolnt s=0; s< _nbO'Skills; ++s) {
os << _skillLevel s[s];
if (s <_nbOskills-1) os << *“, “;
}
0s << “17;

}
}s

i nl'i ne ostrean& operator<<(ostream& os, const SkillProfile& profile) {
profile.display(os); return os;

}
Il oBool SkillProfile::isGeaterThanO Equal (const SkillProfile* other) {
for(llolnt index = O;
index < _nbOSkills & other->_nbOFSkills; ++index) {
if ( _skillLevels[index] < other->_skillLevels[index] ) {
return Il oFal se;
}
return Il oTrue;
}
cl ass Routinghodel {
Il oEnv _env;
I'l ovbdel ndl ;

Il oArray<skill Profile*> _profiles;
Ilolnt _nbOskills;

const char* _nodePat h;

const char* _technicianPat h;
const char* _visitPath;
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const char* _profil ePat h;
const char* _techProfilePath; // table binding profiles to tecnicians
const char* _visitProfilePath; // table binding profiles to visits

voi d createD nmensions();

voi d createll oNodes(const char* nodePath);

void createSkill Profil es(const char* profil ePath);

voi d set Techni ci anSki | | Profil es(const char* techProfilePath);
void setVisitSkillProfiles(const char* visitProfilePath);

voi d createTechni ci ans(const char* technicianPath);

void createVisits(const char* visitsPath);

voi d post Conpati bility();

/**
* Lazy accessor to the profile table, with id as key.
* First, missing array slots are filled with zeroes.
* Then, if returned profile is null,
* a new profile is created, stored and returned.
*/
SkillProfile* getSkillProfile(llolnt profileld) {
if ( _profiles.getSize() <= profileld ) {
for (Ilolnt p= _profiles.getSize(); p <= profileld; ++p) {
_profiles.add( (SkillProfile*) 0);
}

}

SkillProfile* profile = _profiles[ profileld ] ;

if ( 0=mprofile) {
profile = new (_env) SkillProfile(_env, _nbOSkills);
_profiles[ profileld ] = profile;

}

return profile;

}

public:
Rout i nghbdel (11 oEnv env);
~Rout i nghbdel () {}

voi d parse(int argc, char** argv);
voi d creat eMdel ();

Il oEnv getEnv() const { return _env; }
I oMbdel get Model () const { return _mdl; }

H
Rout i nghbdel : : Rout i nghbdel (|1 oEnv env)
. _env(env),
_mdl (env),
_profiles(env),
_nbO ski I I's(3),

_nodePath(“../../../exanpl es/ datal/techni cl/ nodes. csv"),
_technicianPath(“../../../exanpl es/ data/technicl/technicians.csv’),
_visitPath(“../../../exanpl es/data/technicl/visits.csv"),
_profilePath(“../../../exanpl es/data/technicl/SkillProfiles.csv"),
_techProfilePath(“../../../exanpl es/data/technicl/techSkills.csv"),
_visitProfilePath(“../../../exanpl es/data/technicl/visitSkills.csv")

{1}
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voi d Routinghbdel : : parse(int argc, char** argv) {
if (argc >1) _visitPath = argv[1];
if (argc > 2 ) _technicianPath = argv[2];
if (argc >3 ) _visitProfilePath = argv[3];
if (argc >4 ) _techProfilePath = argv[4];
if (argc >5) _profilePath = argv[5];
if ( argc > 6 ) _nodePath = argv[6];

}

voi d RoutingMbdel :: createMdel () {
creat eDi mensi ons() ;
creat el | oNodes(_nodePat h) ;
creat eTechni ci ans(_t echni ci anPat h) ;
createVisits(_visitPath);
createSkill Profil es(_profilePath);
set Techni ci anSki | | Profiles(_techProfil ePath);
setVisitSkillProfiles(_visitProfilePath);
post Conpati bility();

}

// Create dinensions
voi d RoutingMdel ::createD nensions() {

Il oDi mension2 time(_env, IloEuclidean, “Tine");
tine.setKey(“Tinme");
_mdl . add(time);

}

/1 Create || oNodes
voi d Routi nghWbdel : : createl | oNodes(const char* nodePath) {
I | oCsvReader csvNodeReader (_env, nodePath);
Il oCsvReader: : Linelterator it(csvNodeReader);
while (it.ok() ) {
Il oCsvLine line = *it;
char* nane = |ine. getStringByHeader (“nanme”);
I | oNode node(_env,
I'i ne. get Fl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”),
0,
nane) ;
node. set Key( nane) ;
++it;

}
csvNodeReader . end() ;
}

/1 Create vehicles
voi d Routi nghbdel : : creat eTechni ci ans(const char* techPath) {
Il oDi nension2 tinme = Il oDinmension2::Find(_env, “Tine");
| | oCsvReader csvTechReader(_env, techPath);
char nanebuf [ 128];
Il oCsvReader: : Linelterator it(csvTechReader);
for( ; it.ok(); ++it) {
Il oCsvLine line = *it;

char * namefirst = |ine.getStringByHeader(“first”);
char * nanel ast = line.getStringByHeader(“last”);
char * name = |ine. get StringByHeader (“nane”);

I'l oNum openTi me = |ine. get Fl oat ByHeader (“open”);

I'l oNum cl oseTi ne = I|ine. get Fl oat ByHeader (“cl ose”);
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Complete Program

Il oNode nodel
I | oNode node2

Il oNode: : Fi nd(_env, nanefirst);
Il oNode: : Fi nd(_env, nanel ast);

sprintf(namebuf, “start_9%", nane);
IloVisit first(nodel, nanebuf);
_ndl . add( first.getQunul Var(tinme) >= openTine );

sprintf(namebuf, “end_%", nare);
IloVisit |ast(node2, nanebuf);
_ndl . add( | ast.getCunul Var(tine) <= closeTinme );

Il oVehicle technician(first, last, nane);
techni ci an. set Cost (tinme, 1.0);

t echni ci an. set Key(nane) ;

_mdl . add(t echni ci an);

}
csvTechReader . end();
}

// Create visits
voi d RoutingMdel ::createVisits(const char* visitsPath) {
Il oDi mension2 time = Il oD nmension2::Find(_env, “Time");
I oCsvReader csvVisitReader(_env, visitsPath);
Il oCsvReader:: Linelterator it(csvVisitReader);
for( ;it.ok(); ++it) {
Il oCsvLine line = *it;
/lread visit data fromfiles
char * visitName = |ine. getStringByHeader (“nane”);
char * nodeNane I'i ne. get StringByHeader (“node”);
I'l oNum m nTi me I'i ne. get Fl oat ByHeader (“nmi nTi ne”);
I'l oNum maxTi me I'i ne. get Fl oat ByHeader (“ naxTi ne”) ;
Il oNum servi ceTi ne = |ine. get Fl oat ByHeader (“dropTi me”);
Il oNode node = Il oNode:: Fi nd(_env, nodeNane);
IloVisit visit(node, visitNane);

_mdl . add( visit.getDelayVar(tinme) == serviceTine );

_ndl . add( m nTime <= visit.getCQunul Var (tine) <= maxTi ne);
vi sit. set Penal t yCost (10000) ;

vi sit.setKey(visitNane);

_mdl . add(visit);

}
csvVi sit Reader. end();
}

voi d Routinghbdel ::createSkill Profil es(const char* profilePath) {
I | oCsvReader skill Profil eReader(_env, profilePath);
for( IloCsvReader::Linelterator it(skillProfileReader); it.ok(); ++it) {
IloCsvLine line = *it;

Ilolnt profileld = line.getlntByHeader(“id");
Ilolnt skilllLevel = line.getlntByHeader(“SkilllLevel”);
Ilolnt skill2Level = line.getlntByHeader(“Skill2Level”);

Il ol nt skill 3Level |'i ne. get | nt ByHeader (“ Ski |l | 3Level ");

SkillProfile* profile = getSkillProfile(profileld);
assert( O !'= profile );
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profile->setSkillLevel (0, skilllLevel);
profile->setSkillLevel (1, skill2Level);
profile->setSkillLevel (2, skill3Level);

}
ski |l Profil eReader. end();
}

voi d Routi ngMdel ::set Technici anSkill Profil es(const char* techProfilePath) {
/1 now read the techProfilePath table.
I | oCsvReader techProfil eReader(_env, techProfilePath);
for (Il oCsvReader::Linelterator tpit(techProfil eReader); tpit.ok(); ++tpit) {
Il oCsvLine line = *tpit;

const char* techName = |ine. get StringByHeader (“nane”);
Ilolnt profileld = line.getlntByHeader(“TechProfileld");
Il oVehicle tech = Il oVehicle::Find(_env, techNane);

SkillProfile* profile = getSkillProfile(profileld);

if (0!=tech.getlnpl() & 0 != profile ) {
tech.sethject( (Il oAny)profile );

}

}
techProfil eReader. end();
}

voi d RoutingMdel ::setVisitSkillProfiles(const char* visitProfilePath) {
/1 now read the techProfilePath table.
Il oCsvReader visitProfil eReader(_env, visitProfilePath);
for (Il oCsvReader::Linelterator vpit(visitProfileReader); vpit.ok(); ++vpit)

{
Il oCsvLine line = *vpit;
const char* visitName = |line.getStringByHeader (“nane”);
Ilolnt profileld = line.getlntByHeader(“VisitProfileld”);
IloVisit visit = IloVisit::Find(_env, visitNane);
SkillProfile* profile = getSkillProfile(profileld);
if (0!=visit.getlnpl() & 0 != profile ) {
visit.setObject( (IloAny)profile );
}
}
visitProfil eReader. end();
}
/**

* This predicate codes the conpatibility relation between a visit and a
* technician. Avisit is conpatible with a technician if the
* visit profile is subsumed by the technician profile.
* To be defensive, a special case is also considered, when
* the visit has no profile, then all technicians are conpatible.
*/
static Il oBool AreSkillsConpatible(lloVisit visit, IloVehicle vehicle) {
SkillProfile* visitProfile = (SkillProfile*)visit.getObject();
SkillProfile* techProfile = (SkillProfile*)vehicle.gethject();
if (0!=visitProfile ) {
if ( 0!=techProfile ) {
return techProfil e->i sG eaterThanO Equal (visitProfile);
} else {
return |l oFal se;

} else {
return Il oTrue;
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Complete Program

}
}

voi d Routi ngWbdel : : post Conpatibility() {
Il oVi si t Vehi cl eConpat comnpat (_env, AreSkillsConpatible);
_mdl . add( Il oConpati bl e(conpat, “skill conpatibility”));

}
/1 Solving
cl ass RoutingSol ver {
I | oMbdel _mdl ;
11 0Sol ver _sol ver;

Il oRouti ngSol ution _solution;

Il oBool findFirstSolution(lloGoal goal);
voi d greedyl nprove(ll oNHood nhood, |l oGoal subGoal);
voi d inmprove(lloGoal subgoal);
public:
Rout i ngSol ver ( Rout i nghbdel ndl ) ;
~Rout i ngSol ver () {}
Il oRouti ngSol uti on get Solution() const { return _solution; }
void printlnformation(const char* heading = 0) const;
voi d sol ve();

b

Rout i ngSol ver: : Rout i ngSol ver ( Rout i nghbdel ndl)
: _mdl (ndl . get Model ()), _solver(mdl.getMdel ()), _solution(ndl.getMdel()) {}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution(lloCGoal goal) {
if (!_solver.solve(goal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return Il oFal se;
}
_sol ution.store(_sol ver);
return Il oTrue;

}

// lnprove sol ution using nhood
voi d Routi ngSol ver: : greedyl nprove(l| oNHood nhood, |l oGoal subGoal) {
_solver.out() << “Inproving solution” << endl;

Il oEnv env = _sol ver. get Env();

nhood. reset ();

Il oGoal inprove = |l0Singl eMve(env,
_solution,
nhood,
I'l ol mprove(env),
subCoal ) ;

whil e (_sol ver.sol ve(inprove)) {}

}

/1 1nprove solution
voi d RoutingSol ver::inprove(lloGoal subCoal) {
Il oEnv env = _sol ver. get Env();
I I oNHood nhood =
|| oMakePer f or ned( env)
+
I'l oTwoQpt (env)
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Il oOr Opt (env)

Il oRel ocat e(env)

I'l oCross(env)

Il oExchange(env);

gr eedyl nprove( nhood, subGoal);

+ o+ o+ +

/1 Display Dispatcher infornmation
voi d RoutingSol ver::printlnfornmation(const char* headi ng) const {
if ( 0!=heading) {
_solver.out() << heading << endl;
}
I | oDi spat cher di spatcher(_sol ver);
_solver.printlnformation();
di spatcher. printlnformation();
_SOI ver . out () << Y zzzzz==—=—=—=—=====" << end|
<< “Cost : “ << dispatcher.getTotal Cost() << endl
<< “Nunber of vehicles used : *“
<< di spat cher. get Nunber O Vehi cl esUsed() << endl
<< “Sol ution “ << endl
<< di spatcher << endl;

}

/1 Sol ving

voi d RoutingSol ver::solve() {
I | oDi spat cher di spatcher(_sol ver);
Il oEnv env = _sol ver. get Env();

Il oGoal instantiateCost =

I'l oD chot om ze(env, dispatcher.getCostVar(), |l oFalse);
Il oGoal restoreSolution = Il oRestoreSol ution(env, _solution);
Il oGoal goal =

Il ol nsertionCGenerate(env) &% instantiateCost ;

/1 Sol vi ng

if (findFirstSolution(goal)) {
_solver.out() << “First Solution with cost:

<< _sol ution. get j ectiveValue() << endl;

i nprove(instanti ateCost);
_sol ver.sol ve(restoreSol ution & instantiateCost);
printlnformation(“***| nproved Solution***");

}

}

LHECTEETEEE bbb i r i i i b nd

int main(int argc, char * argv[]) {
I'l oEnv env;
try {
Rout i nghbdel mdl (env);
mdl . parse(argc, argv);
mdl . cr eat eMbdel () ;

Rout i ngSol ver rsol ver (ndl);
rsol ver. sol ve();
} catch(1l oException& ex) {
cerr << “Error: " << ex << endl;
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env. end();
return O;

}

Complete Program

Complete Output

/**

First Solution with cost: 735.716

| mprovi ng sol ution

***| mproved Sol ution***

Nurmber of fails 0
Nunber of choice points 1049
Nurmber of vari abl es 479
Nunber of constraints 108
Reversi bl e stack (bytes) 68364
Sol ver heap (bytes) 333940
Sol ver gl obal heap (bytes) 70960
And stack (bytes) 20124
O stack (bytes) 44244
Search Stack (bytes) 4044
Constrai nt queue (bytes) 11160
Total menory used (bytes) 552836
El apsed tine since creation 0
Nunber of nodes 21
Nurmber of visits 30
Nunber of vehicles 5
Nurmber of di mensi ons 1
Nunber of accepted noves 13
Cost 619. 143

Nurmber of vehicles used : 4

Sol ution

Unper f or mred visi ts :

techl :

None

-> start_techl Tine[0..59.6393]

Ti e[ 97. . 107]

tech2 :

-> start_tech2 Tinme[O0..16.6953]

Ti me[ 64. 3763. . 81. 0716]

-> visi

t7 Tine[143.9..184] -> vi

Ti me[ 189. 712. . 230]

tech3 :

-> start_tech3 Tine[O0..30]
visit16 Tinme[96..110.749]
Time[ 137. 18. . 151. 929]

techd :

-> start_tech4 Tine[O0..23.4691]

Ti me[ 67. . 70. 1445]
Ti me[ 130. 044. . 133. 189]

Ti me[ 190. 855. . 230]

tech5 :

*/

IBM

Unused

ILOG DISPATCHER

-> visit20 Tinme[118. 18..188]

-> visit8 Tine[95..105]

-> visit2 Tine[18..48]
->visith5 Tine[117.18..131. 929]
-> visit13 Tinme[159..169]

-> visit3 Tine[22.3607.. 82]
-> end_techl Ti e[ 159. 803. . 230]

-> visitl4 Tinme[ 32.0156. . 48. 7109]
-> visit19 Tine[122.72..162.82]
-> end_t ech2

sit18 Time[ 163. 9. . 204]

-> visit10 Ti e[ 25. 4951. . 48. 9642]
-> visitl Tine[103. 401..106. 545]
-> visit4 Time[155. 855..159]

USER’'S MANUAL

-> visitl5 Tine[61..
-> visité
-> end_tech3 Tine[ 180. 18. . 230]

-> visitl2
-> end_tech4

-> visit9

-> visitl7

71] ->

->visitll
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15

CARP: Visiting Arcs Using
Multiple Vehicles

In this lesson, you will learn how to:
0O model arouting problem to visit arcs
O usetheclass! | oDi spat cher Gr aph to store and compute the costs of the arcs

O useametaheuristic in search with I | oDi spat cher GLS

Describe

In the vehicle routing problems presented in the previous lessons the goal was to perform
visits located at given nodes. There is another type of problem where the goa isto visit arcs
instead, arcs being alink between two nodes (arcs typically represent streets or road
segments). This type of problem can involve activities such as winter gritting (dispensing
salt or grit on snow-covered roads), door-to-door mail delivery, street cleaning, or garbage
collecting. This chapter focuses on a particular type of problem called a Capacitated Arc
Routing Problem (CARP) in which vehicles have alimited capacity.

The main difference in considering an arc problem isthat avisit is not defined asatripto a
node, but is rather the path (arc) between two nodes. A quantity of a good is delivered to
each arc and vehicles can carry alimited amount of goods (capacity). Time windows are not
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considered here although they could easily be modeled. All vehicles are identical and
perform asingle tour leaving and arriving at a unique depot.

Distances between nodes are computed from a graph representing the network of roads. For
agiven dimension d, the distance between two nodes nl and n2 using a vehicle v is the sum
of the value according to d of all the arcs on the cheapest path going from nl to n2 using v.
The cheapest path is the path of minimum cost using v. Furthermore, the distance between
two visitslocated at arc (n1, n2) and arc (n3, nd) is defined to be the distance between nodes
n2 and n3.

In this example, two extrinsic dimensions are used, one representing time and the other
length. Both dimensions have their distance function based on the graph; the shortest path
between two nodes depends on the arcs that are available in the graph. The cost functionisa
linear combination of the duration and of the length of the route of the vehicles.

The following figure shows a sample road network for an arc problem with eight nodes and
12 arcs (the examplein this lesson has 52 nodes).

2,8

\

44
3.1 Nl,l,s

\/‘\\

Figure15.1 An Example Arc Problem

6,2,8

The arrows show in which direction an arc can be taken (a double arrow meansit can be
taken in both directions). The values on the arcs indicate respectively the duration in time
and length of the arc. The third number represents the quantity of goods to be delivered to
this arc; when athird number is not present the arc does not need to be visited.
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Model

Describe the problem

Thefirst step isto write a natural language description of the problem. A good way to start
this process isto analyze the constraints and objectives. The primary constraint in this
problem isthat vehicles must deliver a quantity of goods to selected arcs on the road
network. Not all arcs need to be visited (that is, have goods delivered along the arc), but
those arcs may be travelled through anyway in order to minimize the travel cost.

The objective is to minimize the cost of the delivery of the quantity of goods along the arcs.

Model

Once you have written a description of your problem, you can use Dispatcher classesto
model it.

Open the example file

Open the example file Your Di spat cher Hone/ exanpl es/ src/tutorial /
carp_partial . cpp inyour development environment.

Asin the previous lessons, you will use aRout i nghbdel classto call the functions that
create the dimensions, nodes, vehicles, and visits. For this example, Rout i ngMbdel aso
calls afunction to create the graph that represents the road network.

Declare the RoutingModel class
Add the following code after the comment / / Decl are the Routi nghbdel cl ass.

cl ass Routinghbdel {

I'l oEnv _env;

I | oModel _mdl ;

I | oDi spat cherGraph _graph;

I | oD mensi on2 _ting;

I'l oDi nensi on2 _di stance;
Il oD nmensi onl _wei ght;

voi d addDi nensi ons();

voi d | oadG aphl nformation (char* arcFil eNane);

voi d Createll oNodes(char* nodeFil eNane, char* coor dFil eNane) ;
voi d CreateVehicl es(char* vehicl eFil eNane) ;

void CreateVisits(char* visitsFileNane);

Aninstance of | | oDi spat cher G- aph isdeclared (_gr aph); thisinstanceis used to create
aroad network of nodes. It can then be used to compute and store the cheapest paths
between nodes based on the cost functions for any given vehicle.
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Thefunction| oadGr aphl nf or mat i on isused to load and create the arcs and the arc costs
that are stored in _gr aph.

The remaining code of Rout i nghodel isprovided for you, and it calls afunction
(modi f yG aphAr cCost ) that allows you to modify the cost of an arc within the code itself,
rather than in acsv datafile.

public:

Rout i nghodel (11 oEnv env, int argc, char* argv[]);
~Rout i nghbdel () {}

I'l oEnv getEnv() const { return _env; }

Il oMbdel get Model () const { return _mdl; }

voi d nodi fyG aphArcCost () ;

I | oDi spat cher Gaph get Graph() const { return _graph; }

b

Thefunction Rout i nghbdel : addDi nensi ons usesashortest path calculation to represent
the dimensions of time and distance in the graph network.

