
        
            
                
            
        

    
    


  [image: ]


   


   


  Object-Oriented Software Design in C++


   


  Ronald Mak


   


   


  To comment go to liveBook


   


   


  [image: ]


  Manning


  Shelter Island


   


  For more information on this and other Manning titles go to


  www.manning.com


   


  Copyright


  For online information and ordering of these  and other Manning books, please visit www.manning.com. The publisher offers discounts on these books when ordered in quantity.


  For more information, please contact


    


  Special Sales Department


  Manning Publications Co.


  20 Baldwin Road


  PO Box 761


  Shelter Island, NY 11964


  Email: orders@manning.com


    


  ©2024 by Manning Publications Co. All rights reserved.


    


  No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by means electronic, mechanical, photocopying, or otherwise, without prior written permission of the publisher.


  Many of the designations used by manufacturers and sellers to distinguish their products are claimed as trademarks. Where those designations appear in the book, and Manning Publications was aware of a trademark claim, the designations have been printed in initial caps or all caps.


  ♾ Recognizing the importance of preserving what has been written, it is Manning’s policy to have the books we publish printed on acid-free paper, and we exert our best efforts to that end. Recognizing also our responsibility to conserve the resources of our planet, Manning books are printed on paper that is at least 15 percent recycled and processed without the use of elemental chlorine.


   


  
    
      
      
    

    
      
        	
          [image: ]    

        

        	
          Manning Publications Co.


          20 Baldwin Road Technical


          PO Box 761


          Shelter Island, NY 11964

        
      

    
  


    


  
    
      
      
    

    
      
        	
          Development editor:  

        

        	
          Marina Michaels

        
      


      
        	
          Technical development editor:  

        

        	
          Arthur Zubarev

        
      


      
        	
          Review editor:  

        

        	
          Aleksandar Dragosavljević

        
      


      
        	
          Production editor:  

        

        	
          Andy Marinkovich

        
      


      
        	
          Copy editor:  

        

        	
          Lana Todorovic-Arndt

        
      


      
        	
          Proofreader:  

        

        	
          Jason Everett

        
      


      
        	
          Technical proofreader:  

        

        	
          Juan Rufes

        
      


      
        	
          Typesetter:  

        

        	
          Tamara Švelić Sabljić

        
      


      
        	
          Cover designer:  

        

        	
          Marija Tudor

        
      

    
  


    


    


  ISBN: 9781633439504


  contents


    


          Front matter


  preface


  acknowledgments


  about this book


  about the author


  about the cover illustration


    


  Part 1.  Introduction


    1   The path to well-designed software


    1.1   What is software design?


    1.2   What you will learn from this book


    1.3   The benefits of good software design


    1.4   A few design examples


  Leaking changes


  Code that’s too complex


  Inflexible code


  Surprise!