Create the distance functions
Add the following code after the comment // Creat e the di stance functions.

Il oDistance SP_tine = |l oG aphD stance (_graph);
_tine =lloD nmension2 (_env, SP_tine, "tine");
_mdl . add(_time);

Il oDi stance SP_distance = Il oG aphDi stance (_graph);
_distance =I1oD nmension2 (_env, SP_distance, "distance");
_nmdl . add(_di st ance) ;

}

The shortest path time and distance functions (SP_t i ne and SP_di st ance) are defined and
added to the model (instead of the predefined functions| | oEucl i di an and
I I oManhat t en that you have used before).

The next function creates the graph containing the arcs.

Load the graph information
Add the following code after the comment / / Load t he graph i nformati on.
voi d RoutingMdel :: | oadG aphl nfornation (char* arcFileNanme) {
_graph. createArcsFrontil e (arcFileNane);

_graph. | oadAr cD mensi onDat aFrontil e (arcFil eName, _tine);
_graph. | oadAr cDi nensi onDat aFronfi |l e (arcFil eName, _di stance);

The member function | | oDi spat cher Gr aph: : cr eat eAr csFronfi | e loads the road
network datafrom acsv file, and creates the necessary nodes and arcs. The member function
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I 1 oDi spat cher Graph: : | oadAr cDi mensi onDat aFr onFi | e loads the arc cost data
fromacsv file.

The function Cr eat el | oNodes includes a command to associate the | | oNodes to the
graph nodes.

Create the nodes
Add the following code after the comment / / Cr eat e t he nodes.

_graph. associ at eByCoor dsl nFi | e (node, coordFileNane);

Instances of | | oNode must be positioned within the graph. This can be done node-by-node
with the method | | oDi spat cher Gr aph: : set Locat i on, but this becomes impractical
with even modestly sized networks. Instead, in this lesson you use the method

associ at eByCoor dsl nFi | e to look up the coordinates of agiven || oNode inacsv file,
and then automatically associate the node to the graph node with matching coordinates.

Next, you create the vehicles with a cost function that uses a cost ratio.

Set the vehicle costs
Add the following code after the comment // Set t he vehicle costs.
vehicle.setCost(_tine, 100 * costRatio);
vehi cl e. set Cost (_di stance, 100 * (1- costRatio));

vehi cl e. set Capaci t y(_wei ght, capacity);
_ndl . add(vehicle);

The following line of code appears earlier in the Cr eat eVehi cl es function:

Il oNum costRati o = |ine. getFl oat ByHeader (" cost Rati 0");

Thecost Rat i o isdatafrom the vehicle csv file, and can be used, for example, to model
vehiclesthat have different operating costs. Using different cost ratios for the different
vehicles will change the solution paths; paths depend not only on the distance between
nodes, but also on the way vehicle costs are calcul ated.

Next, the Cr eat eVi si t s function adds the actua arc visits to the model!.
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Create the visits
Add the following code after the comment // Create the visits.

I oNode nodel
1| oNode node2

I I oNode: : Fi nd(_env, nodeNanel);
I I oNode: : Fi nd(_env, nodeNane2);

IloVisit visitl(nodel, node2, visitNane);
mdl . add(vi sitl.get TransitVar(_wei ght) == quantity);
mdl . add(visitl.getDelayVar(_tine) == timeValue );
mdl . add(vi si t 1. get Del ayVar (_di stance) == di stanceVal ue );
_mdl . add(visitl);
if(symetric) {
visitl. setPenal tyCost(0);
char visitNane2[ 16];
sprintf(visitName2, "%9%", visitName, c);
IloVisit visit2(node2, nodel, visitNanme2);
_mdl . add(visit2. getTransitVar(_weight) == quantity);
_ndl . add(visit2.getDel ayVar(_tinme) == tineValue );
_mdl . add(vi sit2. getDel ayVar (_di stance) == di stanceVal ue );
visit2.setPenal tyCost(0);
_mdl . add(visit2);
_ndl . add(visitl. performed() + visit2.perforned() == 1);

This code is the second part of thecr eat eVi si t s function. Thefirst part of the iteration
reads in the nodes, time and distance values, and quant i t y to be delivered per visit.

To create an arc visit rather than avisit to a single node, you provide two node names to the
Il oVi sit constructor. If the visit to thearcissymet ri c—that is, the cost to visit the arc
is the same regardless of which node is visited first—then both possible paths for the arc
visit are added to the model with zero penalty cost.

Theconstraint _ndl . add(visitl. performed() + visit2.performed() == 1)
states that just one of those two visits must be performed.

In problems of thistype it may sometimes be desirable to be able to quickly modify the costs
of certain paths, due to traffic or road conditions, experimental modeling, or other reasons.
You may not want to edit your data files to model these factors; the function

modi f yGraphAr cCost isused for this purpose.
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Modify graph arc costs
Add the following code after the comment / / Modi fy graph arc costs.

voi d Routi ngModel : : modi f yGraphArcCost () {
Il oDi spat cherGraph:: Arc arcl = _graph.get Arc(3916); //Arc from 1043 to 987
Il oDi spat cherGraph:: Arc arc2 = _graph.getArc(4134); //Arc from 1043 to 1042
I | oDi spat cher Graph:: Arc arc3 = _graph.get Arc(4136); //Arc from 1043 to 1044
Il oDi spat cherGraph:: Arc arc4 = _graph.getArc(4137); //Arc from 1043 to 1099

_graph. set ArcCost (arcl, _tinme, 10);
_graph. set ArcCost (arc2, _time, 10);
_graph. set ArcCost (arc3, _tinme, 10);
_graph. set ArcCost (arc4, _time, 10);

Thisfunction is used to quickly modify the cost of afew particular arcs. This may be
appropriate if, for example, conditions merit atemporary increase in the cost of visiting an
arc. The impact on the solution cost can be significant.

Solve

The solving section of this example introduces metaheuristics. In previous lessons,
heuristics terminated when no cost-reducing move could be found at alocal minimum.
Metaheuristics allow the search to continue by allowing neighborhood moves that degrade
the current solution and allow the search to move from the current position. This degradation
must be carefully controlled, however, to prevent the search from moving to very poor
solutions. This control is provided by various types of metaheuristics. The type used in this
lesson is based on guided local search (GLS).

Guided local search works by making a series of greedy searches, each to alocal minimum.
However, it reduces adifferent cost function from the original. If the original cost functionis
represented by ¢, then guided local search attempts to reduce the cost c+wp, wherepisa
penalty term that is adjusted every time alocal minimum isreached, and w isaconstant. So,
in essence, guided local search tries to minimize acombination of the true cost and a penalty
term. The weighting constant w is an important search parameter that determines how
important the penalty term is with respect to the true cost.

Guided local search is constructed so that the penalty term is higher when the search moves
to solutions that resemble previous ones. Thisis done by recording certain arcs as “bad”
each time alocal minimum is reached. When these arcs appear in a solution, the penalty
termisincreased. Guided local search determines which arcs are bad based upon the cost of
the arc in the solution and how often that arc has previously appeared at local minima

More complete details of the use of metaheuristics can be found in Appendix C, Predefined
Search Heuristics and Metaheuristics and in the IBM ILOG Dispatcher Reference Manual.
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368

Thefirst step in the solving section isto create the Rout i ngSol ver function.

Create the RoutingSolver function
Add the following code after the comment / / Creat e t he Routi ngSol ver functi on.

voi d greedyl nprove(ll oNHood nhood, Il oCGoal subGoal);

voi d i nprove(lloGoal subgoal);

voi d i nproveWthFast G.S(I1 oNHood nhood, |lolnt nbOflter, |loGoal subgoal);
public:

Rout i ngSol ver (Rout i nghbdel ndl);

~Rout i ngSol ver () {}

Il oRouti ngSol uti on get Sol ution() const { return _solution; }

void printlinfornation() const;

Il oBool findFirstSolution();

voi d i nproveWthNHood(Illolnt nblter);

voi d nodi fyFilterLevel AndRestore();

voi d restoreSol ution();

voi d di spl ayPat hs( 1| oDi spat cher G-aph graph);
h

Thefunctioni npr oveW t hFast GLS usesthe metaheuristic! | oDi spat cher GLSto get out
of thelocal minimum solution to find a better one.

Two new functions appear in the class Rout i ngSol ver for thislesson:
nmodi f yFi | t er Level AndRest or e andr est or eSol uti on.

Modify filter level and restore solution

Add the following code after the comment
/I Modify filter level and restore sol ution.

voi d RoutingSol ver: :nodi fyFilterLevel AndRestore() {
_di spatcher.setFilterLevel (11 cMedium;
I oNum cost = _sol ution. get Obj ectiveVal ue();
_sol ver. sol ve(_restoreSol ution
&& Il 0Set Max(_env, _di spatcher. get CostVar(), cost));
_dispatcher.setFilterLevel (Il cLow);

}

This function changes the filter level of the propagation before restoring the solution.

I'1 cMedi umisthe highest level of propagation, and takes considerably longer than | | cLow
Thisfunction is called to have better propagation of the cumul variables and to have a better
display of the solution.
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Solve

Add the restoreSolution function
Add the following code after the comment / / Add t he restoreSol ution function.

voi d RoutingSol ver::restoreSolution() {
_sol ver.solve(_restoreSolution & _instantiateCost);
_solution.store(_solver);
_solver.out() << "Mdified cost: " << _dispatcher.getTotal Cost() << endl;

}

Thisfunction is called by nai n to restore the solution after nodi f yGr aphAr cCost has
been called to modify the original arc cost data.

The next function, i npr oveW t hFast GLS, usesthe metaheuristic| | oDi spat cher GLS to
get out of the local minimum solution to find a better one.

Add the metaheuristic function
Add the following code after the comment / / Add t he met aheuri stic function.

voi d RoutingSol ver: :inmproveWthFast GLS(I 1 oNHood nhood,
Ilolnt nbCFilter,
Il oGoal instantiateCost) {
nhood. reset ();
_solver.out() << "Inproving with first-accept GAS"' << endl;
I'l oRouti ngSol ution rsol = _sol ution. maked one(_env);
Il oRouti ngSol uti on best = _sol ution. naked one(_env);
I | oDi spat cher @S dgl s(_env, 0.2);
Il oGal move = |1 0Singl eMove(_env, rsol, nhood, dgls, instantiateCost);
nmove = nove && |1 oSt oreBest Sol ution(_env, best);
Il oNunVar costVar = _di spat cher. get Cost Var();
I I oCoupl e(nhood, dgls);
for (llolnt i =0; i < nbOlter; i++) {
if (_solver.solve(nmove)) {
_solver.out() << "Cost =" << _sol ver.getMax(costVar) << endl;
} else {
_solver.out() << "---" << endl;
if (dgls.conplete()) break;

_solver.out() << endl;

I | oDecoupl e( nhood, dgls);

Il oGoal restoreSolution = Il oRestoreSol ution(_env, best) &% instantiateCost;
_sol ver. sol ve(restoreSol ution);

_solution.store(_solver);

rsol . end();

best. end();

dgl s. end();
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I oDi spat cher GLStriesto penalize “bad” arcs—arcswith ahigh cost. However, if an arc
has been penalized a number of times, the importance of cost reduces. Thisis due to the fact
that if an arc has been penalized alarge number of timesand is still in the solution, there
may be no better arc with which to replace it and it is probably best to start looking
elsewhere to place penalties.

The functions| | oCoupl e and I | oDecoupl e connect and disconnect a neighborhood to a
metaheuristic. The neighborhood must be coupled to an instance of | | oDi spat cher GLS,
otherwise an exception is thrown.

The display paths function
Locate the following code after the comment / / The di spl ay pat hs functi on.

voi d RoutingSol ver:: di spl ayPat hs(I| oDi spat cher G aph graph) {
_env.out() << "Paths" << endl;
for (Ilolterator<lloVehicle> iterl(_env); iterl.ok(); ++iterl) {
Il oVehicle vehicle = *iterl;
IloVisit visitl = vehicle.getFirstVisit();
for (Il oD spatcher::Routelterator iter2(_dispatcher, vehicle);
iter2.ok();
++iter2) {
IloVisit visit2 = *iter2;
if (visitl !'=visit2) {
_env.out() << visitl. getName() << " {"
<< graph. getLocation(visitl.getStartNode())
. get I ndex();
for (11 oD spatcherGaph::Pathlterator iter3(graph,
vi si t 1. get EndNode(),
visit2. getStartNode(),

vehi cl e);
iter3.ok();
++iter3) {
_env.out() << " ->" << (*iter3).getlndex();

_env.out() << "} ->";
visitl = visit2;

}
_env.out() << vehicle.getLastVisit().getNane() << endl;

_env.out() << endl;

The function di spl ayPat hs isused to display the route of each vehicle following the
actual paths on the road network. Aninstance of I | ol t er at or <I | oVehi cl e>isused to
iterate over the vehicles, and aninstance of | | oDi spat cher: : Rout el t er at or isused to
iterate over the visits of each vehicle. | | oDi spat cher G- aph: : Pat hl t er at or isused to
iterate over the nodes present on the shortest path between visits.

370 IBM ILOG DISPATCHER — USER’S MANUAL



Solve
Finaly, mai n callsthese functions.

Add the main function
Add the following code after the comment / / Add t he mai n function.

int min(int argc, char * argv[]) {
Il oEnv env;
try {
Rout i nghbdel mdl (env, argc, argv);
Rout i ngSol ver sol ver (ndl);
if (solver.findFirstSolution()) {
sol ver.printlnformation();
sol ver. i nproveW t hNHood( 250) ;
sol ver. nodi f yFi | t er Level AndRestore();
sol ver.printlnformation();
sol ver. di spl ayPat hs(ndl . get G aph());
mdl . nodi f yG aphArcCost () ;
sol ver.restoreSol ution();
sol ver. i nproveW t hNHood( 50) ;
sol ver. nodi f yFi | t er Level AndRestore();
sol ver.printlnformation();
sol ver. di spl ayPat hs(ndl . get G aph());

}
} catch(ll oException& ex) {
cerr << "Error: " << ex << endl;

env. end();
return O;

Note that three sets of results are displayed: a set before and a set after the first

modi f yFi | t er Level AndRest or e function is called to change the propagation to

I cMedi um and one set after nodi f yGr aphAr cCost iscalled, increasing the cost of
certain arcs.

Compile and run the program
The complete program and output are presented in “ Complete Program” on page 375.
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First Solution Information

The first solution phase, beforei npr oveW t hNHood( 250) and
modi f yFi | t er Level AndRest or e have been called, finds a solution using 3 vehicles with
acost of 8100.14 units:

8100. 14

Nunber of fails . 218
Nunber of choice points : 1048
Nurmber of vari abl es : 1550
Nunber of constraints © 197
Reversi bl e stack (bytes) ;132684
Sol ver heap (bytes) : 715840
Sol ver gl obal heap (bytes) : 83476
And stack (bytes) : 20124
O stack (bytes) 1 44244
Search Stack (bytes) © 4044
Constraint queue (bytes) ;11160
Total menory used (bytes) : 1011572
El apsed time since creation : 1.602
Nunber of nodes . 52
Nurmber of visits . 55
Nunber of vehicles 5
Nurmber of di mensi ons 3
Nunber of accepted noves 0

Cost : 8100. 14

Nunber of vehicles used : 3

Improved Solution Information

Thefirst solution isimproved with i npr oveW t hNHood( 250) and
nmodi fyFi | t er Level AndRest or e:

| nprovi ng sol ution
Improving with first-accept GAS

Cost = 7781. 68
Cost = 7712.67
Cost = 7616. 17
Cost = 7592. 99
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Solve

The solution improvement phase continues lowering the cost until it finds a solution using 3
vehicles with a cost of 7413.03 units:

Cost = 7546. 96

Cost = 7546. 96

Nunber of fails 0
Nurmber of choice points )
Nunber of vari abl es . 2086
Nurmber of constraints : 601
Reversi bl e stack (bytes) 1 221124
Sol ver heap (bytes) : 1636420
Sol ver gl obal heap (bytes) : 99556
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
Constraint queue (bytes) ;18172
Total menory used (bytes) 1 2043684
El apsed tine since creation : 0.13
Nunmber of nodes . 52
Nunber of visits . 55
Nurmber of vehicles 5
Nunber of di nensi ons : 3
Nunber of accepted noves : 193
Cost : 7413.03

Nunber of vehicles used : 3

Solution Information with Modified Arc Costs

Now the problem is solved a second time. The cost is modified with nodi f yGr aphAr cCost
and then reoptimized with i npr oveW t hNHood( 50) . Note that the modified cost islarge
until the solution isimproved.

Modi fied cost: 8311. 26

| mprovi ng sol ution

Inproving with first-accept GAS
Cost
Cost

7506. 89
7482. 83
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This solution improvement phase continues |owering the cost until it finds a solution using 3
vehicles with a cost of 7459.55 units:

Cost = 7626.4

Nurmber of fails )
Nurmber of choice points 0
Nurmber of vari abl es : 2086
Nunber of constraints : 601
Reversi bl e stack (bytes) 1221124
Sol ver heap (bytes) ;1636420
Sol ver gl obal heap (bytes) : 99556
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
Constraint queue (bytes) : 18172
Total menory used (bytes) ;2043684
El apsed time since creation :0.12
Nunber of nodes . 52
Nurmber of visits . 55
Nunber of vehicles 5
Nurmber of di mensi ons 3
Nunber of accepted noves : 230
Cost © 7459.55

Nunber of vehicles used : 3

Review Exercises

For answers, see " Suggested Answers’ on page 374.
1. How do you create an arc visit, instead of avisit to asingle node?
2. What isthe class name of the guided local search metaheuristic in Dispatcher?

3. What do thefunctions| | oCoupl e and | | oDecoupl e do?

Suggested Answers

374

Exercise 1

How do you create an arc visit, instead of avisit to a single node?

Suggested Answer
You pass two node namestothel | oVi si t constructor instead of just one node name.
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Complete Program

Exercise 2
What is the class name of the guided local search metaheuristic in Dispatcher?

Suggested Answer
I I oDi spat cher GLS.

Exercise 3

What do the functions| | oCoupl e and | | oDecoupl e do?

Suggested Answer

Thefunctions! | oCoupl e and | | oDecoupl! e are used to connect and disconnect a
neighborhood to a metaheuristic, in thisexample, to | | oDi spat cher GLS. The
neighborhood must be coupled to an instance of | | oDi spat cher GLS, otherwise an
exception is thrown when you try to use the instance in the search.

Complete Program

The complete program follows. You can also view it onlinein the file
Your Di spat cher Horre/ exanpl es/ src/ carp. cpp.