  Common architecture problems


    1.5   Make sure we’re going to build the right application; then, build it right


    1.6   Good design doesn’t come easily


    1.7   Change and complexity are the enemies of good design


    1.8   Design with object-oriented programming concepts


    2   Iterate to achieve good design


    2.1   Good application design requires an iterative process


    2.2   Don’t let changes leak out


    2.3   Iterate to achieve good design


  Iteration 1: Initial cohesive classes


  Iteration 2: Encapsulation, delegation, and loose coupling


  Iteration 3: More kinds of books and their attributes


  Iteration 4: A better design after backtracking


  Part 2.  Design the right application


    3   Get requirements to build the right application


    3.1   The overture to application design


    3.2   Functional requirements: What must the application do?


    3.3   Nonfunctional requirements: Constraints on the application


    3.4   What are good requirements?


    3.5   How to get requirements


  A short requirements case study


  Stated and implied requirements


    3.6   Unified Modeling Language diagrams for creating and documenting design


    3.7   Use cases provide context for the requirements


  UML use case diagram


  Use case description


    3.8   The functional specification and software validation


    3.9   Where do classes come from?


  Textual analysis: Nouns can become classes


  Textual analysis: Verbs can become member functions


    4Good class design to build the application right


    4.1   When do we do application design?


    4.2   Two important goals for good class design


  Cohesion and the Single Responsibility Principle


  Loose coupling and the Principle of Least Knowledge


    4.3   UML class diagrams to document class design


    4.4   Class relationships determine runtime interactions


  Dependency: The most basic relationship


  Aggregation and composition: Objects that contain other objects


  Generalization: Superclasses and their subclasses


  Abstract classes and interfaces: What subclasses must implement


    4.5   UML state diagram: How an object changes state


    4.6   UML sequence diagram: How objects interact [optional]


    4.7   The design specification and software verification


  Part 3.  Design the application right


    5   Hide class implementations


    5.1   The Principle of Least Knowledge and hidden implementations


    5.2   Public getter and setter functions access hidden implementation selectively


    5.3   Class Date: An example of implementation hiding


  Iteration 1: Date arithmetic with loops


  Iteration 2: Julian day numbers simplify date arithmetic


  Iteration 3: A hybrid approach with lazy evaluation


    5.4   Public setter functions carefully modify hidden implementation


    5.5   Beware of dangerous setter functions


    5.6   Rules from the Law of Demeter


    5.7   But is the implementation really hidden?


    5.8   The Open-Closed Principle supports code stability


    6   Don’t surprise your users


    6.1   No surprises and the Principle of Least Astonishment


  Off-by-one errors


  Misnamed functions can mislead their callers


    6.2   Poor performance is an unwelcome surprise


  Bad design can cause unexpected performance problems


  The vexatious performance of C++ vectors


    6.3   Programming by Contract helps to eliminate surprises [optional]


  Programming a circular buffer by contract


  Precondition: What must be true before calling a function


  Postcondition: What must be true after returning from a function


  Class invariant: What must remain true of object states


    7   Design subclasses right


    7.1   When to use function overriding or overloading


  Override superclass member functions to get subclass behavior


  Overload functions that have similar or equivalent behaviors


    7.2   The Liskov Substitution Principle and proper subclasses


    7.3   Choosing the is-a and has-a relationships


    7.4   Use a factory function with the Code to the Interface Principle


    7.5   Programming by Contract with subclasses [optional]


  Part 4.  Design patterns solve application architecture problems


    The benefits of design patterns


    Explaining the design patterns


    The sports examples


    8   The Template Method and Strategy Design Patterns


    8.1   The Template Method Design Pattern defines the steps of an algorithm


  Desired design features


  Before using the Template Method Design Pattern


  After using the Template Method Design Pattern


  Template Method’s generic model


    8.2   The Strategy Design Pattern encapsulates algorithms


  Desired design features


  Before using the Strategy Design Pattern


  After using the Strategy Design Pattern


  Strategy’s generic model


    8.3   Choose between Template Method and Strategy


    9   The Factory Method and Abstract Factory Design Patterns


    9.1   The Factory Method Design Pattern lets subclasses create objects


  Desired design features


  Before using the Factory MethodDesign Pattern


  After using the Factory Method Design Pattern


  Factory Method’s generic model


    9.2   The Abstract Factory Design Pattern creates families of objects


  Before using the Abstract Factory Design Pattern


  After using the Abstract Factory Design Pattern


  Abstract Factory’s generic model


  10   The Adapter and Façade Design Patterns


  10.1   The Adapter Design Pattern integrates code


  Desired design features


  Before using the Adapter Design Pattern


  After using the Adapter Design Pattern


  Adapter’s generic model


  An alternative Adapter Design Pattern model


  10.2   The Façade Design Pattern hides a subsystem of interfaces


  Desired design features


  Before using the Façade Design Pattern


  After using the Façade Design Pattern


  Façade’s generic model


  11   The Iterator and Visitor Design Patterns


  11.1   The Iterator Design Pattern encapsulates iterating over different sequential collections


  Desired design features


  Before using the Iterator Design Pattern


  After using the Iterator Design Pattern


  Iterator’s generic model


  11.2   The Visitor Design Pattern encapsulates different algorithms that operate on a data collection


  Desired design features


  Before using the Visitor Design Pattern


  11.3   After using the Visitor Design Pattern


  Visitor’s generic model


  12   The Observer Design Pattern


  12.1   The Observer Design Pattern represents the publisher–subscriber model


  Desired design features


  Before using the Observer Design Pattern


  After using the Observer Design Pattern


  The Observer’s generic model


  13   The State Design Pattern


  13.1   The State Design Pattern models state transitions


  Desired design features


  Before using the State Design Pattern


  After using the State Design Pattern


  State’s generic model


  14   The Singleton, Composite, and Decorator Design Patterns


  14.1   The Singleton Design Pattern ensures a class has only one object


  Desired design features


  Before using the Singleton Design Pattern


  After using the Singleton Design Pattern


  Singleton’s generic model


  14.2   The Composite Design Pattern treats individual and composite objects uniformly


  Desired design features


  Before using the Composite Design Pattern


  After using the Composite Design Pattern


  Composite’s generic model


  14.3   The Decorator Design Pattern dynamically adds object responsibilities


  Desired design features


  Before using the Decorator Design Pattern


  After using the Decorator Design Pattern


  Decorator’s generic model


  Part 5.  Additional Design Techniques


  15   Designing solutions with recursion and backtracking


  15.1   Recursion compared to the for loop


  15.2   Finding the largest value by recursion


  15.3   Reversing a vector by recursion


  15.4   Solve the Towers of Hanoi puzzle by recursion


  15.5   Recursive algorithms for a binary search tree


  Inserting into a BST with recursion


  Printing a BST with recursion


  Removing all the nodes of a BST with recursion


  15.6   Quicksort an array with recursion


  Quicksort in action


  Partitioning an array into subarrays


  Quicksort implementation


  15.7   The Fibonacci sequence and a recursion disaster


  15.8   Dynamic backtracking increases the power of recursion


  15.9   Solving the eight queens puzzle with recursion and backtracking


  15.10 Solving Sudoku puzzles with recursion and backtracking


  16   Designing multithreaded programs


  16.1   How do things happen simultaneously?


  16.2   A mutex enforces mutual exclusion


  Protect the integrity of a shared resource


  The classic reader–writer problem


  16.3   Condition variables synchronize threads


  How condition variables synchronize threads


  The classic producer–consumer problem


  16.4   A final note on multithreading


    


         index


  front matter


  preface


  The goal of this book is to make you a better programmer.


  I wrote the book to pass on what I’ve learned from decades of professional software development and teaching. I’ve studied, lived, worked, and taught in Silicon Valley my entire adult life. I’ve held senior engineering positions at established computer companies and at several startups. I’ve developed advanced software at IBM Research and at the Lawrence Livermore National Laboratory, and I was a senior scientist at NASA and JPL. I’ve taught software development at both the undergraduate and graduate levels at several universities, including San Jose State University, which supplies Silicon Valley with more engineers than any other school.


  Working with students and junior programmers has taught me that it’s important to practice good software design before bad habits set in. As students, we inadvertently learn run and done: as soon as an assigned program runs successfully, it’s done! After we turn it in, we may never have to see it again, so good design concepts, such as maintainability, are immaterial. We must unlearn that mentality to have a successful career as software developers.


  I am well aware of the pressures to get an application done on time and under budget. Therefore, in this book, I also teach an iterative, incremental approach to software development. If we can’t reach the last iteration and complete the product due to an upcoming deadline, we want the results of the next-to-last iteration (or the next-to-the-next-to-the-last iteration) to produce an MVP (minimum viable product). Hopefully, there will be the next release of the product to clean up design problems and add more features.


  Experience is the best teacher


  In addition to studying the examples in this book, what is the key to becoming a top-tier programmer? It’s practice, practice, practice! I hope the saying “Experience is the best teacher” applies both to you as a software developer and to me as the teacher and writer.
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  about this book


  I sincerely hope software developers will benefit from this book. Developing an application involves gathering and analyzing requirements, applying good design principles, and, wherever it’s appropriate, modeling the code after design patterns. The organization of the book follows that progression.


  Who should read this book?


  This book is for you if you want to become a top-tier programmer who can develop well-designed applications that meet their requirements and are more reliable, flexible, and maintainable. Well-designed applications are more bug free, and they can cost less to produce and perform better at run time. We’ll tackle the enemies of good software design: change and complexity. You’ll be proud of the applications you design and develop. You will get most out of this book if you are at least a beginning C++ programmer and understand the basics of object-oriented programming.


  How this book is organized: A roadmap


  The book has 16 chapters organized into five parts. Part 1, “Introduction,” introduces software design and a development methodology:


  
    	
      Chapter 1 discusses what software design is and includes several design examples.

    


    	
      Chapter 2 shows iterative development to achieve good design.

    

  


  Part 2, “Design the right application,” discusses requirements and good class design:


  
    	
      Chapter 3 explains how to analyze requirements, and it introduces UML diagrams.

    


    	
      Chapter 4 is about good class design.

    

  


  Part 3, “Design the application right,” contains examples of good design principles such as encapsulation, loose coupling, coding to the interface, and hiding implementations:


  
    	
      Chapter 5 explains why it’s important to hide the implementations of classes.

    


    	
      Chapter 6 explains why we shouldn’t write code that surprises its users.

    


    	
      Chapter 7 is about how to design subclasses right.

    

  


  Part 4, “Design patterns solve application architecture problems,” shows how to apply industry-proven design patterns:


  
    	
      Chapter 8 is about the Template Method and Strategy Design Patterns.

    


    	
      Chapter 9 is about the Factory Method and Abstract Factory Design Patterns.

    


    	
      Chapter 10 is about the Adapter and Façade Design Patterns.

    


    	
      Chapter 11 is about the Iterator and Visitor Design Patterns.

    


    	
      Chapter 12 is about the Observer Design Pattern.

    


    	
      Chapter 13 is about the State Design Pattern.

    


    	
      Chapter 14 is about the Singleton, Composite, and Decorator Design Patterns.

    

  


  Part 5, “Additional design techniques,” examines recursion, backtracking, and multithreading:


  
    	
      Chapter 15 is about designing solutions with recursion and backtracking.

    


    	
      Chapter 16 is about multithreaded programs.

    

  


  I designed the book to be read in order, especially parts 1 through 4. Specifically, chapters in part 4 refer to material covered by chapters in parts 2 and 3. Good software design is not simply using some prescribed coding techniques here or there, but rather, the design principles and patterns build upon and cooperate with each other.


  A few chapter sections are marked as optional. I included them for completeness and because their topics are interesting. However, those sections are not required to understand the rest of the book.


  About the code


  Students (and readers) learn best with lots of examples. Therefore, I’ve included many examples of poorly designed programs with explanations of why they’re bad and how to transform them to well-designed programs.


  The example programs in this book use the 2017 version of C++, although you can compile and run nearly all of them with earlier versions of the language. Each chapter, except chapter 3, has example programs. The programs employ a limited set of C++ features so that the design concepts are clear and allow you to apply the concepts to other object-oriented languages.


  C++ is a very popular but complex programming language. It was derived from the C language, commonly used for low-level systems programming, but it is also used for high-level application development. The language retains many somewhat fussy features, designed to help the compiler generate more optimized code and to keep programmers on the straight and narrow. I didn’t want to go overboard with such features. An example is the keyword const whose usage is very overloaded and can be quite confusing. In my examples, I tried to use const and other language features in a straightforward and consistent manner.


  This book contains source code both in numbered listings and in line with normal text. In both cases, source code is formatted in a fixed-width font like this to separate it from ordinary text. Sometimes, code is also in bold to highlight code that has changed from previous steps in the chapter, such as when a new feature adds to an existing line of code.


  In many cases, the original source code has been reformatted: added line breaks and reworked indentation accommodate the available page space in the book. In rare cases, even this was not enough, and listings include line-continuation markers (➥). Additionally, comments in the source code have often been removed from the listings when the code is described in the text. Code annotations accompany many of the listings, highlighting important concepts.


  You can get executable snippets of code from the liveBook (online) version of this book at https://livebook.manning.com/book/object-oriented-software-design-in-c-plus-plus. The complete code for the examples in the book is available for download from the Manning website at https://www.manning.com/books/object-oriented-software-design-in-c-plus-plus, and from GitHub at https://github.com/RonMakBooks/SoftwareDesignCpp. There you’ll find instructions on how to compile and run the programs on the Linux, macOS, and Microsoft Windows platforms. As a bonus, you’ll also find slide decks for presenting lectures based on the book’s chapters.


  liveBook discussion forum


  Purchase of Object-Oriented Software Design in C++ includes free access to liveBook, Manning’s online reading platform. Using liveBook’s exclusive discussion features, you can attach comments to the book globally or to specific sections or paragraphs. It’s a snap to make notes for yourself, ask and answer technical questions, and receive help from the author and other users. To access the forum, go to https://livebook.manning.com/book/object-oriented-software-design-in-c-plus-plus/discussion. You can also learn more about Manning’s forums and the rules of conduct at https://livebook.manning.com/discussion.


  Manning’s commitment to our readers is to provide a venue where a meaningful dialogue between individual readers and between readers and the author can take place. It is not a commitment to any specific amount of participation on the part of the author, whose contribution to the forum remains voluntary (and unpaid). We suggest you try asking the author some challenging questions lest their interest stray! The forum and the archives of previous discussions will be accessible from the publisher’s website for as long as the book is in print.
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  Part 1. Introduction


  A well-designed sustainable application should be the goal of every software development project. Passionate programmers want to use their object-oriented skills and apply good software design principles and industry-proven design patterns to build applications that are flexible, reliable, and maintainable. Well-designed software can be developed faster and pass their tests sooner. Let’s escape from the run-and-done mentality! We all want to be proud of the applications we’ve built.


  The development journey to a well-designed application is rarely straightforward. A proven way to achieve success is with a journey of design–code–test iterations. Along the way, we may have to backtrack due to erroneous design decision and redo some iterations. The journey becomes easier as we gain experience by encountering coding situations that good design principles can improve and recognizing software architecture problems that design patterns can solve.


  1 The path to well-designed software


  This chapter covers


  
    	The basics of software design


    	The benefits of good software design


    	How to analyze an application’s requirements to design the right application



    	How to apply good design techniques to develop the application right


  


  Well-designed programs do what they’re supposed to do. They are more reliable, flexible, and maintainable. Furthermore, they are more easily tested and are often completed sooner than poorly designed programs. Well-designed programs are simply better in many ways.


  To improve your software design skills, this book will teach you the principles and patterns that will enable you to develop well-designed sustainable applications. A sustainable application is an application that has a long life, and therefore, we want it to be reliable, flexible, and maintainable. Top-tier design skills are highly sought after by employers in today’s competitive job market. Your career requires that you know and apply good software design techniques.
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  This book will improve your software design skills by teaching object-oriented design principles and design patterns. Design principles help to improve the design of a few lines of code, a function, an entire class, or a set of classes that work together. Design patterns provide models for solving common software architecture problems. These are built on design principles.


  Achieving well-designed software is usually not a straightforward path. We first need to get the application’s requirements. Multiple development iterations are often necessary to achieve good design, possibly with some backtracking to recover from bad design decisions. A well-designed application evolves from hard work.


  To get the most out of this book, you should be at least a beginning to intermediate C++ programmer. You should be familiar with basic data structures and their algorithms, and you should understand object-oriented programming (OOP). Furthermore, you should be able to program well enough to write applications composed of multiple header (.h or .hpp) and implementation (.cpp) source files and be able to edit, compile, debug, and run them. 


  Because the techniques in this book for good design build on OOP concepts, we’ll review the concepts briefly at the end of this chapter.


  1.1 What is software design?


  Design is a disciplined engineering approach to creating a solution to a problem. For software developers, the solution is a successful application that meets its requirements. We practice disciplined software engineering by applying the design techniques covered in this book to find the best solution path from the requirements to a well-designed, sustainable application. These techniques include design principles that improve our code and design patterns that help solve common software architecture problems. 
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  Good design principles can help eliminate bad surprises where code doesn’t behave as expected or has poor performance. The principles help make our code more flexible and able to handle changes such as new requirements. Design patterns operate at a higher level of design and are built from the design principles. The patterns are industry-proven models for creating custom solutions to common software architecture problems.


  1.2 What you will learn from this book


  This book is for beginner to intermediate software developers who want to learn good software design skills. By using many before-good-design and after-good-design program examples, this book will teach you how to


  
    	
      Apply design principles to improve your code

    


    	
      Employ design patterns that are industry-proven models for solving common software architecture problems

    


    	
      Gather, validate, and analyze the requirements for an application to ensure that you write the right application and design it well

    


    	
      Develop a well-designed application iteratively and backtrack to recover from bad design decisions

    

  


  
    Learn by example


    We learn best by example. It’s not always very effective if someone simply tells us to use a certain design principle or design pattern. We want to see how and why the principle or pattern makes a program better. We’ll try to justify each one with example applications. “Before” and “after” programs will highlight the design improvements.

  


  This book’s program examples are in C++, a very popular language for developing applications. C++ is a very complex language with many features. So that we can concentrate on the design principles and design patterns, the program examples will use only basic features of the language. 


  NOTE The example programs in this book use the 2017 version of C++. 
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  1.3 The benefits of good software design


  A sustainable application has a lifespan during which it is deployed, successfully used by its customers, and continually maintained. New releases fix bugs and add new features as the application’s requirements evolve. Good software design reliably creates sustainable applications.


  NOTE Although an application may require multiple individual programs working cooperatively, each example application in this book is relatively short and simple to make it easy to see the techniques that it exemplifies. Therefore, we’ll often use the words application and program (referring to the program that implements the application) interchangeably.


  We want to go beyond quick hacks and the just-get-it-done-on-time-no-matter-what style of programming. Of course, there is nothing wrong with doing a quick hack whenever it’s appropriate. Sometimes, you need your computer to do something, and if a line or two of code or a short script will get it done, go for it!


  No one can argue against finishing an application on time. By designing an application well, we can often complete it faster. A well-designed application evolves in a systematic manner. It attains the minimum viable product (MVP) status sooner, where it passes tests and meets the minimum set of requirements. If necessary, an MVP can be deployed as the application’s first release. A well-designed application is easier to test, and it’s more flexible when you need to add features or make other changes. 


  Our goal is to create well-designed applications that meet their requirements, are completed on time, and are maintainable. Well-designed software


  
    	
      Meets its requirements—It does what it’s supposed to do.

    


    	
      Is reliable—It passes its tests and has fewer bugs.

    


    	
      Does what its users expect—When we call a function or create an object, we should not be surprised by its result.

    


    	
      Is efficient—Does not have hidden runtime performance problems.

    


    	
      Is flexible and scalable—When requirements change, it is easy to add new features without increasing the complexity of the software.

    


    	
      Enables collaboration—Developers can work together better and recover quicker from bad design decisions.

    


    	
      Is maintainable—Well-designed code is more understandable by future developers.

    


    	
      Uses good design techniques—Good design techniques can improve the software by, for example, simplifying code and removing repeated code.

    


    	
      Employs appropriate design patterns—Appropriate design patterns are industry-proven models for solving common software architecture problems.

    


    	
      Saves time and costs overall—Good design results in fewer mistakes and major do-overs during development. Any extra time spent upfront to do good design for a sustainable application will be compensated by decreased maintenance time and costs after deployment and potentially a longer lifespan.

    


    	
      Is better code—You can be proud to develop good code.
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  1.4 A few design examples


  Software design deals with many issues to improve our code. Here are a few illustrative examples. This book covers many more design problems.


  1.4.1 Leaking changes


  The bane of all programmers is making changes to one part of a program that then requires making changes to other parts. The changes may cascade to rewriting most, if not all, of the program. The following listing is an example Car class exhibiting this problem.