[ B e I ¥ CH+ -*-
/1 File: exanples/src/carp.cpp
e e e LR PP PP e

#incl ude <ildispat/il odi spatcher. h>

| LOSTLBEG N
FHECTTETEEE b b i i i i i i i i n
/1 Model i ng
cl ass Routi nghbdel {
|| oEnv _env;
I | oModel _nmdl;
I | oDi spat cher Graph _graph;
I I oDi nensi on2 _time,;
I | oDi mensi on2 _di stance;
Il oD mensi onl _wei ght;

voi d addD nensi ons();

voi d | oadG aphl nformation (char* arcFileNane);

voi d Createll oNodes(char* nodeFi |l eNane, char* coordFil eNane);
voi d Creat eVehicl es(char* vehicl eFi | eNane) ;

void CreateVisits(char* visitsFileNang);

public:
Rout i nghodel (11 oEnv env, int argc, char* argv[]);
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~Rout i nghbdel () {}

I'l oEnv getEnv() const { return _env; }

I oMbdel get Model () const { return _ndl; }

voi d nodi fyG aphArcCost ();

| | oDi spat cher Graph get G aph() const { return _graph; }
H

Rout i nghbdel : : Rout i nghbdel ( || oEnv env,
int argc,
char* argv[]):

_env(env), _mdl(env), _graph(env) {
addDi nensi ons() ;

/1 1oad dispatcher graph information fromfile and add instance-specific
features
char * arcFil eNang;
if(argc < 5) arcFileNane = (char *) “../../../exanpl es/data/
di spat cher G aphDat a/ gri dNet wor k. csv”;
el se arcFil eNane = argv[4];

| oadG aphl nf ormati on (arcFil eNane);

//create |l oNodes

char * nodeFi | eNaneg;

if(argc < 4) nodeFileNane = (char *) “../../../exanpl es/data/carp/
nodes. csv”;

el se nodeFi | eNane = argv[3];

char * nodeCoordsFil e;

if(argc < 6) nodeCoordsFile
coor dTabl e. csv”;

el se nodeCoordsFil e = argv[5];

Cr eat el | oNodes( nodeFi | eName, nodeCoordsFile);

(char *) “../../../exanpl es/ datal carp/

//create vehicles
char * vehicl esFi | eNang;

if(argc < 2) vehiclesFileName = (char *) “../../../exanpl es/datalcarp/
vehi cl es. csv”;
el se vehi cl esFi |l eNae = argv[1];

Cr eat eVehi cl es(vehi cl esFi | eNane) ;

//create visits
char * visitsFileNane;
if(argc < 3) visitsFileNane = (char *) “../../../exanpl es/data/carp/
visits.csv”;
el se visitsFileNane = argv[2];
CreateVisits(visitsFileNane);
}

// Create distance functions for dinensions, add dinensions to nodel
voi d Routi ngMbdel : : addDi nensi ons() {

_weight =IloD rmensionl (_env, “weight”);

_ndl . add(_wei ght);

Il oDistance SP_time = |l oG aphDi stance (_graph);
_tine =lloDnension2 (_env, SP_tinme, “tine”);
_ndl . add(_tine);

Il oDi stance SP_di stance = || oG aphDi stance (_graph);
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_distance =Il oD mension2 (_env, SP_distance, “distance”);
_mdl . add(_di st ance) ;
}

// 1oad network topol ogy and travel costs fromfiles.

voi d Routi nghbdel : : | oadG aphl nformati on (char* arcFil eNange) {
_graph. creat eArcsFronfil e (arcFil eNane);
_graph. | oadAr cD nensi onDat aFronfil e (arcFil eNane, _tine);
_graph. | oadAr cD nensi onDat aFronfil e (arcFil eNane, _distance);

/lcreate |l oNodes
voi d Routi nghWbdel : : Creat el | oNodes(char* nodeFi | eNane, char* coordFil eNane) {
I | oCsvReader csvNodeReader (_env, nodeFil eNane);
Il oCsvReader:: Linelterator it(csvNodeReader);
while(it.ok()) {
Il oCsvLine line = *it;
char * nane = |ine. getStringByHeader (“nane”);
I | oNode node(_env, |ine.getFl oat ByHeader (“x"),
I'i ne. get Fl oat ByHeader (“y”), 0, nane);
node. set Key( nane) ;

_graph. associ at eByCoor dsl nFil e (node, coordFil eNare);
++it;

}
csvNodeReader . end() ;
}

/lcreate vehicles
voi d Routi nghWbdel : : Creat eVehi cl es(char* vehicl eFi | eNane) {
I | oCsvReader csvVehi cl eReader (_env, vehicl eFi | eNane);
Il oCsvReader:: Linelterator it(csvVehicleReader);
while(it.ok()) {
Il oCsvLine line = *it;

char * nanefirst = line.getStringByHeader(“first”);
char * nanel ast = |ine.getStringByHeader(“last”);

char * nane = |ine.getStringByHeader (“nane”);

Il oNum capacity = line. getFl oat ByHeader (“capacity”);

Il oNum costRatio = |ine. getFl oat ByHeader (“cost Rati 0”);
Il oNode nodel = Il oNode:: Find(_env, nanefirst);

Il oNode node2 = Il oNode:: Find(_env, nanelast);

IloVisit first(nodel, “depot”);

_ndl . add(first.getCunul Var (_di stance) == 0);
_nmdl . add(first.getCunul Var(_tinme) == 0);

Il oVisit |ast(node2, “depot”);

Il oVehicle vehicle(first, last, nane);

vehicl e. set Cost (_tine, 100 * costRatio);

vehi cl e. set Cost (_di stance, 100 * (1- costRatio));
vehi cl e. set Capaci t y(_wei ght, capacity);

_ndl . add(vehicle);

++it;

csvVehi cl eReader. end();
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}

//create visits
voi d Routi ngWbdel :: CreateVisits(char* visitsFileNane) {
I oCsvReader csvVisitReader(_env, visitsFileNane);
Il oCsvReader:: Linelterator it(csvVisitReader);
char ¢ = 's’;
while(it.ok())({
Il oCsvLine line = *it;
//read visit data fromfiles
char * visitNane i ne. get Stri ngByHeader (“nane”) ;
char * nodeNanel l'i ne. get Stri ngByHeader (“ nodeNanel”);
char * nodeNane2 l'i ne. get Stri ngByHeader (“ nodeNane2") ;
Ilolnt symretric l'i ne. get | nt ByHeader (“symetric”);
Il oNum quantity = |ine.getFl oat ByHeader (“quantity”);
Il oNum timeVal ue = |ine. get Fl oat ByHeader (“tinme”);
Il oNum di st anceVal ue = | i ne. get Fl oat ByHeader (“di st ance”);

I oNode nodel
I | oNode node2

I I oNode: : Fi nd(_env, nodeNarnel);
I I oNode: : Fi nd(_env, nodeNane2);

Il oVisit visitl(nodel, node2, visitNane);
_mdl . add(visitl. get TransitVar(_wei ght) == quantity);
_ndl . add(visitl.getDelayVar(_tine) == tineValue );
_mdl . add(vi sit1. get Del ayVar (_di stance) == di stanceVal ue );
_ndl . add(visitl);
if(symetric) {
visitl. setPenal tyCost (0);
char vi sitNane2[ 16] ;
sprintf(visitName2, “%%", visitNanme, c);
IloVisit visit2(node2, nodel, visitNanme2);
_mdl . add(visit2. getTransitVar(_weight) == quantity);
_mdl . add(visit2. getDel ayVar(_time) == tineValue );
_ndl . add(visit2. getDel ayVar (_di stance) == di stanceVal ue );
vi sit2. setPenal t yCost (0);
_nmdl . add(visit2);
_mdl . add(visitl. perforned() + visit2. perforned() == 1);

}

++it;

}
csvVisit Reader. end();
}

/1 NModify problemset-up by nmodifying the cost of un arc in the graph

voi d Routi nghwbdel : : modi f yGraphArcCost () {
|| oDi spat cher Graph: : Arc arcl = _graph. get Arc(3916); //Arc from 1043 to 987
I | oDi spat cherGraph:: Arc arc2 = _graph.getArc(4134); //Arc from 1043 to 1042
|| oDi spat cher Graph:: Arc arc3 = _graph. get Arc(4136); //Arc from 1043 to 1044
| | oDi spat cherGraph:: Arc arc4 = _graph. getArc(4137); //Arc from 1043 to 1099

_graph. set ArcCost (arcl, _tinme, 10);
_graph. setArcCost(arc2, _time, 10);
_graph. set ArcCost (arc3, _tinme, 10);
_graph. set ArcCost (arc4, _time, 10);
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FHELTEEEEEE bbb b b i i e i b b

/1 Sol ving
cl ass RoutingSol ver {
I | oMbdel _nmdl ;
I'l oSol ver _sol ver;
Il oRouti ngSol ution _sol ution;
Il oEnv _env;
I | oDi spat cher _di spat cher;
Il oGoal _instanti at eCost;
Il oGoal _restoreSol ution;
Il oGoal _goal ;

voi d greedyl nprove(ll oNHood nhood, |l oGoal subGoal);

voi d i nprove(lloGoal subgoal);

voi d i mproveWthFast GLS(I1 oNHood nhood, Ilolnt nbCflter, IloCoal subgoal);
public:

Rout i ngSol ver (Rout i nghbdel ndl ) ;

~Rout i ngSol ver () {}

Il oRouti ngSol uti on get Sol ution() const { return _solution; }

void printlnformation() const;

Il oBool findFirstSolution();

voi d i nproveWthNHood(Ilolnt nblter);

voi d nmodi fyFilterLevel AndRestore();

voi d restoreSol ution();

voi d di spl ayPat hs( 11 oD spat cher Graph graph);
H

Rout i ngSol ver: : Rout i ngSol ver (Rout i nghbdel ndl):
_mdl (ndl . get Model ()),
_sol ver (ndl . get Mddel ()),
_sol ution(ndl . get Model ()),
_env(ndl . getEnv()),
_di spatcher(_sol ver) {

_instantiateCost = |l oGoal (IloD chotom ze(_env, _dispatcher. getCostVar(),
Il oFal se));

_restoreSolution = |l oGoal (Il oRestoreSol uti on(_env, _solution));

_goal = IloCoal (Il o0Savi ngsGenerate(_env) && _instantiateCost);

}

// Solving : find first solution
Il oBool RoutingSol ver::findFirstSolution() {
if (!_solver.solve(_goal)) {
_solver.error() << “Infeasible Routing Plan” << endl;
return || oFal se;

_solver.out() << _dispatcher.getTotal Cost() << endl;
_sol ution.store(_sol ver);
return Il oTrue;

}

// lnmprove sol ution using nhood
voi d RoutingSol ver:: greedyl nprove(ll oNHood nhood, IloGoal subGoal) {
_solver.out() << “Inproving solution” << endl;
nhood. reset ();
Il oGoal inmprove = Il 0Singl eMove(_env,
_solution,
nhood,
I'l ol nprove(_env),
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subGoal ) ;
whil e (_sol ver.sol ve(inprove)) {}

}

// NModify dispatcher filter |level and resolve
voi d RoutingSol ver:: nmodi fyFilterLevel AndRestore() ({
_di spatcher.setFilterLevel (IlcMdiumn;
I oNum cost = _sol ution. get Ovj ecti veVal ue();
_sol ver. sol ve(_restoreSol uti on
&% |1 0Set Max(_env, _di spatcher. get CostVar(), cost));
_dispatcher.setFilterLevel (Il cLow);
}

/1 Modify graph arc cost and resol ve
voi d RoutingSol ver::restoreSol ution() {
_sol ver.sol ve(_restoreSol ution & _instantiateCost);
_sol ution.store(_sol ver);
_solver.out() << “Mddified cost: “ << _dispatcher.getTotal Cost() << endl;

}

voi d RoutingSol ver: :inmproveWt hFast GLS(|| oNHood nhood,
Ilolnt nbCFlter,
Il oGoal instantiateCost) {
nhood. reset ();
_solver.out() << “Inproving with first-accept QS << endl;
I'l oRouti ngSol ution rsol = _sol ution. maked one(_env);
I I oRouti ngSol uti on best = _sol ution. naked one(_env);
I | oDi spat cher G_S dgl s(_env, 0.2);
Il oGal move = |l 0Singl eMove(_env, rsol, nhood, dgls, instantiateCost);
nmove = nove && |1 0oStoreBest Sol ution(_env, best);
Il oNunVar costVar = _di spat cher. get Cost Var();
I I oCoupl e(nhood, dgls);

for (Ilolnt i =0; i < nbOlter; i++) {
if (_solver.solve(nmove)) {
_solver.out() << “Cost = *“ << _sol ver. get Max(costVar) << endl;
} else {
_solver.out() << “---" << endl;

if (dgls.conplete()) break;
}
}
_solver.out() << endl;
I | oDecoupl e(nhood, dgls);
Il oGoal restoreSolution = Il oRestoreSol ution(_env, best) && instantiateCost;
_sol ver. sol ve(restoreSol ution);
_sol ution.store(_sol ver);
rsol . end();
best. end();
dgl s. end();
}

// D splay Dispatcher information
voi d RoutingSol ver::printlnformation() const {
_solver.printlnformation();
_dispatcher.printlInformation();
_SOl ver. out () << “zZzz============" << endl|
<< “Cost : “ << _dispatcher.getTotal Cost() << endl
<< “Nunber of vehicles used : *“
<< _di spat cher. get Nunber O Vehi cl esUsed() << endl
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<< “Sol ution ;" << endl
<< _di spatcher << endl;

}

/1 Sol ving

voi d RoutingSol ver::inproveWthNHood(llolnt nblter) {
I oNHood nhood = |l oTwoOpt (_env)

+ |1 0O Opt (_env)

+ |1 oRel ocat e(_env)

+ |1 oExchange(_env)

+ |11 oOross(_env)

+ |1 oSwapPer f or m{ _env) ;

greedyl nprove(nhood, _instantiateCost);
i nproveW t hFast G_S(nhood, nblter, _instantiateCost);

}

voi d Routi ngSol ver: : di spl ayPat hs( 1| oD spat cher Graph graph) {
_env.out() << “Paths” << endl;
for (Ilolterator<lloVehicle> iterl(_env); iterl.ok(); ++iterl) {
I'l oVehicle vehicle = *iterl;
IloVisit visitl = vehicle.getFirstVisit();
for (Il oDispatcher::Routelterator iter2(_dispatcher, vehicle);
iter2. ok();
++iter2) {
IloVisit visit2 = *iter2;
if (visitl !=visit2) {
_env.out() << visitl.getNane() << “ {*“
<< graph. getLocation(visitl.getStartNode())
. get I ndex();
for (Il oD spatcherGaph::Pathlterator iter3(graph,
vi si t 1. get EndNode(),
visit2. getStartNode(),

vehicle);
iter3.ok();
++iter3) {
_env.out() << * -> " << (*iter3).getlndex();

_env.out() << “} ->*;
visitl = visit2;
}
}

_env.out() << vehicle.getLastVisit().getNane() << endl;

_env.out() << endl;

NN NN
int main(int argc, char * argv[]) {
I'l oEnv env;
try {
Rout i ngvbdel ndl (env, argc, argv);
Rout i ngSol ver sol ver (mdl);
if (solver.findFirstSolution()) {
sol ver.printlnformation();
sol ver . i nproveW t hNHood( 250) ;
sol ver. nodi f yFi | t er Level AndRest ore();
sol ver.printlnformation();
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sol ver. di spl ayPat hs(nmdl . get G- aph());

mdl . nodi f yG aphArcCost () ;
sol ver.restoreSol ution();

sol ver. i nproveWt hNHood( 50) ;
sol ver. nodi f yFi | t er Level AndRest ore();

sol ver.printlnformation();

sol ver . di spl ayPat hs(nmdl . get G- aph());

}
} catch(ll oException& ex) {

cerr << “Error: “ << ex << endl;

env. end();
return O;

Complete Output

/ / out put

/**

8100. 14

Nunber of fails

Nurmber of choice points
Nunber of variabl es

Nurmber of constraints
Reversi bl e stack (bytes)
Sol ver heap (bytes)

Sol ver gl obal heap (bytes)
And stack (bytes)

O stack (bytes)

Search Stack (bytes)
Constrai nt queue (bytes)
Total nmenory used (bytes)
El apsed time since creation
Nurmber of nodes

Nunber of visits

Nurber of vehicles

Nunber of di mensions
Nunber of accepted noves

Cost . 8100. 14
Nunber of vehicles used : 3
Sol uti on

Unperformed visits : visit2 visit3s visit4s visit6 visit7s visit9s visitl0
visitlls visitl2 visitlds visitl5 visitl7s visitl9 visit20s visit22s visit23s

visit25 visit26
vehiclel :

218
1048
1550
197
132684
715840
83476
20124
44244
4044
11160
1011572
1. 602
52

55

5

3

0

-> depot weight[0..150] time[O0] distance[0]

tine[4.14869..Inf) distance
time[5.00869..1nf) distance
tinme[5.96301..Inf) distance
time[7.40416..1nf) distance
tinme[7.90416. .Inf) distance
time[8.80905..1nf) distance

IBM ILOG DISPATCHER

Inf) -> visit25s weight[11..15]
.Inf) -> visitl7 weight[27..31]
.Inf) -> visitl1l3 weight[39..43]
.Inf) -> visit7 weight[62..66]

.Inf) -> visit27 weight[67..71]
.Inf) -> visit6s weight[87..91]
105..1nf) -> visit24 weight[90..94]

— USER’'S MANUAL

-> visitle weight[O0..4]
tinme[0.308232..Inf) distance[15..1nf) -> visit19s weight[2..6]
time[3.00777..1nf) distance[61..



time[9.05905..1nf) distance[106..
time[9.70781..Inf) distance[111..

time[11. 265..1nf) distance[127..

tinme[13.1035. .1 nf) distance[ 148..
time[14.8287..1nf) distance[ 185..

vehicle2 :

-> depot weight[0..150] tine[O0]
time[0.559723..1nf) distance[30.
time[1.62321..1nf) distance[45..
time[2.73992. . 1nf) distance[72..
time[3.70439..1nf) distance[87..
time[5.1382..1nf) distance[108..
time[6.10098..1nf) distance[122.
time[7.15098. .1nf) distance[123.
time[8.01789..1nf) distance[133.
time[9.35878..1nf) distance[158.
vehicl e3 :

-> depot weight[0..150] tine[O0]
time[0.380972..1nf) distance[14.
time[1.97156..1nf) distance[25..
time[3.86793..1nf) distance[33.
time[5.03332..1nf) distance[45..
time[6.29017..1nf) distance[60.
time[7.87694..1nf) distance[83..
time[9.99977..1nf) distance[127.
time[11. 2586. .1 nf) distance[ 148.
vehicl e4 : Unused
vehicl e5 : Unused
| mprovi ng sol ution
Improving with first-accept GS

Cost = 7781.68
Cost = 7712.67
Cost = 7616. 17
Cost = 7592. 99
Cost = 7616. 02
Cost = 7549. 36
Cost = 7573. 36
Cost = 7502. 99
Cost = 7479.5

Cost = 7456.5

Cost = 7552. 36
Cost = 7529. 36
Cost = 7505.91
Cost = 7482. 26
Cost = 7458.55
Cost = 7433.43
Cost = 7456. 43
Cost = 7433.43
Cost = 7433.43
Cost = 7456. 43

IBM ILOG DISPATCHER

Complete Program

Inf) -> visit4 weight[110..114]
Inf) -> visit2s weight[129..133]
Inf) -> visitl weight[136..140]

Inf) -> depot weight[146..150]

I nf)

di stance[ 0] -> visitl1l8 weight[O0..6]

.Inf) -> visit22 weight[17..23]
Inf) -> visit2l weight[42..48]
Inf) -> visit23 weight[65..71]
Inf) -> visit20 wei ght[80..86]
Inf) -> visit26s weight[2100..106]
Inf) -> visit9 weight[119..125]
.Inf) -> visit8 weight[135..141]
.Inf) -> depot weight[144..150]
.Inf)

di stance[ 0] -> visitl5s weight[O0..36]

.Inf) -> visitl4d weight[8..44]
Inf) -> visitl2s weight[28..64]

.Inf) -> visitll weight[47..83]

Inf) -> visit3 wei ght[59..95]

.Inf) -> visit5 weight[72..108]

Inf) -> visitl1l0s wei ght[98..134]
.Inf) -> depot weight[114..150]
.Inf)
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Cost = 7433.43
Cost = 7575.43
Cost = 7551.78
Cost = 7528. 07
Cost = 7502. 95
Cost = 7479.95
Cost = 7526. 15
Cost = 7549. 15
Cost = 7618. 33
Cost = 7505. 86
Cost = 7482.68
Cost = 7482.68
Cost = 7505. 73
Cost = 7482.68
Cost = 7436. 48
Cost = 7413.03
Cost = 7459.74
Cost = 7459.72
Cost = 7459. 66
Cost = 7530. 93
Cost = 7530. 68
Cost = 7513.94
Cost = 7490. 93
Cost = 7514.11
Cost = 7632. 87
Cost = 7609. 22
Cost = 7585.51
Cost = 7560. 39
Cost = 7560. 39
Cost = 7652.79
Cost = 7652.4

Cost = 7536. 94
Cost = 7629.74
Cost = 7629. 59
Cost = 7627. 35
Cost = 7649. 45
Cost = 7625. 07
Cost = 7581. 32
Cost = 7558. 23
Cost = 7558. 16
Cost = 7558. 99
Cost = 7535.9

Cost = 7512. 85
Cost = 7489. 67
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Cost
Cost

Cost

Cost

Cost
Cost
Cost
Cost
Cost
Cost
Cost

Cost

Cost =

Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost

Cost

IBM

7489.
7489.

7512.

7489.

7627.

7696

7672.
7649.
7626.
7626.
7626.

7558.

7581.

7558.

7558.
7535.
7581.

7535.
7512.
7512.
7512.

7604.
7581.
7558.
7558.

7626.
7602.
7602.

7738.
7715.

7738.
7625.

7697

7696.
7652.
7605.
7582.
7581.
7558.

7581.
7649.

7581.

ILOG DISPATCHER

32
24

29

24

16

21

16

99

25
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Cost
Cost

Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost

Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost

Cost
Cost
Cost
Cost
Cost
Cost

Cost
Cost
Cost
Cost

Cost

Cost =

IBM

7558.
7558.

7581.

7650.
7650.
7558.

7627.
7603.

7626.
7581.
7558.

7561.
7538.
7514.
7491.
7466.
7466.

7536.
7515.
7514.
7514.
7491.
7465.

7604.
7581.
7558.
7558.
7558.

7626.
7601.
7601.
7579.
7603.
7580.
7557.
7533.
7533.
7509.
7670.
7646.
7556.
7646.

7623.