  Listing 1.1 (Program 1.1 Changes): Car.h (poorly designed)

  class Car
{
public:
    void step_on_brake();
    void insert_key();
    void turn_key();
    void step_on_accelerator();
};


  In listing 1.2, class Driver uses class Car.


  Listing 1.2 (Program 1.1 Changes): Driver.h (poorly designed)

  #include "Car.h"

class Driver
{
public:
    Driver(Car& c) : car(c) {}
    void start_car()
    {
        car.step_on_brake();
        car.insert_key();
        car.turn_key();
        car.step_on_accelerator();
    }
private:
    Car car;
};


  If we aim later for more modern cars, we replace

      void insert_key();
    void turn_key();


  with

      void press_start_button()


  In class Car, we would be forced to make changes to class Driver. The changes we make in class Car leaked into class Driver. As we’ll see in examples throughout this book, good software design helps to prevent such leaks by reducing dependencies among classes. 


  1.4.2 Code that’s too complex


  Class Automobile is complex because it tries to do too much. 


  Listing 1.3 (Program 1.2 Changes): Automobile.h (poorly designed)

  class AutomobileApp
{
public:
    void accelerate();
    void adjust_headlights();
    void apply_brakes();
    void change_oil();
    void change_tires();
    void check_brakes();
    void check_tires();
    void rotate_tires();
    void shut_off_engine();
    void start_engine();
    void tuneup_engine();
    void turn_left();
    void turn_right();
    void vacuum_car();
    void wash_car();
    void wax_car();
 
private:
    Brake brakes[4];
    Engine engine;
    Oil engine_oil;
    Direction heading;
    Headlight headlights[4];
    int speed;
    Soap soap;
    Tire tires[4];
    Vacuum vacuum_cleaner;
    CarWax wax;
};


  The examples throughout this book show ways to avoid this very common problem by designing each class to have only one major responsibility.


  Proliferation of classes is another way programs become too complex. Figure 1.1 illustrates how this can easily get out of hand.
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    Figure 1.1 A hierarchy of classes and subclasses. Does it have to be so complex? Good design techniques can simplify this data.

  


  Do we really need all those classes? Good design can help to eliminate unnecessary classes from a program. However, sometimes applying good design techniques means adding classes to make a program more flexible. We’ll see examples of both.
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  1.4.3 Inflexible code


  Suppose we have an application that has class Pet with two subclasses Cat and Dog.


  Listing 1.4 (Program 1.3 Inflexible): Pet.h

  class Pet
{
    // ...
};

class Cat : public Pet
{
    // ...
};

class Dog : public Pet
{
    // ...
};


  Further, let’s suppose that in another part of the application, we have the statement

      Cat *pet = new Cat();


  This statement is inflexible. What if later we need the variable pet to point to a pet Dog object? Or what if we added Hamster and Goldfish subclasses, and we wanted to refer to those types of pets? We would have to modify the source code containing the previous statement because we decided that we would only refer to a cat when we wrote the statement. This is known as hardcoding—we froze decisions when we wrote the code.


  We’ll see how good design techniques encourage us to write flexible code where decisions (such as which type of Pet object to refer to) can be made dynamically during run time.


  1.4.4 Surprise!


  If we write poorly designed code, that code may harbor nasty surprises for other programmers who use it, especially if the surprise is incorrect results. An example is the following Date class.


  Listing 1.5 (Program 1.4 Surprise): Date.h (poorly designed)

  #include <string>

using namespace std;

class Date
{
public:
    Date(int y, int m, int d) : year(y), month(m), day(d) {}
        
    string date_string() const
    {
        return MONTH_NAMES[month] + " "  + to_string(day)
                                  + ", " + to_string(year);
    }
        
private:
    const string MONTH_NAMES[12] =
    {
        "JAN", "FEB", "MAR", "APR", "MAY", "JUN",
        "JUL", "AUG", "SEP", "OCT", "NOV", "DEC"
    };
        
    int year, month, day;
};


  A test program creates and prints a date string in the following listing.


  Listing 1.6 (Program 1.4 Surprise): tester.cpp

  #include <iostream>
#include "Date.h"

using namespace std;

int main()
{
    Date date(2023, 9, 2);  // SEP 2, 2023
    cout << date.date_string() << endl;
 
    return 0;
}


  What date string does the program print?
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  As many of our example programs demonstrate in this book, a well-designed program does what it’s supposed to do and doesn’t have surprises.


  1.4.5 Common architecture problems


  Programmers often encounter software architecture problems that are actually quite common. Design patterns provide models for developing custom solutions to many of these problems. For example, the publisher–subscriber problem involves an application component, known as the publisher, that produces data. Other application components, known as the subscribers, consume the data (figure 1.2). We’ll see later in the book how the Observer Design Pattern provides a model for us to develop a solution for this architecture problem.
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    Figure 1.2 Publisher–subscriber is a common software architecture problem. One application component produces data that other application components consume. The Observer Design Pattern provides a model to solve this problem.

  


  1.5 Make sure we’re going to build the right application; then, build it right


  The critical start to designing an application is to acquire and analyze its requirements to ensure that we’re developing the right application. An application, no matter how well designed, is not successful if it doesn’t do what it’s supposed to. Getting good requirements is the important topic in chapter 3. From the requirements, we can determine the initial set of classes. We then apply good design techniques to build the application right.


  1.6 Good design doesn’t come easily


  It takes practice and experience to consistently develop well-designed software. Developing an application most often requires multiple design–code–test iterations. We must make design tradeoffs, and we may need to backtrack from poor design decisions. It’s a rocky path to achieving good design. If instead of developing the software iteratively we tried to complete it in one prolonged coding marathon, we should not expect a successfully working application to simply appear by magic at the end. This Big Bang almost never occurs (figure 1.3). 
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    Figure 1.3 The Big Bang theory of application development. If we write lots of code in a prolonged marathon instead of developing the software iteratively, we can only hope that the Big Bang at the end will magically produce a working application. Unfortunately, that magic rarely happens.

  


  1.7 Change and complexity are the enemies of good design


  Change and complexity are the primary challenges to good design, and they are the two themes that appear throughout this book. Change and complexity are inevitable facts of life for software developers. Any design that does not take change into consideration will soon run into trouble when the first change request come in. Code can become messy and complex as a development project wears on, especially if there are multiple programmers on the project team. Design principles and design patterns are tools used to deal with change and complexity. 


  Change can occur during development. As we’re writing the code, the application requirements can change. Or we might change our mind about the design and want to rewrite some of our code. After we’ve completed and deployed the application, we may get requests to add or modify features. Good design enables us to modify one part of our code without needing to modify other parts. Good design promotes the flexibility necessary to handle changes.


  However, if we’re not careful, trying to make an application flexible enough to handle many changes can increase its complexity. Our programs can become so complex that we won’t be able to manage them. Good design also helps to keep our applications from getting out of hand. A good software designer must make tradeoffs often.


  1.8 Design with object-oriented programming concepts


  This book is about software design for the widely used OOP paradigm of application development. OOP concepts are the foundation of all the good design principles and design patterns covered in this book. Therefore, a quick review of the concepts will help ensure that we’re all on the same page.


  OOP is based on the following four main concepts:


  
    	
      Encapsulation

    


    	
      Abstraction

    


    	
      Inheritance

    


    	
      Polymorphism

    

  


  Encapsulation is about using classes. A C++ class generally contains member variables and member functions. At run time, an application instantiates (creates) objects from a class. During run time, an object undergoes state changes. Each state of the object is characterized by a unique set of values of its member variables. An object makes a transition from one state to another whenever its member variables change values. The member functions of an object can operate on the member variables. These functions determine how an object behaves during run time.


  A class’s public members constitute its interface and can be accessed by any code, whereas its private members are accessible only by member functions of that class. Protected members of a class are accessible only by member functions of subclasses of that class. 