ILOG DISPATCHER

28
28

46

28
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Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost

Cost

Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost

Nunber
Nunber
Nunber
Nunber

Reversi bl e stack (bytes)

Sol ver
Sol ver

7556. 28
7533. 54
7510. 49

7532. 81
7512. 71
7489. 07

7557. 27
7532. 88
7532. 81

7649. 13
7672.02
7648. 97
7625. 79
7625. 79

7697. 6
7652. 79
7629. 5
7582. 3
7581. 94
7581. 82

7650. 54
7626. 9

7603. 84
7620. 59

7572. 57
7572. 36
7525. 99
7525. 94

7572. 65
7572. 64
7731.5

7708. 5

7593. 25
7570. 03
7569. 96

7546. 96
7546. 96

of fails

of choi ce points
of variabl es

of constraints

heap (bytes)

gl obal heap (bytes)

And stack (bytes)
O stack (bytes)

IBM

ILOG DISPATCHER

0

2086
601
221124
1636420
99556
20124
44244
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Search Stack (bytes) : 4044

Constrai nt queue (bytes) ;18172
Total menory used (bytes) : 2043684
El apsed time since creation :0.13
Nunber of nodes . 52
Nunber of visits : 55
Nunber of vehicles 5
Nunber of di mensi ons 3
Nunber of accepted noves : 193
Cost : 7413.03

Nunber of vehicles used : 3

Sol ution

Unperformed visits : visit2 visit3s visit4ds visit6 visit7s visit9s visitl0
visitll visitl2 visitlds visitl5 visitl7s visitl9 visit20 visit22s visit23s
visit25 visit26

vehiclel :

-> depot weight[0..150] tine[0] distance[0] -> visit25s weight[O0..2]
time[ 0. 503581..0.503581] distance[21..21] -> visitl7 weight[16..18]
time[1.36358..1.36358] distance[22..22] -> visitl3 weight[28..30]
time[2.3179..2.3179] distance[32..32] -> visit6s weight[51..53]

time[3.68681..3.68681] distance[43..43] -> visit24 weight[54..56]
time[3.93681..3.93681] distance[44..44] -> visit4 weight[74..76]
tinme[4.58557..4.58557] distance[49..49] -> visit7 weight[93..95]
time[5.97477..5.97477] distance[55..55] -> visit27 weight[98..100]
time[6.47477..6.47477] distance[56..56] -> visit2s weight[118..120]
time[7.51843..7.51843] distance[71..71] -> visitl weight[125..127]
tinme[9.35692..9.35692] distance[92..92] -> visit3 weight[135..137]

time[10.6721..10.6721] distance[111..111] -> depot wei ght[148..150]
tinme[12.2627..12. 2627] di stance[ 129. . 129]
vehicle2 :

-> depot weight[0..150] tine[0] distance[0] -> visitl5s weight[O0..5]
time[0.380972..0.380972] distance[14..14] -> visitl4 weight[8..13]
tinme[1.97156..1.97156] distance[25..25] -> visitl2s weight[28..33]
time[3.86793..3.86793] distance[33..33] -> visitlls weight[47..52]
time[5.01769..5.01769] distance[44..44] -> visit5 wei ght[59..64]
time[ 6.54135..6.54135] distance[75..75] -> visitl1l6 weight[85..90]
time[8.25959. .8.25959] distance[95..95] -> visitl8 weight[87..92]
time[ 10. 3843. . 10. 3843] distance[ 110..110] -> visit22 weight[104..109]
tinme[11.4478..11. 4478] distance[125..125] -> visit10s wei ght[129..134]
time[12. 5504. . 12. 5504] di stance[ 151..151] -> depot wei ght[145. . 150]
tinme[13.8091..13.8091] distance[172..172]
vehicl e3 :

-> depot weight[0..150] tine[0] distance[0] -> visit21 weight[O0..39]
time[0.589454. .0.589454] distance[30..30] -> visit23 weight[23..62]
time[1.55392..1.55392] distance[45..45] -> visitl1l9s weight[38..77]
time[2.91295..2.91295] distance[61..61] -> visit20s weight[47..86]
time[4.16945. . 4.16945] distance[79..79] -> visit26s weight[67..106]
time[5.1485..5.1485] distance[94..94] -> visit9 weight[86..125]
time[6.1985..6.1985] distance[95..95] -> visit8 weight[102..141]
time[7.0654..7.0654] distance[105..105] -> depot weight[111..150]
tinme[ 8.4063..8.4063] distance[130..130]
vehicl e4 : Unused
vehicle5 : Unused
Pat hs
depot {1995 -> 1995 -> 2051 -> 2107 -> 2163 -> 2219 -> 2275 -> 2331 -> 2330 ->
2329 -> 2328 -> 2327 -> 2326 -> 2325 -> 2324 -> 2323 -> 2322 -> 2321 -> 2320 ->
2319 -> 2318 -> 2317 -> 2316} -> visit25s {2316 -> 2260} -> visitl7 {2260 ->

388 IBM ILOG DISPATCHER — USER’'S MANUAL



Complete Program

2134 -> 2133 -> 2077 -> 2021 -> 1965 -> 1909 -> 1853 -> 1797 -> 1741 -> 1685} -
> visitl3 {1685 -> 1684 -> 1628 -> 1572 -> 1516 -> 1460 -> 1404 -> 1348 -> 1292
-> 1236 -> 1237 -> 1238} -> visit6s {1238 -> 1182} -> visit24 {1182 -> 1126 ->
1127 -> 1128 -> 1129 -> 1130} -> visit4 {1130 -> 1186 -> 1242 -> 1298 -> 1354 -
> 1355 -> 1356} -> visit7 {1356 -> 1300} -> visit27 {1300 -> 1244 -> 1188 ->
1132 -> 1076 -> 1020 -> 964 -> 908 -> 852 -> 796 -> 740 -> 684 -> 628 -> 629 ->
630 -> 631} -> visit2s {631 -> 575 -> 519 -> 463 -> 407 -> 351 -> 295 -> 296 ->
297 -> 298 -> 299 -> 300 -> 301 -> 302 -> 303 -> 304 -> 305 -> 306 -> 307 ->
308 -> 309 -> 310} -> visitl {310 -> 254 -> 255 -> 256 -> 257 -> 258 -> 259 ->
315 -> 371 -> 427 -> 483 -> 539 -> 595 -> 651 -> 707 -> 763 -> 819 -> 875 ->
931 -> 987} -> visit3 {987 -> 1043 -> 1099 -> 1155 -> 1211 -> 1267 -> 1323 ->
1379 -> 1435 -> 1491 -> 1547 -> 1603 -> 1659 -> 1715 -> 1771 -> 1827 -> 1883 ->
1939 -> 1995} -> depot

depot {1995 -> 1995 -> 1939 -> 1883 -> 1827 -> 1771 -> 1715 -> 1714 -> 1713 ->
1712 -> 1711 -> 1710 -> 1709 -> 1708 -> 1707 -> 1706} -> visitl1l5s {1706 -> 1705
-> 1704 -> 1703 -> 1702 -> 1701 -> 1700 -> 1699 -> 1698 -> 1697 -> 1696 ->
1695} -> visitl1l4 {1695 -> 1639 -> 1583 -> 1527 -> 1528 -> 1529 -> 1530 -> 1531
-> 1532} -> visitl2s {1532 -> 1476 -> 1477 -> 1478 -> 1479 -> 1480 -> 1481 ->
1482 -> 1483 -> 1484 -> 1485 -> 1486} -> visitlls {1486 -> 1430 -> 1431 -> 1432
-> 1433 -> 1434 -> 1435 -> 1436 -> 1437 -> 1438 -> 1439 -> 1440 -> 1441 -> 1442
-> 1443 -> 1444 -> 1445 -> 1446 -> 1447 -> 1448 -> 1449 -> 1450 -> 1451 -> 1452
-> 1453 -> 1454 -> 1455 -> 1399 -> 1343 -> 1287 -> 1231 -> 1175} -> visith
{1175 -> 1231 -> 1287 -> 1343 -> 1399 -> 1455 -> 1511 -> 1567 -> 1623 -> 1679 -
> 1735 -> 1791 -> 1847 -> 1903 -> 1959 -> 2015 -> 2014 -> 2013 -> 2012 -> 2011
-> 2010} -> visitl1l6 {2010 -> 2066 -> 2067 -> 2068 -> 2069 -> 2070 -> 2071 ->
2127 -> 2183 -> 2239 -> 2295 -> 2351 -> 2407 -> 2463 -> 2519 -> 2575} ->
visit1l8 {2575 -> 2631 -> 2687 -> 2743 -> 2799 -> 2855 -> 2911 -> 2967 -> 3023 -
> 3079 -> 3135 -> 3191 -> 3247 -> 3303 -> 3359 -> 3415} -> visit22 {3415 ->
3471 -> 3470 -> 3414 -> 3358 -> 3302 -> 3246 -> 3190 -> 3134 -> 3078 -> 3022 ->
2966 -> 2910 -> 2854 -> 2853 -> 2852 -> 2851 -> 2850 -> 2849 -> 2848 -> 2847 ->
2846 -> 2845 -> 2844 -> 2843 -> 2842 -> 2841} -> visit1l0s {2841 -> 2785 -> 2729
-> 2673 -> 2617 -> 2561 -> 2505 -> 2449 -> 2393 -> 2337 -> 2281 -> 2225 -> 2169
-> 2113 -> 2057 -> 2001 -> 2000 -> 1999 -> 1998 -> 1997 -> 1996 -> 1995} ->
depot

depot {1995 -> 1995 -> 2051 -> 2107 -> 2163 -> 2219 -> 2275 -> 2331 -> 2387 ->
2443 -> 2499 -> 2555 -> 2611 -> 2667 -> 2723 -> 2779 -> 2835 -> 2891 -> 2947 ->
3003 -> 3059 -> 3115 -> 3171 -> 3227 -> 3283 -> 3339 -> 3395 -> 3394 -> 3393 ->
3392 -> 3391 -> 3390} -> visit2l {3390 -> 3389 -> 3445 -> 3501 -> 3557 -> 3613
-> 3669 -> 3668 -> 3667 -> 3666 -> 3665 -> 3664 -> 3663 -> 3662 -> 3661 ->
3660} -> visit23 {3660 -> 3659 -> 3660 -> 3604 -> 3548 -> 3492 -> 3436 -> 3380
-> 3324 -> 3268 -> 3212 -> 3156 -> 3100 -> 3044 -> 2988 -> 2932 -> 2876} ->
visitl19s {2876 -> 2820 -> 2876 -> 2932 -> 2988 -> 3044 -> 3100 -> 3156 -> 3155
-> 3154 -> 3153 -> 3152 -> 3151 -> 3150 -> 3149 -> 3148 -> 3147 -> 3146 ->
3145} -> visit20s {3145 -> 3144 -> 3088 -> 3032 -> 2976 -> 2920 -> 2864 -> 2808
-> 2752 -> 2696 -> 2640 -> 2584 -> 2528 -> 2472 -> 2473 -> 2474} -> visit26s
{2474 -> 2418} -> visit9 {2418 -> 2362 -> 2306 -> 2250 -> 2194 -> 2138 -> 2082
-> 2083 -> 2084 -> 2085 -> 2086} -> visit8 {2086 -> 2142 -> 2143 -> 2144 ->
2145 -> 2146 -> 2147 -> 2148 -> 2149 -> 2150 -> 2151 -> 2152 -> 2153 -> 2154 ->
2155 -> 2156 -> 2157 -> 2158 -> 2159 -> 2160 -> 2161 -> 2162 -> 2163 -> 2107 ->
2051 -> 1995} -> depot

depot {1995 -> 1995} -> depot

depot {1995 -> 1995} -> depot

Modi fied cost: 8311. 26

| mprovi ng sol ution

Improving with first-accept GS

Cost
Cost

506. 89

=7
= 7482.83
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Cost = 7483

Cost = 7482. 83

Cost = 7505. 88

Cost = 7482.83

Cost = 7529.53

Cost = 7529.52

Cost = 7529. 45

Cost = 7600. 73

Cost = 7600. 48

Cost = 7583.73

Cost = 7655. 14

Cost = 7632.13

Cost = 7724.91

Cost = 7779.65

Cost = 7751.15

Cost = 7632.13

Cost = 7560. 73

Cost = 7560.9

Cost = 7537.45

Cost = 7560. 63

Cost = 7679. 39

Cost = 7655. 94

Cost = 7632.29

Cost = 7608. 58

Cost = 7583. 46

Cost = 7583. 46

Cost = 7629. 59

Cost = 7627.35

Cost = 7649. 45

Cost = 7625.07

Cost = 7581. 32

Cost = 7558. 23

Cost = 7558. 16

Cost = 7626. 4

Nurmber of fails 0
Nurmber of choice points 0
Nurmber of vari abl es : 2086
Nunber of constraints : 601
Reversi bl e stack (bytes) 1221124
Sol ver heap (bytes) : 1636420
Sol ver gl obal heap (bytes) : 99556
And stack (bytes) 1 20124
O stack (bytes) 1 44244
Search Stack (bytes) 1 4044
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Constrai nt queue (bytes) : 18172
Total menory used (bytes) ;2043684
El apsed time since creation :0.12
Nunber of nodes ;52
Nunber of visits . 55
Nunber of vehicles 5
Nunber of di nmensions 3
Nunber of accepted noves ;230
Cost : 7459.55

Nunber of vehicles used : 3

Sol ution

Unperformed visits @ visit2 visit3 visit4ds visit6 visit7s visit9s visitl0
visitll visitl2 visitlds visitl5 visitl7s visitl1l9 visit20 visit22s visit23s
visit25 visit26

vehiclel :

-> depot weight[0..150] tine[0] distance[0] -> visit25s weight[O..2]
tinme[ 0. 503581..0.503581] distance[21..21] -> visitl7 weight[16..18]
time[1.36358..1.36358] distance[22..22] -> visitl3 weight[28..30]
time[2.3179..2.3179] distance[32..32] -> visit6s weight[51..53]

time[3.68681..3.68681] distance[43..43] -> visit24 weight[54..56]
tinme[3.93681..3.93681] distance[44..44] -> visit4 weight[74..76]
time[ 4.58557..4.58557] distance[49..49] -> visit7 weight[93..95]
time[5.97477..5.97477] distance[55..55] -> visit27 weight[98..100]
time[6.47477..6.47477] distance[56..56] -> visit2s weight[118..120]
tinme[7.51843..7.51843] distance[71..71] -> visitl weight[125..127]
time[9.35692..9.35692] distance[92..92] -> visit3s weight[135..137]

time[10.6915..10. 6915] distance[112..112] -> depot wei ght[148..150]
time[12. 3351..12.3351] distance[133..133]
vehicle2 :

-> depot weight[0..150] tine[0] distance[0] -> visitl5s weight[O..5]
tinme[0.380972..0.380972] distance[14..14] -> visitl4 weight[8..13]
time[1.97156..1.97156] distance[25..25] -> visitl2s weight[28..33]
tinme[3.86793..3.86793] distance[33..33] -> visitlls weight[47..52]
time[5.01769..5.01769] distance[44..44] -> visit5 weight[59..64]
time[6.54135..6.54135] distance[75..75] -> visitl6 weight[85..90]
time[ 8.25959..8.25959] distance[95..95] -> visitl8 weight[87..92]
tinme[10.3843..10.3843] distance[110..110] -> visit22 weight[104..109]
time[11.4478..11.4478] distance[ 125..125] -> visit1l0s wei ght[129..134]
tinme[12. 5504. . 12. 5504] di stance[ 151..151] -> depot wei ght[ 145. . 150]
time[ 13.8091..13.8091] distance[172..172]
vehicle3 :

-> depot weight[0..150] tine[0] distance[0] -> visit21l weight[O..39]
time[0.589454. .0.589454] distance[30..30] -> visit23 weight[23..62]
time[1.55392..1.55392] distance[45..45] -> visit19s weight[38..77]
tinme[2.91295..2.91295] distance[61..61] -> visit20s wei ght[47..86]
time[4.16945..4.16945] distance[79..79] -> visit26s weight[67..106]
time[5.1485..5.1485] distance[94..94] -> visit9 weight[86..125]
time[6.1985..6.1985] distance[95..95] -> visit8 weight[102..141]
time[7.0654..7.0654] distance[105..105] -> depot weight[111..150]
time[ 8.4063..8.4063] distance[130..130]
vehicl e4 : Unused
vehicl e5 : Unused
Pat hs
depot {1995 -> 1995 -> 2051 -> 2107 -> 2163 -> 2219 -> 2275 -> 2331 -> 2330 ->
2329 -> 2328 -> 2327 -> 2326 -> 2325 -> 2324 -> 2323 -> 2322 -> 2321 -> 2320 ->
2319 -> 2318 -> 2317 -> 2316} -> visit25s {2316 -> 2260} -> visitl7 {2260 ->
2134 -> 2133 -> 2077 -> 2021 -> 1965 -> 1909 -> 1853 -> 1797 -> 1741 -> 1685} -
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> visitl3 {1685 -> 1684 -> 1628 -> 1572 -> 1516 -> 1460 -> 1404 -> 1348 -> 1292
-> 1236 -> 1237 -> 1238} -> visit6s {1238 -> 1182} -> visit24 {1182 -> 1126 ->
1127 -> 1128 -> 1129 -> 1130} -> visit4 {1130 -> 1186 -> 1242 -> 1298 -> 1354 -
> 1355 -> 1356} -> visit7 {1356 -> 1300} -> visit27 {1300 -> 1244 -> 1188 ->
1132 -> 1076 -> 1020 -> 964 -> 908 -> 852 -> 796 -> 740 -> 684 -> 628 -> 629 ->
630 -> 631} -> visit2s {631 -> 575 -> 519 -> 463 -> 407 -> 351 -> 295 -> 296 ->
297 -> 298 -> 299 -> 300 -> 301 -> 302 -> 303 -> 304 -> 305 -> 306 -> 307 ->
308 -> 309 -> 310} -> visitl {310 -> 254 -> 255 -> 256 -> 257 -> 258 -> 259 ->
315 -> 371 -> 427 -> 483 -> 539 -> 595 -> 651 -> 707 -> 763 -> 819 -> 875 ->
931 -> 987 -> 1043} -> visit3s {1043 -> 987 -> 988 -> 1044 -> 1100 -> 1156 ->
1212 -> 1268 -> 1324 -> 1380 -> 1436 -> 1492 -> 1548 -> 1604 -> 1660 -> 1716 ->
1772 -> 1828 -> 1884 -> 1940 -> 1996 -> 1995} -> depot

depot {1995 -> 1995 -> 1939 -> 1883 -> 1827 -> 1771 -> 1715 -> 1714 -> 1713 ->
1712 -> 1711 -> 1710 -> 1709 -> 1708 -> 1707 -> 1706} -> visit1l5s {1706 -> 1705
-> 1704 -> 1703 -> 1702 -> 1701 -> 1700 -> 1699 -> 1698 -> 1697 -> 1696 ->
1695} -> visitl14 {1695 -> 1639 -> 1583 -> 1527 -> 1528 -> 1529 -> 1530 -> 1531
-> 1532} -> visitl2s {1532 -> 1476 -> 1477 -> 1478 -> 1479 -> 1480 -> 1481 ->
1482 -> 1483 -> 1484 -> 1485 -> 1486} -> visitlls {1486 -> 1430 -> 1431 -> 1432
-> 1433 -> 1434 -> 1435 -> 1436 -> 1437 -> 1438 -> 1439 -> 1440 -> 1441 -> 1442
-> 1443 -> 1444 -> 1445 -> 1446 -> 1447 -> 1448 -> 1449 -> 1450 -> 1451 -> 1452
-> 1453 -> 1454 -> 1455 -> 1399 -> 1343 -> 1287 -> 1231 -> 1175} -> visit5
{1175 -> 1231 -> 1287 -> 1343 -> 1399 -> 1455 -> 1511 -> 1567 -> 1623 -> 1679 -
> 1735 -> 1791 -> 1847 -> 1903 -> 1959 -> 2015 -> 2014 -> 2013 -> 2012 -> 2011
-> 2010} -> visitl1l6 {2010 -> 2066 -> 2067 -> 2068 -> 2069 -> 2070 -> 2071 ->
2127 -> 2183 -> 2239 -> 2295 -> 2351 -> 2407 -> 2463 -> 2519 -> 2575} ->
visitl8 {2575 -> 2631 -> 2687 -> 2743 -> 2799 -> 2855 -> 2911 -> 2967 -> 3023 -
> 3079 -> 3135 -> 3191 -> 3247 -> 3303 -> 3359 -> 3415} -> visit22 {3415 ->
3471 -> 3470 -> 3414 -> 3358 -> 3302 -> 3246 -> 3190 -> 3134 -> 3078 -> 3022 ->
2966 -> 2910 -> 2854 -> 2853 -> 2852 -> 2851 -> 2850 -> 2849 -> 2848 -> 2847 ->
2846 -> 2845 -> 2844 -> 2843 -> 2842 -> 2841} -> visit1l0s {2841 -> 2785 -> 2729
-> 2673 -> 2617 -> 2561 -> 2505 -> 2449 -> 2393 -> 2337 -> 2281 -> 2225 -> 2169
-> 2113 -> 2057 -> 2001 -> 2000 -> 1999 -> 1998 -> 1997 -> 1996 -> 1995} ->
depot

depot {1995 -> 1995 -> 2051 -> 2107 -> 2163 -> 2219 -> 2275 -> 2331 -> 2387 ->
2443 -> 2499 -> 2555 -> 2611 -> 2667 -> 2723 -> 2779 -> 2835 -> 2891 -> 2947 ->
3003 -> 3059 -> 3115 -> 3171 -> 3227 -> 3283 -> 3339 -> 3395 -> 3394 -> 3393 ->
3392 -> 3391 -> 3390} -> visit2l1 {3390 -> 3389 -> 3445 -> 3501 -> 3557 -> 3613
-> 3669 -> 3668 -> 3667 -> 3666 -> 3665 -> 3664 -> 3663 -> 3662 -> 3661 ->
3660} -> visit23 {3660 -> 3659 -> 3660 -> 3604 -> 3548 -> 3492 -> 3436 -> 3380
-> 3324 -> 3268 -> 3212 -> 3156 -> 3100 -> 3044 -> 2988 -> 2932 -> 2876} ->
visitl9s {2876 -> 2820 -> 2876 -> 2932 -> 2988 -> 3044 -> 3100 -> 3156 -> 3155
-> 3154 -> 3153 -> 3152 -> 3151 -> 3150 -> 3149 -> 3148 -> 3147 -> 3146 ->
3145} -> visit20s {3145 -> 3144 -> 3088 -> 3032 -> 2976 -> 2920 -> 2864 -> 2808
-> 2752 -> 2696 -> 2640 -> 2584 -> 2528 -> 2472 -> 2473 -> 2474} -> visit26s
{2474 -> 2418} -> visit9 {2418 -> 2362 -> 2306 -> 2250 -> 2194 -> 2138 -> 2082
-> 2083 -> 2084 -> 2085 -> 2086} -> visit8 {2086 -> 2142 -> 2143 -> 2144 ->
2145 -> 2146 -> 2147 -> 2148 -> 2149 -> 2150 -> 2151 -> 2152 -> 2153 -> 2154 ->
2155 -> 2156 -> 2157 -> 2158 -> 2159 -> 2160 -> 2161 -> 2162 -> 2163 -> 2107 ->
2051 -> 1995} -> depot

depot {1995 -> 1995} -> depot

depot {1995 -> 1995} -> depot

*/
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Part IV



Developing Dispatcher Applications

This part consists of the following lessons:

O Chapter 16, Designing Dispatcher Models

O Chapter 17, Developing Your Own First Solution Heuristics\
O Chapter 18, Developing Your Own Neighborhoods



16

Designing Dispatcher Models

In this lesson, you will learn how to:
0O simplify amodel

O decompose aproblem

O use other modeling hints

This chapter offers afew design principles gleaned from experienced users of Dispatcher.
These principles are meant to help you to avoid the errors often made by new users of
Dispatcher when they design amodel for a problem. Of course, not every problem benefits
from a mechanical application of every principle mentioned in this lesson, but in general
these principles should help you develop robust and efficient Dispatcher examples.