  In this book, we’ll go beyond the strictly OOP meaning of encapsulation and use it to contain and isolate changes in an application. Encapsulate What Varies is a design principle we will use many times. Chapter 5 covers making members of a class private and protected to encapsulate changes to its implementation.
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  Abstraction involves ignoring irrelevant details and paying attention only to what’s important relative to the application we’re developing. Properly using abstraction is an important way to reduce complexity.


  Inheritance allows us to create subclasses (child classes) from a superclass (parent or base class). A parent class passes down state information (in the form of member variables) and behavior (in the form of member functions) to its subclasses. Each subclass can add its own additional state and behavior, or it can override (replace) any inherited state or behavior.


  At run time, if you have a pointer to an object instantiated from one of the subclasses of a common superclass, polymorphism determines how the object behaves (i.e., which member functions execute) based on which subclass instantiated the object. Polymorphism helps to simplify an application’s design. Throughout this book, we will see that OOP concepts are the foundation for the design principles and design patterns that the book covers. 


  Summary


  
    	
      Design is a disciplined engineering approach to creating a solution to a problem. In software engineering, the problem is to create working software, and the solution is a well-designed, sustainable application.

    


    	
      Well-designed software is better in many ways, such as being more reliable, flexible, and maintainable. Good design helps ensure that applications are completed on time and do what their clients expect.

    


    	
      It is possible to become a better programmer by using good software design techniques that include good design principles and design patterns.

    


    	
      Good design principles help make our code more flexible and able to handle changes such as new requirements. Design patterns are industry-proven models for creating solutions to common software architecture problems.

    


    	
      Software design starts by acquiring and analyzing an application’s requirements to ensure that we’re developing the right application. The application must do what it’s supposed to do.

    


    	
      Developing a well-designed sustainable application nearly always requires multiple iterations with backtracking over bad design decisions. It’s hard work. Don’t rely on a magical Big Bang at the end of a marathon coding session.

    


    	
      Good software design must deal with the major challenges of change and complexity.

    


    	
      The design principles and design patterns in this book are based on the object-oriented programming concepts of abstraction, encapsulation, inheritance, and polymorphism.

    


    	
      Encapsulation also means isolating the parts of a program that can change. Then, when changes do occur, they won’t leak out and cause changes to other parts of the program.

    

  


  2 Iterate to achieve good design


  This chapter covers


  
    	An iterative development strategy to achieve a well-designed application


    	Backtracking to recover from bad design decisions


    	Design principles to improve code

  


  The development path to a well-designed application is almost never straight and narrow. As described in chapter 1, we should not have marathon coding sessions and then count on a magical Big Bang finish.


  A much more rewarding development strategy takes an iterative approach. Each iteration builds on the accomplishments of the previous one. Such a strategy is more likely to result in a successful well-designed application.
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  The example application in this chapter demonstrates the iterative development strategy, and it includes backtracking over a bad design decision. In addition, the chapter also deals with change and complexity, the major challenges to good design. It introduces several key design principles, which will appear repeatedly in subsequent chapters that will introduce additional design principles.


  2.1 Good application design requires an iterative process


  By some accounts, Wolfgang Amadeus Mozart was such a musical genius that he could compose an entire symphony in his head and then write it down with few, if any, edits. Hardly any of us is a programming Mozart who can develop well-designed applications in our heads and then write the code perfectly all at once.


  Note I am not a programming Mozart. Even though the program examples in this book are all relatively short, each is the final version of several hidden iterations I made until I was satisfied.


  Indeed, as represented by the informal design decision tree in figure 2.1, the road to a well-designed application is often a bumpy one, with wrong turns and dead ends that require backtracking and rewriting. Each branch of the tree is a development path that either leads to a successful application (the pot of gold) or a dead end (lumps of coal). If we took a dead-end branch, we must back up to the previous decision node and take another branch. After exhausting all possible branches at a node, we must back up again to the next higher node. We hope eventually to find a path to a successfully completed application.
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    Figure 2.1 A design decision tree and the application development path shown as the dotted line. Each tree node denotes a juncture during development when we must decide to choose a path (i.e., branch) on which to continue. While designing and coding, if we head down a branch that leads to a dead-end (the lumps of coal), we must backtrack to the previous decision node and try another branch. After trying all the branches at a node, we must backtrack to the next higher node and try the next branch from there. We hope to find the path to a successfully completed application (the pot of gold).

  


  The design decision tree in the figure is somewhat misleading because it shows the entire tree with all the branches representing development paths. We rarely know in advance all the decisions we’ll need to make while coding. Instead, we construct the decision tree node by node during program development. At each node, we decide the next path to take and create a branch. Of course, we should take the path that appears to be correct and that will result in a good design. However, if that branch turns out to be a decision and coding path leading to a dead end, either because some application requirements changed or because we simply made a bad design decision, we must go back to the node and create a new branch. Once we’ve run out of branches for a node, we must go back up to the parent node and create a new branch there. We hope to eventually find the path to a successfully completed application. In the worst case, we may have to backtrack to the topmost node and start over from there.


  How does this work in practice? Modern agile software development practice advocates that development should progress in a series of iterations. An iteration can represent a trip down a branch of the decision tree. As shown in figure 2.2, each iteration consists of three phases: design, code, and test to incrementally improve or add more features to the application. Only after all of an iteration’s tests have passed should we start the next iteration. An iteration can last as little as a few hours to around two weeks. If an iteration lasts longer than that, we’re likely trying to do too much during the iteration.
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    Figure 2.2 Iterations during application development. Each iteration stands for going down a branch in the decision tree, including backing up and trying another branch. Each iteration includes designing, coding, and testing to incrementally improve or add more features to the application. The iterations can take different amounts of time, as short as a few hours or up to around two weeks.

  


  
    Test-driven development


    During each iteration, the intuitive order of activities is design–code–test. However, test-driven development (TDD) is a development process that uses the order test–design–code. 


    Using TDD, at the start of each iteration, we write the test programs for the features that we want to implement during the iteration. Of course, all the tests will initially fail because we haven’t written the code yet that implements the features. The goal of each iteration is to design and write the code that will make all tests for that iteration pass.

  


  As we saw with the decision tree, the series of iterations doesn’t imply continuous forward progress. Some iterations are the result of backtracking and taking an alternate path. But don’t despair! As you become a more experienced programmer, the decision tree becomes smaller, and you will need fewer iterations to complete your application. However, achieving good design remains a continuous-improvement process.
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  2.2 Don’t let changes leak out


  Woe to the programmer who discovers that making changes to one part of an application requires changes to other parts! In the worst-case scenario, major portions of the application, if not the entire application, will require rewriting. 


  Chapter 1 mentioned that one of the primary design challenges is to accommodate change. If we write a significant application, we should anticipate what parts will change. There are numerous causes for code changes. Some of the common ones are the following:


  
    	
      The requirements change. The requirements state what our application must do, or allow its users to do, and they may change both during development and after the application is finished.

    


    	
      We change our mind about design during development.

    


    	
      We add new features (or remove the ones that are not needed) from a completed application.

    

  


  2.3 Iterate to achieve good design


  For the example application in this section, we will eventually arrive at a good design that encapsulates changes and has other benefits, but only after several iterations of designing, coding, and testing. The example will also demonstrate how it’s sometimes necessary to backtrack from a poor design decision that seemed right when we made it.


  In the example, we want to develop a book catalogue application that stores a list of books and allows a user to search for books that match the user’s target attributes. Here are the application’s initial requirements.


  
    	
      A user must be able to add fiction books and their attributes to the catalogue.

    


    	
      The attributes for each book shall be the book title and the author’s last and first names.

    


    	
      A user must be able to search for books that match the user’s target attribute values.

    


    	
      Searches for books will depend on matching any number of target attributes.

    


    	
      String matches of the book titles and authors’ first and last names must be case-insensitive.

    


    	
      A user must be able to specify any number of don’t-care (wildcard) target attributes.