The most important modeling hints are to begin by simplifying your problem and to
decompose alarge problem. See “ Simplify the model” on page 395 and “ Decompose the
problem” on page 396. For other assorted modeling hints, see “ Other modeling hints’ on
page 406.

Simplify the model

When you begin developing your Dispatcher model, the most important thing you candois
to simplify the model. If you start by trying to design a model for a complex problem with
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many constraints and a complex cost function, you will be frustrated. You need to
understand where the complexity in your problem is coming from before you can add it to
the model. If you do not, the solution may have a poor quality. After you have developed
your simplified model and found afirst solution, you can progressively add the complexity
back to your model.

Try to get your problem to resemble, as closely as possible, one of the distributed examples.
For avehicle routing problem, try to simplify your problem until it resemblesvr p. cpp. For
a pickup-and-delivery problem, do the same with pdp. cpp and likewise for an arc routing
problem and car p. cpp.

How to simplify a problem? Try the following:

O Remove as many constraints as possible, including breaks, variable delays, extra
dimensions, and so on. You can keep capacity, time windows, and pickup-and-delivery
constraints in your simplified model.

O Remove alternative depots, and so on.
O Remove Dispatcher graph functionality.

0O Simplify the cost function. One useful ideaisto linearize the cost function and
overestimate the cost.

Suggested procedure
The following is a suggested procedure for designing a Dispatcher application:

1. Prepare adata set for which you already have a solution and fit it into the csv data
format.

2. Simplify the model following the suggestionsin this section.

3. Useasimplified cost function to find a solution and then compute the real cost
afterwards. Compare thisreal cost to the cost of existing solutions.

4. Add the removed constraints one-by-one back to the model, moving from the smplest to
the most complex. In parallel, restore the complexity to your cost function.

Decompose the problem

396

There are two main ways to decompose a problem: geographical and temporal. An example
of ageographical decomposition isto preallocate to depots and to create subproblems for
each depot. An example of atemporal decomposition is a problem where technicians return
to their base every night. You create subproblems for each day.
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Decompose the problem

Why decompose a problem? The complexity of Dispatcher is O(n2). This empirical
complexity varies, at the very least, with the square of the number of visits. If you have n
visits and k subproblems, you have n/k visits per problem. Therefore, if you decompose the
problem the complexity is reduced to

k(n/k)? = n?/k

You do pay a price by decomposing the problem. The solution will not be as good as one
found for the whole problem. However, you can overcome this limitation by using an
iterative solution process. Each subproblem isimproved and then the whole problem is
improved. This gives you the performance advantages of problem decomposition, while still
allowing you to find a good overall solution.

Into how many subproblems should you decompose your problem? It is most useful to
decompose your problem into logical subproblems based on your problem: number of
depots, number of days, number of weeks, and so on. Even if you decompose into only 2-5
subproblems, you will already see substantia performance advantages.

In Lesson 10, Pickup and Dédlivery by Multiple Vehicles from Multiple Depots, you
performed a geographical decomposition. You solved subproblems for each depot and then
solved the whole problem. You will use this same technique in this section to solve a
temporal decomposition problem. In this problem, you will solve a technician dispatching
problem by decomposing the problem into subproblems for each day.

Note: It isimportant to be careful of the connections between subproblemsin temporal
decompositions. You must be aware of how the days or weeks connect when the whole
problemis solved.

Temporal decomposition

To show how to use temporal decomposition, you will solve atechnician dispatching
problem. Asin Chapter 13, Dispatching Technicians, you will model and solve this problem
using Rout i ngMbdel and Rout i ngSol ver classes. There are 5 technicians who must
perform 50 visits over 3 days. There are 5 different skill levels, depending on technician.
Certain visits require technicians of a certain skill level. A Ski | | Cost s classisused to
model costs and maximize the quality of service. If atechnician typeiswell suited to
performing a certain visit, then the cost for that technician/visit pair should be low. If a
technician typeis not well suited to performing a visit, the cost for that technician/visit pair
should be high.

You will also create a Day class to create submodels of the problem for each of the 3 days.
One model, an instance of | | oMbdel , per day is maintained. Each of these models contains
the dimensions of the problem and the technicians assigned to work that day. A model of the
whole problem, containing the day submodels, is also maintained.
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The solution processisiterative. Each day submodel isimproved and then the whole
problem isimproved. Thislatter phaseisonethat can cause visitsto migrate from one day to
another. In other words, moves can be performed that cause a technician to perform avisit
on adifferent day. When the next iteration to improve days begins, a synchronization needs
to be performed. During this synchronization, the submodels are updated with the changes
made during the improvement stage of the whole problem.

Only the parts of this example that are changed from Chapter 13, Dispatching Technicians
are shown here. You can view the complete program and output online in the
Your Di spat cher Hone/ exanpl es/ src/ t echni ci anDi spat chi ng. cpp file.
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Declare the Day class
The code for the declaration of the Day class follows:

class Day {
private:
Il oEnv _env;
I | oNode _node;
Il ol nt _nbO Techni ci ans;
Il ol nt _capacity;
Il oNum _openTi mre;
Il oNum _cl oseTi ne;
I I oVehi cl eArray _techni ci ans;
Il oVisitArray _visits;
I | oMbdel _nodel ;
I | oNHood _nhood;
Il oMetaHeuristic _nh;
Il olnt _i ndex;
char * _hane;
public:
Day(! | oEnv env,
Il ol nt index,
const char *nare,
I | oNode node,

I'l ol nt nbXf Techni ci ans,

Ilolnt capacity,

Il oNum openTi ne,

Il oNum cl oseTi ne) ;
~Day();

const char* getNanme() const { return _nane;}
voi d add(!l oExtractabl e ex) { _nodel.add(ex); }
voi d add(I1oVehicle technician) {
_techni ci ans. add(t echni ci an) ;
_nodel . add(t echni ci an);
}
Ilolnt getlndex() const { return _index; }
Il oMbdel get Model () const { return _nodel; }
Il oVehi cl eArray get Technicians() const { return _technicians; }
Il oBool inprove(lloSolver solver, |loRoutingSolution rs, IloGoal g);
void fill Mdel (Il oRoutingSolution rs);

voi d createTechnicians(lloDi nension2 time, IloDi nensionl skillPenalty);
Il oVehi cl e createOneTechni cian (I1olnt technicianl ndex,

Il oDi nension2 tinmne,

Il oD mensionl skillPenalty);
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Define the Day constructor
A day isbuilt from aninstance of | | oEnv and is given a name nane:

Day::Day (Il oEnv env,
I'l ol nt index,
const char *nane,
I | oNode node,
Il ol nt nbOF Techni ci ans,
Ilolnt capacity,
I oNum openTi e,
Il oNum cl oseTi ne)
. _env(env),
_node( node),
_nbO Techni ci ans( nbCF Techni ci ans) ,
_capaci ty(capacity),
_openTi ne( openTi ne) ,
_cl oseTi ne(cl oseTi ne),
_technicians(env),
_visits(env),
_nodel (env),
_index(index) {

In order to improve solutions for this day, a neighborhood _nhood and a greedy
metaheuristic _nh are created. As the subproblem of improving the solution for asingle day

islikely to be relatively small, five move operators are used in the neighborhood.
_nhood | oTwoOpt ( env)

| oOr Opt (env)

| oRel ocat e( env)

| oCross(env)

| oExchange( env)

I

|
|
|
|
|
I | oRel ocat eTour s( env)

S+ o+

/1

_mh =1 | ol nprove(env);

A day destructor is aso defined:

Day: : ~Day() {
_nhood. end() ;
_nmh.end();
_technicians. end();
_visits.end();
_env.getlnpl ()->free(_name, sizeof(char) * (strlen(_nane) + 1));

}

Define the Day::Improve function

You define amethod i npr ove that is used for improving the solutionr s passed as an
argument. A solver sol ver and agoal g to be executed at each move are also passed as
parameters. The number of moves madeis returned. First, the neighborhood and greedy
metaheuristic are reset. Then, the improvement goal is created using | | 0Si ngl eMove. An
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improvement loop is then entered, which stops when no move can improve the cost of the
current solution. Finally, the number of moves madeis returned.

Il oBool Day::inprove(lloSolver solver, IloRoutingSolution rs, |loGoal g) {
_nhood. reset ();
_mh.reset();
Il oGoal inprove = |10SingleMve(_env, rs, _nhood, _nh, g);
solver.out() << " Optinizing day " << getName() << " "
<< rs.getSol ution().getjectiveVal ue() << flush;
Il oBool noves = O;
whil e (sol ver.sol ve(inprove)) ++noves;
solver.out() << " --->" << rs.getSolution().getbjectiveValue() << endl;
return (nmoves>0);

Define the Day::fillModel function

The class Day also requires the ability to synchronize itsinternal model with arouting
solution. To perform this you first empty the model of the visit models which previously
comprised the model. You then scan the solution for the technicians who are working on this
day, and for each one, find out which visits are made by these technicians. These visits (or
more accurately, the models pertaining to these visits) must then be placed in the day model.
You keep track of which visitsareinthe model inthearray _visits.

void Day::fill Mdel (Il oRoutingSolution rs) {
Ilolnt i;
for (i =0; i < _visits.getSize(); i++)
_nodel . remove( (Il oMdell *) _visits[i].getChject());
_visits.end();
_visits = IloVisitArray(_env);
for (i =0; i < _technicians.getSize(); i++) {
for (IloRoutingSolution::Routelterator r(rs, _technicians[i]); r.ok(); ++r)

IloVisit visit = *r;

if (lvisit.isFirstVisit() & !visit.isLastVisit() ) {
_visits.add(visit);
_nodel . add( (11 oMdell*)visit.getChject() );

}

}
}
}

Define the Day::createOneTechnician function

You add afunction to create a technician associated to the day. The technicians havefirst and
last visits each day. You add side constraints that the technicians must |eave the depot after it
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opens and return to the depot before it closes. You set the cost of the technician. The cost of
each technician is directly proportional to the dimensiont i me and theski | | Penal ty.

I'l oVehi cl e Day:: creat eOneTechni ci an(l 1ol nt technicianl ndex,
I'l oD nensi on2 tine,
I'l oDi nensionl skill Penalty) {
char nanebuf[128];
const char* dayNane = get Nane();

IloVisit first(_node, "depot");

IloVisit last (_node, "depot");
sprintf(namebuf, "Technician %d working on %", technicianlndex, dayNane);
Il oVehicle technician(first, |ast, namebuf);
add(t echni ci an);

add(first.getCumul Var(tinme) >= _openTine);
add(| ast . get Qurrul Var (time) <= _cl oseTi ne);
add(first.getTransitVar(skillPenalty) == 0);
add(| ast.get TransitVar (skillPenalty) == 0);
techni ci an. set Cost (tinme, 1.0);

techni ci an. set Cost (skill Penalty, 1.0);

t echni ci an. set Key( nanebuf ) ;

t echni ci an. set Oj ect (t hi s);
return technician;

Define the Day::createTechnicians function

You create a function that will be called by Rout i nghbdel : : cr eat eDays. Thisloop will
be used to create the technicians assigned to work each day.

voi d Day:: createTechnicians(!l oD nension2 tine,
Il oD mensionl skillPenalty) {

for (Ilolnt v=0; v < _nbO Technicians; v++) {

createOneTechnician(v, time, skillPenalty);

}
}

Define the RoutingModel::createDays function

You use Concert Technology’s csv reader functionality to input day data from csv files. For
each of the days, you get the number of technicians (nbCf Techni ci ans), the depot
(nodeNane), and its opening and closing times (openTi me and cl oseTi ne). An array of
pointersto classtype Day are created. Thisarray isthen populated by aloop that creates the
days. For each day, the function Day: : cr eat eTechni ci ans iscalled to create the
technicians associated with each day and the model containing all dimensions_di nivbdel is
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added to the day model. Finally, each day model is added to the model of the whole problem
_mdl .

voi d RoutingMdel ::createDays(const char* daysFileNane) {
I | oCsvReader dayReader (_env, daysFil eNane);
_nbCf Days = dayReader. get Nunber O I t ens() ;
_days = new (_env) Day* [_nbCf Days];

Il olnt daylndex = 0;

for (IloCsvReader::Linelterator it(dayReader); it.ok(); ++it, ++daylndex) {
IloCsvLine line = *it;
const char* name = |ine. get StringByHeader ("name");
char * nodeNane |'i ne. get Stri ngByHeader (" nodeNang") ;

Il oNum openTinme = line. getFl oat ByHeader (" openTi ne") ;
Il oNum cl oseTine = line. get Fl oat ByHeader ("cl oseTi ne");
Il ol nt nbOf Techni ci ans = |ine. get| nt ByHeader (" nbCFf Techni ci ans") ;
Ilolnt capacity = line.getlntByHeader("capacity");
Il oNode depot = Il oNode: : Fi nd(_env, nodeNane);
Day* day = new (_env) Day(_env,

dayl ndex,

narre,

depot ,

nbOF Techni ci ans,

capacity,

openTi ne,

cl oseTi ne);

_days[ dayl ndex] = day;
dayReader . end() ;

Ilolnt d;
for (d=0; d < _nbOf Days; ++d) {
Day* day = _days[d];
day- >cr eat eTechni ci ans(_time, _skillPenalty);
day- >add( _di mvbdel ) ;
_mdl . add(day- >get Model ());
}

Define the createSkillCostFunction

The function cr eat eSki | | Cost Funct i on createsthe vehicle array t echni ci ans. The

I 1 oCsvReader instancecsvVi si t Ski | | sReader reads the skillsrequired at each
customer visit; csvTechSki | | sReader readsthe skill level of each technician; and
csvSki | | Cost sReader readsthe cost for each technician skill type to perform avisit to a
customer site.

The next section of cr eat eSki | | Cost Funct i on creates an array of the cost for each visit,
named ski | | Cost s. To create this array, the visit skill required for each visit

(Vi si t Ski | | Nane) isread from acsv file. The cost to make this visit with the various
techsSki | | levelsisread with csvSki | | Cost sReader asan|| oCsvLi ne cost | i ne.
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Then thevalueincost | i ne corresponding to the appropriate TechSki | | Name isstored in
thearray ski | | Cost s.

Finally, thel | oVehi cl eToNunFunct i on constructor associates the values of the array
ski | | Cost s to the vehicle/technicians of the array t echni ci ans.

|1 oVehi cl eToNunfuncti on
Ski | | Costs: : createSkill Cost Functi on(Day* day,
IloVisit visit,
Il oCsvReader csvVisitSkill sReader,
I I oCsvReader csvTechSkil |l sReader,
Il oCsvReader csvSkill CostsReader) {
I'l oVehi cl eArray technicians = day->get Techni ci ans();
Ilolnt size = technicians. getSize();
Il oNumArray skill Costs(_env, size);
Il oCsvLine linel = csvVisitSkill sReader. getLi neByKey(1, visit.getName());

char* skill Name = |inel. getStringByHeader ("VisitSkillName");
Il oCsvLine costline = csvSkill Cost sReader. get Li neByKey(1, skill Nare);
for (llolnt i =0; i <size; i++) {

I'l oVehi cl e technician = technicians[i];
Il oCsvLine line2 = csvTechSkil | sReader. get Li neByKey( 1,
t echni ci an. get Nanme() ) ;
char * techSkill Name = |ine2.getStringByHeader (" TechSkill Nanme");
skill Costs[i] = costline.getFl oat ByHeader (techSki | | Nane) ;

return Il oVehicl eToNunFuncti on(_env, technicians, skillCosts, 0);

}

Define the RoutingSolver::improveDays function

If afirst solution isfound, the solution isimproved using local search. You iterate over al
days, using Day: : fi | | Model to populate each model. You then update the cost of the
global solution according to the model of thisday. You use Day: : i npr ove to attempt to
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reduce the cost of the routing for this day. Finally, the solution is synchronized with the
global model.
I'l oBool RoutingSol ver::inproveDays() {

Il oEnv env = get Env();

_hove =
Il oSi ngl eMbve(env, _solution, _nhood, _greedy, _instantiateCost);

_solver.out() << endl << "Inprovenent |oop" << endl;

_solver.out() << " " << endl;
Il oBool inproved = |l0oTrue;

Il ol nt nbCF Days= _routing. get Nunber Of Days() ;
inproved = |l oFal se;

for (Ilolnt d = 0; d < nbO Days; ++d) {
Day* day = _routing. getDay(d);
day->fill Mddel (_sol ution);
syncSol uti on(day- >get Model (), _solution, _instantiateCost);
if ( day->inprove(_solver, _solution, _instantiateCost) ) {
i nproved = Il oTrue;

}

/1 sync back to full nodel.

syncSol ution(_ndl, _solution, _instantiateCost);
return inproved;

Define the RoutingSolver::improvePlan function

After the routing for all days has been improved independently, the routing for the problem
asawholeisimproved. After resetting the neighborhood and greedy metaheuristic, an
improvement loop is entered to improve the cost of al days using the goal _nove. If there
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was some improvement, then you go back to an independent improvement of each day.
Otherwise, you leave the main improvement loop.

I'l oBool RoutingSol ver::inprovePlan() {
_solver.out() << "Optimzing plan "
<< _solution. get Sol ution().gethjectiveVal ue()
<< flush;
_nhhood. reset ();
_greedy.reset();
I'lolnt nblnproved = O;
while ( _solver.solve(_nove) ) { ++nblnproved;}
_solver.out() << " --->"
<< _sol ution. get Sol ution().getChjectiveValue() << endl;
return ( nbl erroved >0);

}
voi d RoutingSol ver::syncSolution(lloMdel mdl, IloSolution s, |loGoal g) {
_solver.extract (ndl);
if (!_solver.solve( IloRestoreSolution( _solver.getEnv(), s) & g))
_solver.out() << "Synchronization failed" << endl;
el se {
s.store(_sol ver);
}
}
voi d RoutingSol ver::syncSol ution() {
syncSol ution(_ndl, _solution, _instantiateCost);
}

Other modeling hints

406

This section lists some other modeling hints that may be useful to you as you design your
Dispatcher application.

In problems where the same truck makes many returns to the depot, you may want to use
shorter routes. For example, if you have the same truck make 10 visitsto the depot you may
end up with aroute with 50-100 visits. Since local search complexity is O(n ) of the length
of the route, you may want to split one physical truck into several symbolic trucks. You can
constrain the last visit of truck 1 to be before first visit of truck 2, and so on. Thiswill
improve local search performance.

In problems, such as taxi dispatching and concrete delivery, where vehicles go from one
location to another and are either empty or full, you may want to model these as arc routing
problems. However, if both visits have time windows or other constraints, then they should
be modeled as two nodes. The first solution and local search will see them asasingle visit
since the next variable is bound.
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Developing Your Own First Solution
Heuristics

In this lesson, you will learn how to:

0 decide which predefined first solution heuristics to use
O writeyour own first solution heuristic

O usethe Dispatcher first solution framework

Dispatcher offers avariety of predefined heuristics for use in generating afirst solution. To
better understand which predefined first solution heuristics to use with your problem, see
“Using the predefined first solution heuristics’ on page 407. The process of writing asimple
first solution heuristic gives you a better understanding of the concepts. See “ Creating your
own first solution heuristic” on page 409. Dispatcher also provides an open framework to
define custom first solution heuristics. See “Using the Dispatcher First Solution Framework”
on page 413

Using the predefined first solution heuristics
This section offers some insights into the relative complexity of the various predefined first

solution heuristics. These hints are meant to help you decide which heuristics to use with
your problem. Of course, every problem is different and no set of guidelines can account for
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all thisdiversity. A best approach isto start by following these guidelines, but to be flexible
in trying different first solution heuristics. It can aso be interesting to try several first
solution methods and to apply local search to these different methods. You may also want to
apply local search to an existing first solution.

If you are not able to create afirst solution using the predefined heuristics, you may want to
build your own. In other situations, you may want to build your own first solution heuristic
because your problem has a specific structure that is not reflected in the predefined
heuristics. For example, you may want to load your own trucks first and then load trucks
belonging to contractors. For these situations, you can build your own first solution directly
or using the Dispatcher first solution framework.

Deciding which heuristic to use

The Dispatcher predefined first solution heuristics can be placed in arough hierarchy based
on performance (with the fastest heuristic listed first):

Sweep > nearest-to-depot > nearest addition > savings > insertion > generate

However, certain problems respond more effectively to certain heuristics. Here are some

general guidelines:

O If your vehicles have fixed starting and ending points, use a savings heuristic. Otherwise,
use nearest addition.

O If your vehicles have fixed starting and ending points, the problem is not too constrained,
and you have coordinates, use sweep.

0O When the problem isreally hard to solve and not too large, useinsertion directly or insert
visits one-by-oneusing | | ol nsert Vi si t . This approach can also be interesting if you
want to update an already existing solution or if you aready know the order of some
visits.

0O Only use generate on small problems.

More hints

Thesi ze parameter in the nearest addition and savings heuristics limits the number of
possible next visitsto the n-closest one, according to cost. This parameter can lower memory
consumption and also speed up search. The parameter si ze should be fixed and not
proportional to the size of the problem. A good number to try is something between 50 and
100 visits. As always, testing to find the best fit for your problem and environment works
best.

The parameter mode indicates the behavioral mode of the nearest addition heuristic during
execution. Themode I | oNear est Addi t i onFor war d extends the route forward from the
first visit. Themode | | oNear est Addi t i onBackwar d extends the route backward from
thelast visit. Themode I | oNear est Addi t i onBot h extends the route ssmultaneously in
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both directions. In general, it is best to use the backwards mode with outbound problems
(few pickups, many delivery locations). The forwards mode works best with inbound
problems (few deliveries, many pickup locations).

Creating your own first solution heuristic

Although Dispatcher offers avariety of predefined heuristics for use in generating afirst
solution, the process of writing a simple one gives you a better understanding of the
concepts. Knowing how to write your own first solution heuristic can also be useful when
facing certain specific problems that the predefined heuristics do not cover. This section
describes how to write your own efficient search goal based on a greedy addition heuristic.

To show how to create your own first solution heuristic, you will solve a PDP problem.
Except for the custom first solution heuristic, you will model and solve this problem in the
same way as shown in Lesson 7, Pickup and Delivery Problems. The only difference is that
you create your own first solution goal and that you call this goal in the

Rout i ngSol ver: : sol ve function instead of a predefined first solution goal. Only the
changed parts of the example are shown in this section. You can view the complete program
and output online in the Your Di spat cher Horre/ exanpl es/ src/ firstsol . cpp file

Heuristic Description

For the sake of simplicity, the heuristic chosen supposes that the cost of the vehicles only
depends on one dimension di m It sequentially builds the routes for the vehicles which have
the largest capacity, extending these routes with the cheapest visits after each step of visit
addition.

Here is how the algorithm works:
1. Select an open vehicle wwith the largest capacity. If there is none, the algorithm ends.

2. Start apartia route consisting of the first visit of w. Let vl bethelast visit of this partial
route.

3. Find avisit v which minimizes the cost of going from vl tov using vehiclew: If itis not
possible to find such avisit without violating constraints, close the current partial route
of wand go to step 1.

4. Addv tothe end of the partial routeand letvl = v. Goto step 3.

Building Routes

The goal that builds the route for a given vehicle is the central goal of the search. Given the
addition heuristic approach described in the preceding section, the goal iteratively chooses
visits and tests to see if the selected visit can extend the current partial route.
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Visits are chosen in order to minimize the cost increase of the current partial route. Thisis
done by iterating on the possible successors of the last visit of the current partia route. The
heuristic selects the cheapest visit that isnot afirst or alast visit and the vehicle variable that
contains the current vehicle.

Il oVisit ChooseCheapestVisit(Il oD spatcher dispatcher,
I'l oVehi cl e vehicle,
IloVisit visit) {
Il ol nt vehlndex = di spatcher. getl ndex(vehicle);
I'lclntVar nextVar = dispatcher. get NextVar(visit);
IloVisit bestVisit;
I oNum best Cost = |lolnfinity;
for (IlclntExplterator iter(nextVar); iter.ok(); ++iter) {
IloVisit v = dispatcher.getVisit(*iter);
I'l oNum cost = dispatcher.getCost(visit, v, vehicle);
Il clntVar vehicleVar = di spatcher. get Vehi cl eVar (Vv);
if (cost < best Cost
&& 'v.isFirstVisit()
& 'v.islastVisit()
&& vehi cl eVar . i sl nDomai n(vehl ndex)) {
bestVisit = v;
best Cost = cost;

}

return bestVisit;

}

Aninternal search testsif the visit can extend the current partial route by checking if the
route can be closed with the addition of the newly selected visit. The goal used for this
search constrains the selected visit to directly follow the last visit of the current route, using
Il oDi spatcher::setNext(IloVisit, IloVisit),and closestherouteusing

Il oGener at eRout e( 11 0Sol ver, 11 oVehicle).Notethatitisbetter tolimit the search
when closing the route to avoid spending too much time proving that the route cannot be
closed.

| LCGOAL3( AddAr cTest CGoal ,
IloVisit& visitl,
IloVisit& visit2,
Il oVehicl e& vehicle) {
Il oSol ver solver = getSolver();
|| oDi spat cher di spatcher(sol ver);
di spatcher. set Next (visitl, visit2);
return Il oLi mtSearch(sol ver,
I | oGener at eRout e(sol ver, vehicle),
Il oFail Li mt(sol ver, 100));

If the selected visit can extend the route, it is constrained to do so, using

Il oDi spatcher::setNext(lloVisit, IloVisit),andbecomesthe new last visit of
the current partial route. The iteration ends when no more visits can be found to extend the
partial route.
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Hereisthe code for generating a route:

| LCGOALL( || c_Vehi cl eCGenerat eSol ution, |l oVehicle, vehicle) {
Il oSol ver sol ver = get Sol ver();
|| oDi spat cher di spatcher(sol ver);
IloVisit visitl = vehicle.getFirstVisit();
IloVisit visit2 = ChooseCheapest Vi sit(dispatcher, vehicle, visitl);
Il cGoal testCoal = AddArcTest Goal (solver, visitl, visit2, vehicle);
while (visit2.getlnpl() !'=0) {
if (solver.solve(testGoal, IloTrue)) {
di spatcher. set Next (visitl, visit2);
visitl = visit2;
} else {

sol ver. add(di spat cher. get Next Var (vi sit1) != di spatcher.getlndex(visit2));

vi sit2 = ChooseCheapest Vi sit(di spatcher, vehicle, visitl);

sol ver. sol ve( || oGener at eRout e(sol ver, vehicle));
return O;

Building a Complete Solution

Thelast goal to be written recursively chooses a vehicle and buildsitsroute. It considers the
visits which have not yet been assigned to any vehicle by the end of the search and marks
those visits as “unperformed.” Choosing a vehicle is done by iterating over all vehicles and
finding one which has an incomplete route and which has the largest capacity for dimension

dim

I | oVehi cl e ChooselLar gest Vehi cl e( 11 oDi spat cher di spatcher, IloD nmensionl dim {

Il oEnv env = di spat cher. get Env();
I I oVehi cl e best Vehi cl e;
Il oNum best Capacity = - llolnfinity;

for (llolterator<IloVehicle> vehlter(env); vehlter.ok(); ++vehlter) {

I'l oVehi cl e vehicle = *vehlter;
I oNum capa = vehicl e. get Capaci ty(din;

if (capa > bestCapacity && !dispatcher.isRouteConpl ete(vehicle)) {

best Vehi cl e = vehicl e;
best Capacity = capa;

}
}

return best Vehi cl e;
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Building aroute for the selected vehicle is done using the goals described in the preceding
sections. The search ends by making unassigned visits unperformed when all open vehicles
have been used.

| LCGOALO( UnperfornmVisits) {
Il oSol ver sol ver = get Sol ver();
|| oDi spat cher di spatcher(sol ver);
Il oEnv env = di spat cher. get Env();
for (Ilolterator<lloVisit> vislter(env); vislter.ok(); ++vislter) {
IloVisit visit = *vislter;
if (!dispatcher.getVehicleVar(visit).isBound())
sol ver. add(di spat cher. unperfornmed(visit));

return O;

In order to have more propagation from the path constraints during search the filter level is
settol | cBasic.

| LOGOALL( Il c_GenerateFirstSolution, IloD nensionl, din) {
Il oSol ver sol ver = getSol ver();
I | oDi spat cher di spatcher(sol ver);
di spatcher.setFilterLevel (Il cBasic);
Il oVehi cl e vehicl e = ChooselLar gest Vehi cl e(di spatcher, din;
if (vehicle.getlnpl () == 0) return UnperfornV sits(solver);
return Il cAnd(I1 c_Vehi cl eGenerat eSol uti on(sol ver, vehicle), this);

To usethisgoal, asubclassof | | cGoal , in your Concert Technology modeling environment
you wrap it using the Solver | LOCPGOALWRAPPER macro.

| LOCPGOALWRAPPERL ( Gener at eFi r st Sol ution, solver, IloDinensionl, din) {
return Il c_CenerateFirstSol ution(solver, dim;

}

Note: This approach can be adapted to the user's needs by customizing the functions
selecting the vehicles and the visits.

IBM ILOG DISPATCHER — USER’S MANUAL



Using the Dispatcher First Solution Framework

Using the custom first solution goal

The custom first solution goal Gener at eFi r st Sol uti oniscalledinthe
Rout i ngSol ver: : sol ve function.

voi d RoutingSol ver::solve() {
I | oDi spat cher di spatcher(_sol ver);

Il oEnv env = _sol ver. get Env();
I'l oDi nensi onl weight = Il oD nensionl::Find(env, "Wight");
/1 Subgoal
Il oGoal instantiateCost = Il oDichotom ze(env,
di spat cher . get Cost Var (),
|| oFal se);
Il oGoal restoreSolution = Il oRestoreSol ution(env, _solution);

Il oGoal goal = GenerateFirstSolution(env, weight) & instantiateCost;

/1 Sol ving
if (findFirstSolution(goal)) {
i mprove(instantiateCost);
_sol ver. sol ve(restoreSol ution);
}
}

Using the Dispatcher First Solution Framework

Dispatcher provides an open framework to define custom first solution heuristics. A first
solution heuristic builds arouting plan by assigning visits (or groups of visits) to vehicles. It
does so by considering elementary decisions, and either rejecting them asinfeasible, or
committing them into the solution that is being built.

To show how to use the Dispatcher First Solution Framework to create your own first
solution heuristic, you will solve a PDP problem. Except for creating and using the first
solution framework goal, you will model and solve this problem in the same way as shown
in Lesson 7, Pickup and Delivery Problems. Only the changed parts of the example are
shown in this section. You can view the complete program online in the

Your Di spat cher Hone/ exanpl es/ src/ f sfranmepdp. cpp file.

Note: This exampleis designed to show how to use the Dispatcher First Solution
Framework. It is not intended to scale for use with problems that have large numbers of
vehicles or orders.

You will perform the following steps to create afirst solution framework goal:

O Create adecision class PDPDeci si on with four member functions: nake, eval uat e,
cal cFeasi bi l i ty, anddi spl ay.
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O Create adecision maker class PDPDeci si onMaker | with three member functions:
i nit,get Best Deci si on, and get Best Seri al Deci si on. Thisclasswill use the
decision class PDPDeci si on.

O Create adecision tracer class PDPDeci si onTr acer | .

O Createthefirst solution goal | | oPDPFSGoal .

Creating the decision class

First, you create your decision class PDPDeci si on. Thisis a subclass of

I oPai r Deci si onl , an abstract class that is a subclass of

I 1 0Si ngl eVehi cl eFSDeci si onl , involving one vehicle, and a pair of pickup and
delivery visits. This classis dedicated to PDP heuristics.

The abstract class| | 0Si ngl eVehi ¢l eFSDeci si onl handles decisions concerning one
vehicle. To simplify the decision comparison process, a cost is associated to decisions,
computed by a new virtual member function called eval uat e. Subclassing from this class
reguires you to define an eval uat e member function. In addition, you will also define the
following member functions: meke, cal cFeasi bi | i ty, and di spl ay.

cl ass PDPDecision : public Il oPairDecisionl {

public:
PDPDeci si on( |1 oVehi cl e vehicl e,
IloVisit pickup, IloVisit delivery);

virtual void make(!| oFSDeci si onMaker!l * dnj;

virtual |l oNum eval uate(ll oFSDeci si onMaker|* dn) const;

virtual |1 oBool cal cFeasibility(lloFSDecisionMakerl* dm const ;
virtual void display(ostrean& os) const;

}s

The constructor for PDPDeci si on takes three parameters. a vehicle, a pickup visit, and a
delivery visit.
PDPDeci si on

. PDPDeci si on(l 1 oVehicle vehicle, IloVisit pickup, IloVisit delivery)
I'l oPai r Deci si onl (vehicl e, pickup, delivery) {}

414 IBM ILOG DISPATCHER — USER’'S MANUAL



Using the Dispatcher First Solution Framework

The function make performsthe decision. It is called after a decision has been selected and
checked for feasibility.

voi d PDPDeci si on: : make( || oFSDeci si onMaker | * dn) {
I | oDi spat cher di spatcher = dm >get Di spatcher();
IloVisit up = getQut Chai nEnd(di spatcher);
Il oVisit down = getlnChainStart(di spatcher);

di spat cher. set Next ( up, getPi ckup());
di spat cher. set Next ( getDel i very(), down);

Theeval uat e member function computes a cost that is used to select abest decision to
execute. Decisions with the lowest cost are preferred.

I | oNum PDPDeci si on: : eval uat e( || oFSDeci si onMaker|* dn) const {
I | oDi spat cher di spatcher = dm >get Di spatcher();
IloVisit up = getQut Chai nEnd(di spatcher);
IloVisit down = getlnChainStart(di spatcher);
Il oVehi cl e vehicl e(getVehicle());

11 oNum cost = 0;

cost += di spat cher. get Cost (up, getPickup(), vehicle);
cost += di spatcher. get Cost (get Del i very(), down, vehicle);
return cost;

Thecal cFeasi bi | i t y member function isused to filter infeasible decisions before calling
sol ver . sol ve to save CPU time.

I | oBool PDPDeci sion:: cal cFeasi bility(lloFSDecisionivakerl * dm const {
Il oBool ok = |1 oPairDecisionl::calcFeasibility(dm;
I | oDi spat cher di spatcher = dm >get Di spatcher();
IloVisit up = get Qut Chai nEnd(di spatcher);
IloVisit down = getlnChainStart(di spatcher);
if (ok) {
ok = | sArcLinkabl e(di spatcher, up, getPickup())
&& | sArclLi nkabl e(di spatcher, getPi ckup(), getDelivery())
&& | sArcLi nkabl e(di spatcher, getDelivery(), down)

f (ok) {
Il oDi mension2 tine = Il oD nmension2:: Fi nd(di spat cher.getEnv(), "Tinme");
ok = canl nsert Pai r OnDi mensi on
(di spatcher, tine, getVehicle(), up, down, getPickup(), getDelivery());

}
I

return ok;

}
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Thedi spl ay member function displays the decision object.

voi d PDPDeci si on: : di spl ay(ostrean& os) const {
0s << "[<-" << getPi ckup().get Name()
<< ". (" << getVehicle().getName() << ")."
<< getDelivery().getNane() << "->]"

Creating the decision maker class

Now, you create | | oPDPDeci si onMaker |, a specialized decision maker class for PDP
problems. It will use the decision class PDPDeci si on that you just created. You will define
three member functions: i ni t , get Best Deci si on, and get Best Seri al Deci si on.

cl ass PDPDeci si onMaker| : public Il oFSDecisionMakerl {
private:
Il oVehicle _current;

I | oFSDeci si onl * get Best Seri al Deci si on();
public:
PDPDeci si onMaker | (11 oDi spat cher di spatcher);

virtual void init();
virtual |1 oFSDecisionl* getBestDecision();
H

The member functioni ni t iterates on all visit pairsthat are extracted in the dispatcher and,
for each visit, looks for all vehicles that can be assigned to these visits. For each compatible
set (vehicle, pickup, delivery) it then does two things. First, it decides whether or not it is
worth creating a PDPDeci si on decision for the set. If the set (vehicle, pickup, delivery) is
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not “interesting” then no decision is created and this possibility will not be considered by the
first solution framework. If the set is “interesting,” then this decision is stored.

PDPDeci si onMaker |

: : PDPDeci si onMaker | (1| oDi spat cher di spat cher)
I | oFSDeci si onMaker | (di spat cher),
_current(0) {}

voi d PDPDeci si onMaker|::init() {
_current = 0;

/1 cout << "starting PDP decision maker init()"<< endl;
I I oDi spat cher di spatcher (getDi spatcher());
Il oEnv env = di spat cher. get Env();

// iterate on all posted ordered sequences.
for (1loDispatcher::OderedVisitPairlterator vpiter(dispatcher);
vpiter.ok(); ++vpiter) {
IloVisit pickup = vpiter.getPickup();
IloVisit delivery = vpiter.getDelivery();
I'l cl ntVar pickupVcl Var = di spat cher. get Vehi cl eVar (pi ckup) ;
I'l cl ntVar deliveryVcl Var = di spat cher. get Vehi cl eVar (del i very);
for (Il oD spatcher:: Vehiclelterator
vehl ter(dispatcher); vehlter.ok(); ++vehlter) {
Il oVehicle vehicle = *vehlter;
Il clnt vehlndex = dispatcher.getlndex(vehicle);
i f ( pickupVcl Var.islnDonmai n(vehl ndex) &&
del i veryVcl Var. i sl nDonai n(vehl ndex) ) {
I | oFSDeci si onl * deci sion =
new (env) PDPDeci si on(vehicle, pickup, delivery);
st or eDeci si on(deci si on);
}
}

//cout << "end PDP decision maker init()"<< endl;

}

The member function get Best Deci si on isthe implementation of the virtual member
function defined in the abstract | | oNADeci si onMaker | class. In this example, the
extension mode is seria. Therefore, the decision maker fills vehicles one at atime, and this
member function returns the best decision concerning the currently open vehicle. At the
beginning, no vehicle is open, and the member function returns the best decision among all
possible decisions. Afterwards, the decision's vehicle becomes the current vehicle, and only
decisions registered with this vehicle are considered. When the vehicleisfull, the decision
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maker looks again for the best global decision and chooses a new current decision, or
terminates.