    


    	
      Each don’t-care attribute must by default match the corresponding attribute in all books in the catalogue. The remaining target attributes must match exactly.
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  2.3.1 Iteration 1: Initial cohesive classes


  Looking at the requirements, we can readily design two classes: Book and Catalogue. At run time, the catalogue will store Book objects (listing 2.1). Book member variables are a book’s attributes: the book’s title and author’s first and last names. The constructor is passed the attribute values and initializes these member variables.


  
    A note about the examples’ coding style


    To keep the example programs short and simple, we’ll leave out descriptive and explanatory comments that applications normally should have in the source code. Instead, the printed examples will use code annotations.


    Having using namespace std at the start of a C++ file is often considered a risky practice because it brings many additional names into the scope, which potentially causes name conflicts. But we’ll do so in this book to keep the examples short.

  


  Listing 2.1 (Program 2.1 Books-1): Book.h

  #include <iostream>
#include <string>

using namespace std;

class Book
{
public:
    Book(const string ttl, const string lst, const string fst) ①
        : title(ttl), last(lst), first(fst) {}                 ①
 
    string get_title() const { return title; }
    string get_last()  const { return last; }
    string get_first() const { return first; }

private:
    string title;                                              ②
    string last;                                               ②
    string first;                                              ②
};

inline ostream& operator <<(ostream& ostr, const Book& book)
{
    ostr << "{TITLE: '"   << book.get_title()
         << "', LAST: '"  << book.get_last()
         << "', FIRST: '" << book.get_first() << "'}";

    return ostr;
}


  ① The constructor initializes the book attributes.


  ② The book attributes


  The overloaded output operator << for a Book object writes a book’s attributes to an output stream (typically cout) surrounded by braces, with a label for each attribute value. Example output would be

    {TITLE: 'To Kill a Mockingbird', LAST: 'Lee', FIRST: 'Harper'}


  
    Compiling, linking, and running the example programs


    All the example programs in this book use the 2017 version of C++. The following two commands specify the 2017 standard and will compile, link, and run program 2.1 in a Linux terminal window using the GNU C++ compiler or in a MacOS terminal window using the Apple Clang C++ compiler:

        g++ -std=c++17 *.cpp -o books
    ./books


    The equivalent commands in a Microsoft Windows "Developer Command Prompt for VS" window using the Visual Studio C++ compiler:

        cl /EHs /std:c++17 *.cpp /link /out:books.exe
    books


    Similar commands will compile, link, and run the other example programs.

  


  In class Catalogue (listing 2.2), private member variable booklist is a vector of pointers to the Book objects stored in the catalogue. Public member function add() creates a new Book object from a title and the author’s last and first names and adds the object to the vector. Public member function find() searches the vector for a matching book. 


  Private static member function equal_ignore_case() performs a case-insensitive comparison of two strings, str_1 and str_2, character by character by comparing the lowercase version of each letter. An empty target string represents a don’t-care attribute, in which case the comparison always returns true.


  Listing 2.2 (Program 2.1 Books-1): Catalogue.h

  #include <string>
#include <vector>
#include "Book.h"

using namespace std;

class Catalogue
{
public:
    void add(const string title,
             const string last,
             const string first)
    {
        booklist.push_back(new Book(title, last, first));
    }

    vector<Book *> find(const Book& target) const;

private:
    vector<Book *> booklist;                                ①

    static bool equal_ignore_case(const string string1,
                                  const string string2)
    {
        for (int i = 0; i < string1.length(); i++)
        {
            if (tolower(string1[i]) != tolower(string2[i])) ②
            {
                return false;
            }
        }

        return true;
    }
};


  ① Vector of pointers to Book objects


  ② Compare the lowercase version of each letter.


  Public member function find() is passed a reference to a Book object containing the target attributes (listing 2.3). It iterates over the books in the booklist vector and calls equal_ignore_case() to compare the target title, last name, and first name to the corresponding attributes of each book in the booklist. Shifting all the characters of the attribute strings to lowercase for the comparison allows us to do case-insensitive string matching. The function returns a vector of books that matched the target attributes or an empty vector if no books matched.


  Listing 2.3 (Program 2.1 Books-1): Catalogue.cpp

  #include "Book.h"
#include "Catalogue.h"

vector<Book *>Catalogue::find(const Book& target) const
{
    vector<Book *> matches;

    string target_title = target.get_title();
    string target_last  = target.get_last();
    string target_first = target.get_first();

    for (Book *book : booklist)
    {
        if (    equal_ignore_case(target_title, book->get_title())      ①
             && equal_ignore_case(target_last,  book->get_last())       ①
             && equal_ignore_case(target_first, book->get_first()))     ①
        {
            matches.push_back(book);
        }
    }

    return matches;
}


  ① All attributes must match.


  We want to define classes that are cohesive, each with only a single primary responsibility. The Book class is responsible for storing a book’s attributes. The Catalogue class is responsible for maintaining the list of Book objects, which includes adding new books to the list and finding book matches in the list. 


  
    The Single Responsibility Principle


    A well-designed class is cohesive, meaning that it has only a single primary responsibility. A poorly designed class has too many responsibilities. A cohesive class with a clear responsibility is easy to use—there should be no doubt what its purpose is. A cohesive class is easy to maintain—all its member functions and member variables serve a single primary purpose.

  


  In the test program (listing 2.4), function fill() loads the catalogue with some fiction books. Function test() performs test searches with some target books, and it calls function search() to do each search. Some of the target attributes are empty strings that represent don’t-cares.


  Listing 2.4 (Program 2.1 Books-1): tester.cpp

  #include <iostream>
#include <vector>
#include <string>

#include "Book.h"
#include «Catalogue.h»

void fill(Catalogue& catalogue);
void test(const Catalogue& catalogue);

int main()
{
    Catalogue catalogue;
    fill(catalogue);
    test(catalogue);

    return 0;
}

void fill(Catalogue& catalogue)                              ①
{
    catalogue.add("Life of Pi", "Martel", "Yann");
    catalogue.add("The Call of the Wild", "London", "Jack");
    catalogue.add("To Kill a Mockingbird", "Lee", "Harper");
    catalogue.add("Little Women", "Alcott", "Louisa");
    catalogue.add("The Adventures of Sherlock Holmes", 
                  "Doyle", "Conan");
    catalogue.add("And Then There Were None", "Christie", "Agatha");
    catalogue.add("Carrie", "King", "Stephen");
    catalogue.add("It: A Novel", "King", "Stephen");
    catalogue.add("Frankenstein", "Shelley", "Mary");
    catalogue.add("2001: A Space Odyssey", "Clarke", "Arthur");
    catalogue.add("Ender's Game", "Card", "Orson");
}

void search(const Catalogue& catalogue, const Book& target)   ②
{
    cout << endl << "Find " << target << endl;

    vector<Book *> matches = catalogue.find(target);

    if (matches.size() == 0) cout << "No matches." << endl;
    else
    {
        cout << "Matches:" << endl;
        for (Book *book : matches)
        {
            cout << "  " << *book << endl;
        }
    }
}

void test(Catalogue& catalogue)                               ③
{
    Book target1("Life of Pi", "Martel", "Yann");
    search(catalogue, target1);

    Book target2("", "King", "");                             ④
    search(catalogue, target2);

    Book target3("1984", "Orwell", "George");
    search(catalogue, target3);

    Book target4("", "", "");                                 ④
    search(catalogue, target4);
}


  ① Fills the catalogue with test Book objects


  ② Searches the catalogue for a target book


  ③ Test function


  ④ Don’t care (wildcard) attributes


  The output from the test run is

  Find {TITLE: 'Life of Pi', LAST: 'Martel', FIRST: 'Yann'}
Matches:
  {TITLE: 'Life of Pi', LAST: 'Martel', FIRST: 'Yann'}

Find {TITLE: '', LAST: 'King', FIRST: ''}
Matches:
  {TITLE: 'Carrie', LAST: 'King', FIRST: 'Stephen'}
  {TITLE: 'It: A Novel', LAST: 'King', FIRST: 'Stephen'}