I | oFSDeci si onl * PDPDeci si onMaker | : : get Best Deci si on() {
//return getBestd obal Deci sion();
return get Best Seri al Deci sion();

}

|| oFSDeci si onl* PDPDeci si onMaker | : : get Best Seri al Deci si on() {
I'l oFSDeci sionl * d = O;
if (0!= _current.getlnpl() ) {
d = get Best Vehi cl eDeci si on(_current);
}
i

f(0==d) {
I | oFSDeci si onl * best Vehi cl eDeci si on = get Best Vehi cl eDeci si on();
if ( 0 != bestVehicleDecision) {
Il 0Si ngl eVehi cl eFSDeci si onl * vehDeci sion =
(11 oSi ngl eVehi cl eFSDeci si onl *) best Vehi cl eDeci si on;
_current = vehDeci si on->get Vehi cl e();
d = best Vehi cl eDeci si on;
} else {
_current = 0;
}
}

return d;

}

Creating the decision tracer class

You can monitor events happening while building the first solution using decisions. A
decision tracer can be attached to a decision maker object. The decision maker object will
call the virtual member functions of the tracer objects to notify certain events. For example,
each time adecision is chosen, the tracer object is notified. Dispatcher also provides a
default tracer that does nothing. Subclassing from the default tracer

I oDef aul t Deci si onTracer | only requires the definition of the member functions you
want to trace, not all of them.
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In this example, you use the default tracer to define only the not i f yChosen trace member
function.

cl ass PDPDeci sionTracerl : public || oDefaultDecisionTracerl {
Il ol nt _nbChosen;
public:
PDPDeci si onTracer | (11 oD spat cher dsp)
|| oDef aul t Deci si onTracer| (dsp),
_nbChosen(0) {}

virtual void notifyChosen(const |l oFSDecisionl * d) {
++_nbChosen;
cout << _nbChosen << "> chosen: " << (*d) << endl;

}
}s

Creating the first solution framework goal

When building a Dispatcher routing plan, the resulting plan may not be complete. This
means that some visits are left unassigned, and that some routes are not complete. By
complete, it is meant that route visits must have their next variables instantiated from first to
last. The routing plan may not be complete if, for example, only a subset of visits had been
passed to the decision maker, or if atime-out occurred. An incomplete plan cannot be stored
inan! | oRouti ngSol uti on, as some decision variables are | eft unbound.

Thel | oFi nal i zePl an function returns agoal that fixes an incomplete plan, if possible.
The goal performs the two functions:

0 setsal visitsthat have no route assigned to unperformed

O closesall incomplete routes

You should run thisgoal after a decision maker attemptsto finalize the plan and reach a state
where the plan can be saved into an I | oRout i ngSol ut i on.

| LCGOALO( PDPFi nal i zeCoal ) {
cout << "start to finalize plan" << endl;
return Il oFinalizePl an(get Sol ver());

}
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Finally, you write the goal | | cPDPFSGoal , which creates the decision maker and the
decision tracer.

| LOGOALO( | | cPDPFSGoal ) {
Il oSol ver sol ver(get Sol ver());
Il oDi spat cher di spatcher(get Sol ver());

PDPDeci si onMaker | * dm =
new (sol ver. get Heap()) PDPDeci si onMaker | (di spatcher);

// put a tracer for debug
PDPDeci si onTracer|* tracer =

new (sol ver. get Heap()) PDPDeci si onTracer| (di spatcher);
dm >set Tracer (tracer);

return Il cAnd( dm PDPFi nal i zeGoal (sol ver) );

To usethisgoal, asubclassof I | cGoal , in your Concert Technology modeling environment
you wrap it using the Solver | LOCPGOALWRAPPER macro.

| LOCPGOALWRAPPERO( | | oPDPFSGoal , sol ver) {
return || cPDPFSCoal (sol ver);

}

Using the first solution framework goal

The first solution framework goal | | oPDPFSGoal iscalled in the
Rout i ngSol ver : : sol ve function.

voi d RoutingSol ver::solve() {
I | oDi spat cher di spat cher(_sol ver);

Il oEnv env = _sol ver. get Env();

/1 Subgoal

Il oGoal instantiateCost = Il oD chotom ze(env,
di spat cher . get Cost Var (),
Il oFal se);

Il oGoal restoreSolution = Il oRestoreSol ution(env, _solution);

Il oGoal goal = Il oSavi ngsCenerate(env);

goal = || oPDPFSGoal (env);

/1 Sol ving

if (findFirstSolution(goal &% instantiateCost )) {
i nprove(instantiateCost);
_sol ver. sol ve(restoreSol ution);

}
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Developing Your Own Neighborhoods

In this lesson, you will learn how to:
O define your own neighborhood
0 createasolution delta

O implement your neighborhood

The predefined neighborhoods that Dispatcher offers are sufficient for most first solution
improvements. Occasionally, you may want to write your own neighborhood. This section
provides an example of how to create your own neighborhood solely for the user who is
comfortable with using the predefined neighborhoods and who encounters the need to create
aneighborhood.

The predefined neighborhoods provided with Dispatcher may not perform well on certain
routing problems. For example, in arouting problem where there are constraints stating that
after avisit A, visits B, C, and D must follow directly, neighborhoodslike 1 | oRel ocat e
will not be ableto move A, B, C, or D on its own to anew vehicle; the constraints forbid it.
For problems with such tight constraints, you can write your own neighborhood to perform
the movements you require. In the above example, you could create a neighborhood which
was capable of moving A, B, C, and D as asingle block to another location.

The following example uses atype of “restricted exchange.” Thisis a neighborhood exactly
likel | oExchange, except that only visits within a certain distance of each other are
considered for exchange. The other pairs of visits are ignored. To write your own
neighborhood in Dispatcher, you subclass the class | | oNHoodI . Thisisthe exact same way
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you would create a neighborhood in Solver. A neighborhood is created through redefining
virtual methods such asst art, get Si ze, and def i ne. The only difference between the
methods used in Solver and those used in Dispatcher isthat in Dispatcher you deal with
routing objects (visits) and their associated attributes (next visit, previousvisit, and vehicle).
However, the method is essentially the same.

The following example relies heavily on your knowledge of Solver'sloca search methods.
So, if you have not already done so, you should read about local search in the IBM ILOG
Solver User's Manual before creating your own neighborhood.

Neighborhood Description

422

It isoften agood ideato break down aneighborhood into its simplest form. Thistechniqueis
used here. This new neighborhood exchanges all pairs of visits within a certain distance of
each other. You can then break down this neighborhood such that thereisasingle
neighborhood per visit which exchangesjust thisvisit with all othersinitsvicinity. Then, by
using | | oConcat enat e on an array of such subneighborhoods (one for each visit), you can
achieve the desired result. Unfortunately, with thisidea, an unwanted symmetry is
introduced; each pair of visits within the distance limit will be considered twice. For
example, consider the swap of visit pair A/B. The neighborhood which swapsvisit A withits
close neighbors and the neighborhood which swaps visit B with its close neighbors will both
consider the same swap. Therefore, you add an additional rule. Given atotal order for the
visits, a subneighborhood which exchanges visit A with the visitsin its vicinity can only
exchange visit A with visits ranked after visit A in the total order.

To simplify the design of the subneighborhood, you specify the “focus’ visit and the set of
visitsthat can be used in an exchange. The code relating to proximity and the symmetry rule
exists outside of this neighborhood. It isinvoked only to construct the set of visits which will
be exchanged with the “focus’ visit.

Defining the Neighborhood

You begin by defining aneighborhood which exchangesthe visit her e with each one of a set
of predefined visitst her e. You also declare other fields which are used internaly:

rsol uti on holdsthe current solution and si ze holds the size of the neighborhood (the
number of neighbors). Thefields pr evHer e and next Her e are used to hold the previous
and next visits of her e in the current solution. The field vehHer e holds the vehicle
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performing the visit her e and thefield per f Her e returns whether the visit her e is
performed or not.

cl ass Local i zedExchangel : public |1 oNHoodl {

private:
Il oVisit _here;
Il oVisitArray _there;
Il oRouti ngSol ution _rsolution;
Il ol nt _si ze;
Il oVisit _prevHere;
IloVisit _next Here;
Il oVehicle _vehHere;
Il oBool _perfHere;

You then declare the methods for the new neighborhood class. You use a constructor which
takes avisit to swap and an array of visits with which this“focus’ visit can be swapped.
Three virtual member functions of | | oNHood! are also redefined: st art, def i ne, and
get Si ze. Thelatter isimplemented inline.

public:
Local i zedExchangel (11 oEnv env, IloVisit visit, |loVisitArray arr);
void start(lloSolver, |loSolution);
Il oSol uti on define(lloSolver, Ilolnt);

Ilolnt getSize(lloSolver) const { return _size; }

h

The constructor of the subneighborhood builds the base class and installs the passed
parameters.

Local i zedExchangel : : Local i zedExchangel (11 oEnv env,
IloVisit visit,
IloVisitArray arr)
I'l oNHoodl (env), _here(visit), _there(arr) { }

Thest art method is called by local search goalssuch as| | 0Si ngl eMove to indicate the
current solution. You keep areference to the current solution, which is cast into an

Il oRout i ngSol ut i on for later use. (Casting the solutionto an I | oRout i ngSol uti on
allows you to use API suitable for routing problems on the solution. Note that the solution
itself isnot altered in any way by this cast; it smply allows the use of arouting-based API
on the solution.) The st ar t method also performs operations that need only to be done
once. For example, you retrieve the following from the solution: the preceding and following
visits of her e, the vehicle performing the visit her e, and whether or not the visit is
performed. (If her e isnot performed, the values of the other three pieces of information are
later ignored.) You also calculate the size of the neighborhood, which is the size of the

t her e set. However, in order to be robust, you must set the size of the neighborhood to O if
her e isnot in the current solution (in which case it does not make senseto involveitina
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move), or if the visit is not extracted (in which case attempting to move it will cause Solver
to throw an exception later.)

voi d Local i zedExchangel : :start (Il oSol ver sol ver,
I'l oSol ution solution) {
_rsolution = |l oRoutingSol ution(solution);
if (solver.isExtracted(_here) &% sol ution.contains(_here)) {
_size = _there.getSize();

_prevHere = _rsol ution.getPrev(_here);
_nextHere = _rsol ution. getNext(_here);
_vehHere = _rsol ution. get Vehicl e(_here);
_perfHere = _rsolution.isPerformed(_here);
}
el se
_size = 0;

Thedef i ne method is usually the main workhorse of any neighborhood definition. It takes
anindex and convertsit to asolution delta. (The solution deltais a solution holding only the
part of the current solution which needs to be changed, together with its new value.) This
deltaneedsto be of typel | 0Sol uti on, not of typel | oRout i ngSol uti on, athough it
canbecasttoan| | oRout i ngSol uti on to perform routing operations on it. Thefirst thing
youdoindefi ne isto determine what theindex signifies. (In other words, you determine to
which swap the index corresponds.) Thisis easily done as her e is swapped with

t her e[ i ndex] . Then you perform various checks which allow you to ignore this neighbor
in certain circumstances. Specifically, when the solution does not contain the visit

t her e[ i ndex] , or when thisvisit is not extracted, you can ignore the neighbor. Likewise,
when both visits are unperformed (a swap is useless), or when both visits are served by the
same vehicle (the move you define is only inter-route, but could be generalized), you ignore
the neighbor. The neighbor isignored by returning an empty handle (here you user et ur n
0 to perform this action).

Il oSol ution LocalizedExchangel :: define(ll oSol ver solver, Ilolnt index) {
IloVisit v = _there[index];
if (!_rsolution.getSolution().contains(v)) return O;
if (!solver.isExtracted(v)) return O;

Il oBool perfV = _rsolution.isPerforned(v);
if (!_perfHere & !perfV) return O;
if (_perfHere & perfV & _vehHere == _rsol ution.getVehicle(v)) return O;

Creating the Solution Delta

You now create the structure representing the neighbor: the solution delta. Thisis done by
creating an empty solution delta (an instance of | | 0Sol ut i on). You also create arouting
solution r del t a from this delta, so that routing operations can be performed on del t a.
Note that the delta should not be created asan | | oRout i ngSol ut i on asthisalso performs
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other operations, such as adding an objective to the routing solution, which is not
appropriate here.

I'1 oSol ution delta(getEnv());

Il oRouti ngSol ution rdelta(delta);
rdel ta. add(_here);

rdel ta. add(v);

You now perform the “swap.” Thisis donein two stages. In thefirst stage, v is moved into
the place of her e, and in the second, her e is moved into the former place of v. When you
“insert” v into the place where her e formerly was, you involve three visits: the visit
preceding her e in the current solution, the visit following her e in the current solution, and
v itself. The visit preceding her e in the current solution will keep al its attributes in the
delta, except that its following visit will be set to v, rather than her e. A similar situation
holds for the visit following her e in the current solution. Most of the state of these visitsis
preserved in the delta. For this reason, their state is copied from the current solution. Then,
the vehicle, previous visit, and next visit of v are set. The action of setting the next and
previous visits of v also correctly setsthe next and previous visits of the connected visits, so
that consistency of the solution is maintained, and no explicit action is required for those
visits. In the case where her e is not performed, the “insertion” simply makesv
unperformed.

if (_perfHere) {
rdel ta. set Vehi cl e(v, _vehHere);
rdel ta. add(_nextHere); delta.copy(_nextHere, _rsolution);
rdel ta. add(_prevHere); delta.copy(_prevHere, _rsolution);
rdel ta. set Next (v, _nextHere);
rdelta.setPrev(v, _prevHere);

}

el se
rdel ta. set Unperfornmed(v);

The symmetric “insertion” is almost identical. The only differenceis that the current
preceding and following visits, aswell asthe vehicle serving v, need to be retrieved from the
current solution first.

if (perfVv) {
rdel ta. set Vehi cl e(_here, _rsolution.getVehicle(v));
IloVisit nextV = _rsolution.getNext(v);
IloVisit prevV = _rsolution.getPrev(v);
rdel ta. add(nextV); delta.copy(nextV, _rsolution);
rdel ta. add(prevV); delta.copy(prevV, _rsolution);
rdel ta. set Next (_here, nextV);
rdel ta. setPrev(_here, prevV);

}

el se
rdel t a. set Unper f ormed(_here);
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Finally, the deltaiis returned, which concludes the definition of the Local i zedExchangel
class.

return delta;

}

Implementing the Neighborhood

Recall that the above function only swaps a single visit with a predefined set of visits. Our
initial goal was to create a neighborhood which would swap &l visits within a certain range
of each other. This more complete neighborhood is constructed by the following function.
The essential technique is quite simple. You construct an array of neighborhoods, one
corresponding to each visit (aninstance of Local i zedExchange). The set of visitsfor each
Local i zedExchange is calculated according to a proximity rule and to a symmetry rule.
The array of neighborhoods is then concatenated to produce one larger neighborhood. The
function is passed with the following parameters:

O anarray of visitsto consider for swaps (This should correspond to al real visits of the
problem. In other words, it should not include visits which arefirst or last visits of a
vehicle.)

O aninstanceof I | oDi mensi on2 used for measuring distances

0O avehiclewhichisused asa“measuring vehicle’ (A distancein Dispatcher dependson a
dimension and avehicle. Therefore, a vehicle is needed to compute the distances.)

O alimit on the round trip between the two visits (If the actual distance of theround trip is
less than this value, the two visits will be considered for swapping. A round trip is used
to avoid ambiguity problems which may occur with asymmetric distance functions.)
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Implementing the Neighborhood

Given this information, the implementation of the function follows:

Il oNHood Local i zedExchange( || oEnv env,
IloVisitArray visits,
I I oDi nensi on2 di m
I'l oVehi cl e nodel Vehicl e,
Il oNum roundTrip) {
I | oNHoodArray nhoods(env, visits.getSize() - 1);
for (Ilolnt i =0; i <visits.getSize() - 1; i++) {
IloVisit v = visits[i];
IloVisitArray arr(env);
for (Ilolnt j =i + 1; j <visits.getSize(); j++) {
IloVisit w=visits[j];
Il oNumdist2 = v.getD stanceTo(w, dim nodel Vehicle) +
w. get D st anceTo(v, dim nodel Vehicle);
if (dist2 <= roundTrip) arr.add(w;

nhoods[i] = new (env) LocalizedExchangel (env, v, arr);
return Il oConcat enat e(env, nhoods);

}

You can view the entire program and output online in the file Your Di spat cher Hone/
exanpl es/ src/ newnhood. cpp.
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Predefined First Solution Heuristics

Dispatcher offers avariety of predefined first solution heuristics for use in generating afirst
solution. Each predefined first solution heuristic is explained in this appendix. To show how
the different predefined first solution heuristics work, their results on the same example
problem are shown in each section of this appendix. The following predefined first solution
heuristics are provided by Dispatcher: enumeration, savings, sweep, nearest-to-depot,
nearest addition, and insertion.

Example data

The following example datais used in this appendix to demonstrate how each predefined
first solution heuristic works. The goal of the example isto compute a route that starts and
ends at the depot and visits each node exactly once. The length of the route is computed
according to Euclidean distance.

In the following figure, the depot is represented as a black circle. The other circles represent
visitsto make at various locations. The coordinates of the depot are (30,40). The capacity of
the truck is 50 and there are 11 visits to perform. The tuples (x,y,quantity) of the visits are
(17,63,19), (31,62,23), (52,64,16), (21,47,15), (37,52,7), (49,49,30), (42,41,19), (20,26,9),
(40,30,21), (52,33,11) and (51,21,5).
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FigureA.1 Exampledata: depot and visits

Enumeration Heuristic

Dispatcher provides a basic, complete enumeration method for generating a first solution.
The enumeration heuristic builds a solution to the problem using an agorithm that
completely explores the search space using backtracking. This method should only be used
for small problems.

This heuristic isimplemented in Dispatcher asthe goal | | oDi spat cher Gener at e.

The following figure provides an example of the use of | | oDi spat cher Gener at e on the
example VRP with capacity constraints. The cost of this solution is 352.57.
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Figure A.2 Sample solution using enumeration heuristic

Savings Heuristic

For problems with multiple vehicles, it is very important to consider the trade-off between
more vehicles with shorter routes and fewer vehicles with longer routes. For example, the
following figure shows two ways of making visitsa and b.
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Figure A.3 Principle of the savings heuristic

The savings of serving aand b in the same route, denoted savings (a, b), is defined as
savings (a, b) = cost (a, Depot) + cost (Depot, b) — cost (a, b). The savings heuristic
generates a solution based on this equation. It works like this:

1.

Choose an arbitrary visit O (usually the depot), and for all pairs of visits (i, j), compute
the savings function: savings(i, j) = cost (i, O) + cost (O, j) — cost(i, j).

Sort the arcs (i, j) according to savings(i, j) in descending order, and put them in alist L.
If al visits are scheduled, the goal succeeds.

If there are unscheduled visits, choose an untried vehicle v from the plan. If there are no
untried vehicles, the unscheduled visits are constrained to be unperformed. If one of
these visits must be performed, the goal fails.

Scan L to find an arc that can be used to create aninitial partial route for v. If no such
legal arc can be found, go to step 4, otherwise remove the chosen arc from L.

Scan L to find an arc that can be added to the start or end of the route. If no such arc can
be found, go to step 3, otherwise remove the arc from L, and repeat step 6.

This heuristic isimplemented in Dispatcher asthe goal | | oSavi ngsGener at e.

The following figure provides an example of the use of | | oSavi ngsGener at e on the
example VRP with capacity constraints. The cost of this solution is 280.947.
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Figure A4 Sample solution using savings heuristic

Sweep Heuristic
The sweep heuristic builds routes by sweeping around the depot:

1. Let O beasitefrom which vehiclesleave (usually adepot), and let A (different from O)
be another site which serves as areference.

2. Sort al the sites Sin the routing plan by increasing angle AOS. Put the result in alist L.

3. Thevisits corresponding to the sitesin L will be allocated to the vehiclesin that order as
long as constraints are respected.

4, If al vehicles have been used, the remaining visits are constrained to be unperformed. If
one of these visits must be performed, the godl fails.

This heuristic isimplemented in Dispatcher asthe goal | | oSweepGener at e.
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The following figure provides an example of the use of | | oSweepGener at e on the
example VRP with capacity constraints. The cost of this solution is 270.403.

Figure A.5 Sample solution using sweep heuristic

Nearest-to-Depot Heuristic

The nearest-to-depot heuristic builds routes by adding the visits close to the depot first.
For all vehicles:

1. Denote the vehicle to be considered by w.

2. Start with apartial route consisting of the departure from the depot.

3. Findthevisit vwhich is closest to the starting point of the current partial route of w. If it
is not possible to find such avisit without violating constraints, close the current partial
route of w, choose another empty vehicle and go to step 2. If no empty vehicles remain,
the goal fails.

434 IBM ILOG DISPATCHER — USER’'S MANUAL



4. Addvtothe end of the partial route.
5. Gotostep 3.

6. If all vehicles have been used, the remaining visits are constrained to be unperformed. If
one of these visits must be performed, the goal fails.

This heuristic isimplemented asthe goal | | oNear est Depot Gener at e.

The following figure provides an example of the use of 1 | oNear est Depot Gener at e on
the example VRP with capacity constraints. The cost of this solution is 369.297.

Figure A.6  Sample solution using near est-to-depot heuristic

Nearest Addition Heuristic

The nearest addition heuristic is very similar to the nearest-to-depot heuristic just described.
It often gives better results because the visit added to the route is the one closer to the end of
the route, not the one closer to the depot.

IBM ILOG DISPATCHER — USER’'S MANUAL 435



A. Predefined First Solution Heuristics

436

For all vehicles:

1.
2.
3.

Denote the vehicle to be considered by w.
Start with a partial route consisting of the departure from the depot.

Find the visit vwhich is closest (that is, least costly to get to) to the end of the current
partial route of w. If it is not possible to find such a visit without violating constraints,
close the current partial route w, choose another empty vehicle and go to step 2. If no
empty vehicles exist, the godl fails.

Add v to the end of the partial route.
Goto step 3.

If al vehicles have been used, the remaining visits are constrained to be unperformed. If
one of these visits must be performed, the godl fails.

This heuristic isimplemented in Dispatcher asthe goal | | oNear est Addi ti onGener at e.

The following figure provides an example of the use of | | oNear est Addi ti onGener at e
on the example VRP with capacity constraints.The cost of this solution is 285.232.
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Figure A.7 Sample solution using nearest addition heuristic

Insertion Heuristic

Theinsertion heuristic works by inserting each visit (in the order they were created) at the
best possible place, in terms of cost.

1. Let al vehicles have empty routes.

2. LetL bethelist of unassigned visits.
3. TakeavisitvinL.
4

. Insert vin aroute at afeasible position where there will be the least increasein cost. If
thereis no feasible position, then the goal fails.

Removev from L.

o

6. If Lisnot empty, goto 3.
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This heuristic isimplemented in Dispatcher asthe goa 1| ol nserti onGener at e.

The following figure provides an example of the use of | | ol nserti onGener at e on the
example VRP with capacity constraints.The cost of this solution is 300.681.

Figure A.8 Sample solution using insertion heuristic
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Dispatcher offers avariety of predefined neighborhoods for use in improving a solution.
Each predefined neighborhood is explained in this appendix.

The heuristics that generate a first solution to a routing problem find a“good” feasible
solution very quickly. These first solutions can be further improved by using neighborhoods
to reduce the costs of the routes they find. The central idea of the neighborhood isto definea
set of solution changes, or deltas, that represent alternative moves that can be taken.
Neighborhoods are classified in three groups: those that modify only one route are known as
intra-route neighborhoods; those that make changes between routes are known as inter-route
neighborhoods; and those that change whether visits are performed or not. Interestingly
enough, the inter-route neighborhoods can sometimes be used to improve a single route and
thus become intra-route neighborhoods themsel ves.

The following predefined neighborhoods are provided by Dispatcher: Two-Opt, Or-Opt,
Relocate, Cross, Exchange, and several neighborhoods that change whether visits are
performed or not.

Note: If visit v2 is forced to follow immediately after visit vl because of a constraint, the
predefined neighborhoods will move the two visits vl and v2 as a unit, or a chain.
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Intra-Route Improvement: lloTwoOpt neighborhood

In aTwo-Opt neighborhood two arcsin asingle route are cut and reconnected to improve the
total cost of the route, as follows:

1. Takeaninitia route.

2. Removetwo arcsfrom the route, and try the other possible reconnecting of the remaining
parts of the route.

3. If the cost has been reduced and if all constraints are satisfied, go back to Step 2.

4. End.

With this neighborhood, directional flows between visits may be reversed. The presence of
tight time constraints can therefore decrease its effectiveness. Two-Opt isimplemented by
the function I | oTwoOpt .

Thefollowing figureillustrates this process. Here, we assume that the cost is proportional to
the length of the route. The move eliminates the crossing by destroying two arcs and creating
two new arcs. The resulting route is shorter, and thus less costly.

6—.@/0\0

FigureB.1 Using a Two-Opt neighborhood

Intra-Route Improvement: lloOrOpt neighborhood

In an Or-Opt neighborhood segments of visits in the same route are relocated.

IBM ILOG DISPATCHER — USER’S MANUAL



1. Start with aninitia route.
Move parts composed of one visit elsewhere in the route.

If the cost has been reduced and if all constraints are satisfied, go back to Step 2.

A w0 DN

When all such moves have been tested, try moving parts of the route composed of two
consecutive visits.

5. After testing all moves of parts composed of two consecutive visits, try moving parts of
the route composed of three consecutive visits.

Or-Opt isimplemented by the function | | oOr Opt .

The following figure illustrates the process. Here, the cost is assumed to be proportional to
the length of the route. The move eliminates the crossing by destroying three arcs and
creating three new arcs. The resulting route is shorter, and thus less costly.

@

e-_O/O

<

FigureB.2 Using an Or-Opt neighborhood

Inter-Route Improvement: lloRelocate neighborhood

In arelocate neighborhood a visit isinserted in another routeif al constraints—such as
capacity and time—are till satisfied. This method can be generalized if more than one visit
of arouteis moved at the same time. When pairs of visits are moved, the neighborhood is
useful for optimizing problems such as the Pickup-and-Delivery Problem (PDP). Relocateis
implemented by the function | | oRel ocat e.
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The following figure shows the process. Here, we assume that the cost is proportional to the
length of the route. The move destroysthree arcs and creates three new arcs. Asaresult total
travel distance, and thus cost, isless.

FigureB.3 Using a Relocate neighborhood

Thefunction | | oFPRel ocat e returns aneighborhood that modifies a solution by relocating
individual visitsto anew position in another route. Thisfunctionissimilartol | oRel ocat e
for PDP problems, except that it explores more options for the delivery component of a
pickup- delivery pair that is being relocated. For example, consider two pairs of pickup-
delivery visits: p1-dl and p2-d2. I | oRel ocat e would try to move p2 after pl and d2
immediately after d1. 1 | oFPRel ocat e would try to move p2 after p1, and then try to locate
d2 at every position after d1. Thus, this neighborhood is potentially larger than that created
by I | oRel ocate.

Inter-Route Improvement: lloCross neighborhood

In across neighborhood the ends of two routes are exchanged: the first part of route A is
connected to the last part (end) of route B and the first part of route B is connected to the last
part (end) of route A. Cross isimplemented by the function | | oCr oss.
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The following figure illustrates the process. The cost is assumed to be proportional to the
length of the route. The move eliminates the crossing by destroying two arcs and creating
two new arcs. The resulting routes are shorter, and thus less costly.

Q0

e o,

FigureB.4 Using a Cross neighborhood

Inter-Route Improvement: lloExchange neighborhood

In an exchange neighborhood, two visits of two different routes swap placesif all constraints
are still satisfied. This method can be generalized if more than one visit of arouteis
exchanged at the same time. When apair of visitsis exchanged, this neighborhood is useful
for optimizing problems such as the Pickup-and-Delivery Problem (PDP). Exchangeis
implemented by the function | | oExchange.

Thefollowing figure shows the process. The cost is assumed to be proportional to the length
of the route. The move eliminates the crossings by destroying four arcs and creating four
new arcs. The resulting routes are shorter, and thus less costly.
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FigureB.5 Using an Exchange neighborhood

Other neighborhoods

Dispatcher provides predefined neighborhoods that change whether avisit is performed or
not.

Thefunction | | oMakePer f or med returns a neighborhood that modifies a solution by
inserting an unperformed visit after a performed one. The function

I 1 oMakePer f or nedPai r returns a neighborhood that modifies a solution by making an
unperformed visit pair performed. For each vehicle route in which the pair isinserted, every
combination of positions for the two visitswill betried. This behavior is different from the
one of I | omMakePer f or ned which will only try to move the pair immediately after a
performed pair of visits.

Thefunction I | oMakeUnper f or med returns a neighborhood that modifies a solution by
causing a performed visit to be unperformed.

The function I | oSwapPer f or mreturns a neighborhood that modifies a solution by
exchanging a performed visit with an unperformed one.
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Predefined Search Heuristics and
Metaheuristics

Before reading this appendix, you should read the IBM® ILOG® Solver User’s Manual
chapter on local search. Dispatcher uses Solver’'s basic local search facilities, while defining
its own neighborhoods and metaheuristics.

Basic Search Heuristics

Basic heuristics are those which accept only new routing plansthat strictly decrease the cost.
For Dispatcher, these comprise two search methods, first accept and best accept. First accept
search takes any legal cost decreasing move (the first one encountered), whereas best accept
search takes the legal move from the neighborhood that decreases cost by the greatest
amount. Both searches continue to take such moves until the neighborhood contains no legal
cost-reducing moves. This point is usually termed alocal minimum (under the assumption
that you are minimizing the objective), as all neighborhood moves are “uphill.” The word
“local” isused to signify that this point is not guaranteed (and in fact is not usually) a global
minimum.

Although the above description entails making improving moves until alocal minimum is
reached, the local search methods provided by Solver are completely open in the sense that
control isreturned to user code after each move has been made. Therefore, local search can
be stopped at any point along the way should alimit (such astime) be exhausted, or an
external event occur requiring the optimization to stop.
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First Accept Search

This method accepts any legal improving move and so is not too expensive in terms of
computational cost. Thus, it is preferred when the problem is very large or an optimized
solution isrequired as quickly as possible. Dispatcher code to implement afirst accept
search is shown below. We assumean | | oDi spat cher (di spat cher),

Il oRout i ngSol uti on (sol ution), |l oEnv (env),and! | oSol ver (sol ver) are
aready defined.

The following code creates a goal that instantiates the cost to its minimum value
(Dispatcher’s constraints only provide alower bound on the cost) and a neighborhood
composed of three basic routing neighborhoods (relocate, exchange, and 2-opt).

Il oGoal instCost = Il oD chotom ze(env, dispatcher.getCostVar(), |l oFalse);
I | oNHood nhood = Il oRel ocate(env) + Il oExchange(env) + Il oTwoQpt (env);

A greedy heuristic (which alows only improvementsin the objective) called | | ol nprove is
used to reject all degrading moves. Thel | 0Si ngl eMbve goal is used to construct a move.
As no search selector is passed to it, the first legal move reducing cost results. The

i nst Cost goal is executed just before testing each move.

Il oMet aHeuristic inprove = |l ol nprove(env);
Il oGoal nove = Il 0Singl eMove(env, solution, nhood, inprove, instCost);

Then aloop is entered, where moves are accepted until no more legal improving ones exist.
Finally, the improved solution is moved to Dispatcher’s model using the
Il oRest or eSol uti on goal.

whi |l e (sol ver. sol ve(nove));
sol ver. sol ve(l | oRest oreSol uti on(env, solution));

Best Accept Search

This method accepts the most profitable (in terms of cost) legal improving move and so is
more expensive in terms of computational cost than the first accept method just described.
For some problems, however, the results can be better than those provided by first accept.
You should experiment on your own problem to find the best fit.

In terms of code, performing a best accept search is very much like afirst accept search
except that a selector ispassed to | | 0Si ngl eMove to select the best neighborhood move.
Code for implementing a best accept search is shown below:

Il oGoal instCost = Il oD chotom ze(env, dispatcher.getCostVar(), |l oFalse);

I | oNHood nhood = Il oRel ocate(env) + Il oExchange(env) + Il oTwoQpt (env);

|| oMet aHeuristic inprove = |l ol nprove(env);

Il oSear chSel ector sel Best = |l oM ni m zeVar (env, dispatcher.getCostVar());

Il oGoal nove = |l 0Singl eMove(env, solution, nhood, inprove, selBest, instCost);
whi |l e (sol ver. sol ve(nove));

sol ver. sol ve(Il | oRest oreSol ution(env, solution));
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MetaHeuristics

The basic search heuristics (which usel | ol npr ove) terminate when no cost-reducing
move can be found, at alocal minimum. However, in many cases we would like to go on
searching, hoping to find better solutions than the one at the current local minimum. To do
this, we need to allow neighborhood moves that degrade the current solution to allow the
search to move from the current position. However, the ways in which degrading moves are
accepted must be carefully controlled to prevent the search from moving to very poor
solutions. This more subtle control is provided by what we term metaheuristics.

Dispatcher provides two basic metaheuristics specialized for routing problems. The first of
these is atabu search metaheuristic and the second one is based on guided local search.
Various search mechanisms can be created depending upon the way in which these two basic
metaheuristics are combined with search selectors. Tabu search and guided local search can
also be combined to produce a hybrid, which might be termed guided tabu search.

The following sections detail ways to generate different search methods using the
metaheuristics provided with Dispatcher.

Tabu Search Metaheuristic

A detailed description of the operation of Dispatcher’s tabu search metaheuristic is given in
the IBM ILOG Dispatcher Reference Manual. Here, we give a brief description of its
operation.

Objects of the class| | oDi spat cher TabuSear ch alow degrading moves to be accepted
by the local search process and attempt to avoid moving the search cycle to placesit has
previously been. To prevent cycling, a metaheuristic could, of course, store every solution it
had visited and forbid areturn to any such point. However this has a significant memory
burden. Therefore, | | oDi spat cher TabuSear ch uses the popular technique of the tabu
list. Thetabu listisalist of “features’ of a solution that are forbidden, or alternatively, that
must be present. Features are added and dropped from alist when a neighborhood moveis
made.

In Dispatcher, the features are the arcs of the current solution, and two tabu lists are
maintained, one that dictates which arcs must not be part of any new solution, and the other
that dictates which arcs must be part of any new solution. By maintaining finite lists, tabu
search is encouraged to explore solutions with different arcs. The length of time afeature
remains on alist (the tenure) isimportant and affects how driven the search isto avoid
solutions which resemble previous ones. Thisis a parameter of

I 1 oDi spat cher TabuSear ch, and can be altered dynamically during the search process.

Another aspect of I | oDi spat cher TabuSear ch isthe aspiration criterion, which allows a
neighborhood move to be accepted despite being tabu. The purpose of the aspiration
criterion isto prevent the search from being overly inhibited by the tabu process. The
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aspiration criterionin | | oDi spat cher TabuSear ch makesit possible to accept any move
that improves on the best cost found so far.

Guided Local Search Metaheuristic

Guided local search is an alternative to tabu search for allowing the search process to move
out of local minima. Asin tabu search, how the search can move around isrestricted. Guided
local search works by making a series of greedy searches, each to alocal minimum.
However, it reduces adifferent cost function from the original. If the original cost functionis
represented by ¢, then guided local search attempts to reduce the cost c+wp, wherep isa
penalty term that is adjusted every time alocal minimum isreached, and w isa constant. So,
in essence, guided local search triesto minimize acombination of the true cost and a penalty
term. The weighting constant w is an important search parameter that determines how
important the penalty term is with respect to the true cost.

Guided local search is constructed so that the penalty term is higher when the search moves
to solutions that resemble previous ones, and in this senseit issimilar to tabu search. Thisis
done by recording certain arcs as “bad” each time alocal minimum is reached. When these
arcs appear in a solution, the penalty term isincreased. Guided local search determines
which arcs are bad based upon the cost of the arc in the solution and how often that arc has
previously appeared at local minima. More complete details of the operation of guided local
search are given in the IBM ILOG Dispatcher Reference Manual.

Using Metaheuristics In Search

The tabu search metaheuristic and the guided local search metaheuristic described above are
implemented by the classes| | oDi spat cher TabuSear ch and | | oDi spat cher GLS.

I'l ol npr ove can be used to create both first and best accept search strategies depending on
the choice of search selector used. Similarly, tabu and guided local search can be combined
with selectors (and even each other), to produced various types of metaheuristic search
strategies for Dispatcher.

Some templates for search strategies using these two metaheuristics are presented in the
following sections. You, however, are free to implement more complex strategies. For
example, maintaining a set of good solutions found during search, and occasionally
restarting search from one of these can be an effective technique.

The following are several variations on atheme for performing search, although since they
arelargely similar, only thefirst is presented in detail.

Tabu Search

A basic tabu search processusesthe | | oDi spat cher TabuSear ch metaheuristic and takes
the best move at each iteration. However, the tabu search metaheuristic is not well suited for
taking the first move at each step, as search can move very quickly to poor quality areas of
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the search space. The following code shows how you might implement afunction to perform
such atabu search process. In this code, the tabu tenure is varied during search, which can
cut down on the search moving in cycles around the same area.

voi d RoutingSol ver: :inproveWthTabu() {
_nhood. reset ();

I'l oRouti ngSol ution rsol = _sol ution. maked one(_env);
I'l oRouti ngSol uti on best = _sol uti on. maked one(_env);
I'| oDi spat cher TabuSear ch dts(_env, 12);
Il oSearchSel ector sel = Il oM nim zeVar(_env, _cost);
Il oGoal nmove = Il 0Singl eMove(_env, rsol, _nhood, dts, sel, _instantiateCost);
nove = nove && || oStoreBest Sol ution(_env, best);
for (llolnt i =0; i < 150; i++) {
if (i == 70) dts.setTenure(20);
if (i == 85) dts.setTenure(5);
if (i == 105) dts.setTenure(12);
if (_solver.solve(nove))
_solver.out() << "Cost =" << _solver.getMax(_cost) << endl;
el se

if (dts.conplete()) break;

_sol ver. sol ve(_restoreSol ution);
rsol . end();

best . end();

dts.end();

The function resets the neighborhood and set up the various objects used in the search.
Resetting Dispatcher’s neighborhoods (and indeed metaheuristics) is always recommended
before starting a new search, as neighborhoods and metaheuristics maintain internal data
structures which are well defined within asingle search, but not if search isrestarted from an
arbitrary point. Asyou are creating the tabu search metaheuristic, there is no need to reset it,
but the neighborhood is passed here, and so areset is performed.

Two duplicates are made of the current solution—one to be used during search and one to
store the best solution found during search. Thefirst is made as you do not wish to change
the solution passed, only to present the improved solution on return from the function. The
second is made because with search methods that can accept cost degrading moves, the best
solution found is not necessarily the current solution.

The tabu search metaheuristic is created with an initial tenure of 12 moves.

The goal to make a single moveis constructed using I | 0Si ngl eMbve. Then, a secondary
goal (Il oSt or eBest Sol ut i on) is attached that stores the new solution as the best one if
its cost is better than the previous best.

The optimization loop is then entered, making up to a maximum of 150 moves, or stopping
when no move could be made and the metaheuristic returns| | oTr ue fromitsconpl et e
method.

The tenure can be dynamically changed during search, and thisis demonstrated by changing
its value after certain numbers of iterations. Other techniques you can use are to change the
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tenure to arandom value in arange every so many iterations, or to perform such a change
after a certain number of iterations without improvement to the best solution found.

Finally, the best solution is restored, and the memory for the temporary solutions reclaimed
by using 1| oSol uti on: :end().

The following figure shows an example of the variation of the cost using such atabu search
on aVRP. The x-axis represents the number of iterations performed.The y-axis represents
the value of the cost. The dashed line represents the best cost found so far for agiven
iteration, while the solid line represents the current cost function. From this figure, you can
see the basic descent during the first iterations (when the dashed line is overlapped by the
solid line), then degrading moves are used to explore the search space and eventually
improve the best solution.
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FigureC.1 Cost Variation: Using Tabu Search on a VRP

Guided Local Search

There are two basic types of search that can be performed using the guided local search
(GLS) metaheuristic, depending upon which type of search selector is used to choose the
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neighborhood move. You can choose the best legal move at each stage, resulting in the code
shown below:

voi d RoutingSol ver: :inmproveWthGS() {
_nhood. reset ();

I'l oRouti ngSol ution rsol = _sol ution. maked one(_env);

I'l oRouti ngSol uti on best = _sol uti on. maked one(_env);

Il oDi spat cher &S dgl s(_env, 0.2);

Il oSearchSel ector sel = Il oM nim zeVar(_env, dgls.getPenalizedCostVar());
Il oGoal nmove = Il 0Singl eMove(_env, rsol, _nhood, dgls, sel,

_instantiateCost);
nmove = nove && || oStoreBest Sol ution(_env, best);
I | oCoupl e(_nhood, dgls);

for (llolnt i =0; i < 150; i++) {
if (_solver.solve(nove))
_solver.out() << "Cost =" << _solver.getMax(_cost) << endl;
el se {
_solver.out() << "---" << endl;

if (dgls.conplete()) break;

}
I I oDecoupl e(_nhood, dgls);

Il oGoal restoreSolution = Il oRestoreSol ution(_env, best) &% _instanti ateCost;
_sol ver.sol ve(restoreSol ution);

rsol . end();

best. end();

dgl s. end();

There are two peculiarities which are markedly different from the previous tabu search
example. Thefirst arethe lines of code using I | oCoupl e and | | oDecoupl e. These
functions connect (and disconnect) a neighborhood to a metaheuristic. The neighborhood
must be coupled to an instance of | | oDi spat cher GLS otherwisean | | oExcept i on is
thrown when you try to use the instance in the search.

The following figure showsthe variation of the cost using GL S on the same VRP asthe Tabu
Search example. The x-axis represents the number of iterations performed. The y-axis
represents the value of the cost. The dashed line represents the best cost found so far for a
given iteration, whilethe solid line represents the current cost function. From thisfigure, you
can see the basic descent during the first iterations (when the dashed line is overlapped by
the solid line), then degrading moves being used to explore the search space and eventually
improve the best solution. What can be seen from thisfigure is that the “jumps’ of the GLS
metaheuristic are much larger than those of the basic Tabu Search. Thisis the consequence
of the long-term memory feature of GLS. On this example also, GL S gives better results
than Tabu Search.
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FigureC.2 Cost Variation: Using GLSon a VRP

Guided Tabu Search

Simple Tabu Search and Guided Local Search can be mixed together. Arcs present in the
solution are penalized just aswith GLS, while atabu list is handled just asin tabu search.
Therefore, the short-term memory feature of simple tabu search is enhanced with along-
term memory, acting as a diversifying scheme.This resultsin a very effective metaheuristic,
that can often produce good quality solutions in much fewer iterations than either smple
Guided Loca Search or Tabu Search.
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