Find {TITLE: '1984', LAST: 'Orwell', FIRST: 'George'}
No matches.
Find {TITLE: '', LAST: '', FIRST: ''}
Matches:
  {TITLE: 'Life of Pi', LAST: 'Martel', FIRST: 'Yann'}
  {TITLE: 'The Call of the Wild', LAST: 'London', FIRST: 'Jack'}
  {TITLE: 'To Kill a Mockingbird', LAST: 'Lee', FIRST: 'Harper'}
  {TITLE: 'Little Women', LAST: 'Alcott', FIRST: 'Louisa'}
  {TITLE: 'The Adventures of Sherlock Holmes', LAST: 'Doyle', FIRST: 'Conan'}
  {TITLE: 'And Then There Were None', LAST: 'Christie', FIRST: 'Agatha'}
  {TITLE: 'Carrie', LAST: 'King', FIRST: 'Stephen'}
  {TITLE: 'It: A Novel', LAST: 'King', FIRST: 'Stephen'}
  {TITLE: 'Frankenstein', LAST: 'Shelley', FIRST: 'Mary'}
  {TITLE: '2001: A Space Odyssey', LAST: 'Clarke', FIRST: 'Arthur'}
  {TITLE: 'Ender's Game', LAST: 'Card', FIRST: 'Orson'}


  Apparently, our application fulfills its requirements. Figure 2.3 depicts our progress thus far after one development iteration. We’ll award ourselves a couple of gold coins.
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    Figure 2.3 In our first development iteration, we created two classes: Book and Catalogue. The dotted line shows our development path. The application fulfills its current requirements.

  


  2.3.2 Iteration 2: Encapsulation, delegation, and loose coupling


  Now, suppose that we’re given additional requirements to add two more book attributes—the publication year and the genre: 


  
    	
      The attributes for each fiction book shall include its publication year and its genre.

    


    	
      The book genres shall be ADVENTURE, CLASSICS, DETECTIVE, FANTASY, HISTORIC, HORROR, ROMANCE, and SCIFI.

    

  


  We need to make some code changes to accommodate the new requirements. Ostensibly, class Book needs two new member variables for the year and the genre. Because the requirements give a specific list for the genres, we can define enumeration constants for them.


  
    Strings vs. enumeration types


    Whenever there is a limited set of values, such as for the genre, an enumeration type is preferable to using a string type. With strings, we must worry about case-sensitive versus case-insensitive comparisons. If we have a typo or a misspelling in a string, the resulting runtime logic error may be hard to detect. Comparisons of enumeration constant values during run time are very efficient, and the compiler will catch a misspelling of an enumeration constant before the application runs.

  


  At this point, we can see that any attribute changes we make to class Book will require corresponding changes to class Catalogue:


  
    	
      Member function add() has book attributes as parameters (listing 2.2).

    


    	
      The if statement in member function find() references the book attributes (listing 2.3).

    

  


  
    [image: ]

  


  We can plug the leak by encapsulating the code that will vary by putting the attributes into a separate class Attributes (see listing 2.5).


  
    The Encapsulate What Varies Principle


    Good software design separates code that can vary from code that won’t vary. Encapsulating the code that can vary isolates it from the rest of the program. Then, when changes occur to the encapsulated code, those changes won’t leak out and cause other code to change. A common way to encapsulate code that can vary is to put it in a class by itself.

  


  Because changing the book attributes necessitates changes to searching the attributes, we also need to encapsulate that behavior in class Attributes. Private member function is_match() explicitly compares attributes and returns true or false, respectively, if they do or do not match. Special Genre value UNSPECIFIED and year value 0 will be don’t-care search target values. To perform the case-insensitive string comparisons, we must move static member function equal_ignore_case() from class Catalogue to class Attributes.


  Listing 2.5 (Program 2.2 Books-2): Attributes.h

  #include <iostream>

using namespace std;

enum class Genre                                                    ①
{                                                                   ①
    ADVENTURE, CLASSICS, DETECTIVE, FANTASY, HISTORIC,              ①
    HORROR, ROMANCE, SCIFI, UNSPECIFIED                             ①
};                                                                  ①

inline ostream& operator <<(ostream& ostr, const Genre& genre)
{
    switch (genre)
    {
        case Genre::ADVENTURE: ostr << "adventure"; break;
        case Genre::CLASSICS:  ostr << "classics";  break;
        case Genre::DETECTIVE: ostr << "detective"; break;
        case Genre::FANTASY:   ostr << "fantasy";   break;
        case Genre::HISTORIC:  ostr << "historic";  break;
        case Genre::HORROR:    ostr << "horror";    break;
        case Genre::ROMANCE:   ostr << "romance";   break;
        case Genre::SCIFI:     ostr << "scifi";     break;
        default: ostr << "unspecified"; break;
    }

    return ostr;
}

class Attributes
{
public:
    Attributes(const string ttl,
               const string lst, const string fst,
               const int yr, const Genre gen)
        : title(ttl), last(lst), first(fst),
          year(yr), genre(gen) {}

    string get_title() const { return title; }
    string get_last()  const { return last; }
    string get_first() const { return first; }
    int    get_year()  const { return year; }
    Genre  get_genre() const { return genre; }

    bool is_match(const Attributes& target_attrs) const               ②
    {                                                                 ②
        return equal_ignore_case(target_attrs.get_title(), title)     ②
            && equal_ignore_case(target_attrs.get_last(),  last)      ②
            && equal_ignore_case(target_attrs.get_first(), first)     ②
            && (    (target_attrs.get_year()  == 0)                   ②
                ||  (target_attrs.get_year()  == year))               ②
            && (    (target_attrs.get_genre() == Genre::UNSPECIFIED)  ②  
                ||  (target_attrs.get_genre() == genre));             ②
    }                                                                 ②

private:
    string title;
    string last;
    string first;
    int    year;                                                      ③
    Genre  genre;                                                     ③

    static bool equal_ignore_case(const string string1,               ④
                                  const string string2) ...
};

inline ostream& operator <<(ostream& ostr, const Attributes& attrs)
{
    ostr << "{TITLE: '"   << attrs.get_title()
         << "', LAST: '"  << attrs.get_last()
         << "', FIRST: '" << attrs.get_first()
         << "', YEAR: "   << attrs.get_year()                         ⑤
         << ", GENRE: "   << attrs.get_genre() << "}";                ⑤

    return ostr;
}


  ① The genre attribute


  ② Explicitly match attributes, including year and genre.


  ③ The added year and genre attributes


  ④ Static member function moved from class Catalogue


  ⑤ Also, output the year and genre attributes.


  We replaced the overloaded << operator for a Book object with one for an Attributes object that outputs all the attributes, including the year and genre.


  A Book object is now constructed from an Attributes object, as follows. Each Book object will point to its Attributes object.


  Listing 2.6 (Program 2.2 Books-2): Book.h

  #include "Attributes.h"

using namespace std;

class Book
{
public:
    Book(Attributes * const attrs) : attributes(attrs) {}
    virtual ~Book() { delete attributes; }

    Attributes *get_attributes() const { return attributes; }

private:
    Attributes *attributes;      ①
};


  ① Each Book object will point to its Attributes object.


  Class Catalogue needs changes to its add() and find() member functions to handle the new Attributes class (listing 2.7). We pass a reference to an Attributes object to function add(), which uses the object to construct a Book object to add to the booklist vector. We pass a reference to the target Attributes object to function find().


  Listing 2.7 (Program 2.2 Books-2): Catalogue.h

  #include <vector>
#include "Book.h"

using namespace std;

class Catalogue
{
public:
    void add(Attributes * const attrs)
    {
        booklist.push_back(new Book(attrs));     ①
    }

    vector<Book *> find(const Attributes& target_attrs) const;

private:
    vector<Book *> booklist;
};


  ① Construct a Book object from the Attributes object.


  Member function find() becomes much simpler (listing 2.8). The function delegates attribute matching to class Attributes by calling the latter’s is_match() member function, and thus find() is no longer affected by any changes to book attributes.


  
    [image: ]

  


  Attribute matching does fit better in a cohesive Attributes class.


  Listing 2.8 (Program 2.2 Books-2): Catalogue.cpp

  #include "Book.h"
#include "Catalogue.h"

vector<Book *>Catalogue::find(const Attributes& target_attrs) const
{
    vector<Book *> matches;

    for (Book *book : booklist)
    {
        Attributes *book_attrs = book->get_attributes();
        if (book_attrs->is_match(target_attrs))            ①
        {
            matches.push_back(book);
        }
    }

    return matches;
}


  ① Delegate attribute matching to class Attributes.


  
    The Delegation Principle


    Move functionality out of one class (the requester) into another more suitable class (the delegate) to make the two classes more cohesive. The requester class commonly has a member variable that points to the delegate class. A particular member function in the delegate class implements the work to be done on behalf of the requester class. The requester class generally should not have any dependencies on how the delegate class does that work. At run time, an object of the requester class can request the work by calling that member function on an object of the delegate class. 

  


  In our example, the requester is class Catalogue, and the delegate is class Attributes.


  Class Catalogue is now loosely coupled with class Attributes because we’ve minimized the dependences of Catalogue on Attributes. Class Catalogue doesn’t know the specific attributes that class Attributes maintains. Classes Book and Attributes are also loosely coupled with each other: class Attributes doesn’t know that its objects are stored by Book objects, and class Book also doesn’t need to know how class Attributes is implemented.


  
    The Principle of Least Knowledge


    Well-designed classes are loosely coupled, meaning that they ought to have little, if any, dependencies on each other. The less a class knows about how another class is implemented, the fewer dependencies it has on the other class. A class can hide its implementation by making its member variables and member functions private.


    The Principle of Least Knowledge supports the Encapsulate What Varies Principle. If a class needs to change its implementation, the change can’t affect any other code that doesn’t depend on that implementation.

  


  The test program tester.cpp must change whenever the book attributes change. Example code to add a book to the catalogue is now

      catalogue.add(new Attributes("The Call of the Wild", 
                                 "London", "Jack",
                                 1903, Genre::ADVENTURE));

    catalogue.add(new Attributes("To Kill a Mockingbird", 
                                 "Lee", "Harper",
                                 1960, Genre::CLASSICS));


  and example code to search for books is now

      Attributes target_attrs1("Life of Pi", "Martel", "Yann",
                             2003, Genre::ADVENTURE);
    search(catalogue, target_attrs1);

    Attributes target_attrs2("", "King", "", 0, Genre::HORROR);
    search(catalogue, target_attrs2);


  However, we won’t consider that an encapsulation failure because the testing code is not intrinsically a part of the application. We must assume that any means to load the catalogue from outside the application (such as from a file) must know about the current book attributes.


  The sample output is

  Find {TITLE: '', LAST: 'King', FIRST: '', YEAR: 0, GENRE: horror}
Matches:
  {TITLE: 'Carrie', LAST: 'King', FIRST: 'Stephen', YEAR: 1974, GENRE: horror}
  {TITLE: 'It: A Novel', LAST: 'King', FIRST: 'Stephen', YEAR: 1986, GENRE: horror}


  Figure 2.4 shows our progress after two iterations. We were able to handle a few more requirements, so let’s award ourselves more gold coins.


  
    [image: ]


    Figure 2.4 The second development iteration adds class Attributes, and class Catalogue delegates attribute matching to class Attributes.

  


  2.3.3 Iteration 3: More kinds of books and their attributes


  We’ve been concerned with changes to the Book attributes. But the kinds of books we store in the catalogue can also change. Here are more requirements:


  
    	
      It must be possible to add cookbooks and their attributes to the catalogue.

    


    	
      The attributes for a cookbook must include its region.

    


    	
      The regions shall be CHINA, FRANCE, INDIA, ITALY, MEXICO, US, and UNSPECIFIED.

    

  


  This may also be an opportunity to show off our object-oriented programming skills! Our application now must store both fiction and cookbooks in the catalogue. It’s reasonable to make Book a superclass and design two new subclasses for it, Fiction and Cookbook. In the next listing, the constructor for subclass Fiction calls the constructor of its superclass Book.


  Listing 2.9 (Program 2.3 Books-3): Fiction.h

  #include "Book.h"
#include "FictionAttrs.h"

using namespace std;

class Fiction : public Book                              ①
{
public:
    Fiction(FictionAttrs * const attrs) : Book(attrs) {} ②
};


  ① Class Fiction is a subclass of class Book.


  ② Call the constructor of superclass Book.


  In the next listing, the constructor for subclass Cookbook also calls the superclass constructor.


  Listing 2.10 (Program 2.3 Books-3): Cookbook.h

  #include "Book.h"
#include "CookbookAttrs.h"

using namespace std;

class Cookbook : public Book                               ①
{
public:
    Cookbook(CookbookAttrs * const attrs) : Book(attrs) {} ②
};


  ① Class Cookbook is a subclass of class Book.


  ② Call the constructor of superclass Book.


  We can also make Attributes a superclass (listing 2.11) and design two new subclasses for it, FictionAttrs and CookbookAttrs. Superclass Attributes maintains the common member variables title, last, and first. Therefore, its member function is_match() only compares those common attributes.


  Listing 2.11 (Program 2.3 Books-3): Attributes.h

  #include <string>

using namespace std;

class Attributes
{
public:
    Attributes(const string ttl,
               const string lst, const string fst)
        : title(ttl), last(lst), first(fst) {}

    virtual ~Attributes() {}

    string get_title() const { return title; }
    string get_last()  const { return last; }
    string get_first() const { return first; }

protected:
    bool is_match(const Attributes& target_attrs) const
    {
        return equal_ignore_case(target_attrs.get_title(),  title) ①  
            && equal_ignore_case(target_attrs.get_last(),   last)  ①
            && equal_ignore_case(target_attrs.get_first(), first); ①
    }

private:
    string title;                                                  ②
    string last;                                                   ②
    string first;                                                  ②

    static bool equal_ignore_case(const string string1,
                                  const string string2) ...
};


  ① Compare only the common attributes.


  ② The common attributes


  Subclass FictionAttrs contains the attributes unique to fiction books: genre and year (listing 2.12). Its constructor first calls the constructor of its superclass Attributes to initialize the inherited common member variables title, last, and first. Then, it initializes the year and genre member variables of the subclass. We also moved the definitions of the Genre enumeration constants and their overloaded << operator physically closer to class FictionAttrs.


  Member function is_match() first calls the superclass member function Attributes::is_match() to check the common title, last, and first attributes. If that passes, then the subclass can check the fiction book’s year and genre attributes.


  Listing 2.12 (Program 2.3 Books-3): FictionAttrs.h

  #include <iostream>
#include <string>
#include "Attributes.h"

using namespace std;

enum class Genre ...

inline ostream& operator <<(ostream& ostr, const Genre& genre) ...

class FictionAttrs : public Attributes
{
public:
    FictionAttrs(const string title,
                 const string last, const string first,
                 const int yr, const Genre gen)
        : Attributes(title, last, first),                             ①
          Year(yr), genre(gen) {}                                     ②

    int   get_year()  const { return year; }
    Genre get_genre() const { return genre; }

    bool is_match(const FictionAttrs& target_attrs) const
    {
        if (!Attributes::is_match(target_attrs)) return false;        ③

        return (   (target_attrs.get_year()  == 0)                    ④
                || (target_attrs.get_year()  == year))                ④
            && (   (target_attrs.get_genre() == Genre::UNSPECIFIED)   ④
                || (target_attrs.get_genre() == genre));              ④
    }

private:
    int   year;                                                       ⑤
    Genre genre;                                                      ⑤
};

inline ostream& operator <<(ostream& ostr, const FictionAttrs& attrs)
{
    ostr << "{TITLE: '"   << attrs.get_title()
         << "', LAST: '"  << attrs.get_last()
         << "', FIRST: '" << attrs.get_first()
         << "', YEAR: "   << attrs.get_year()
         << ", GENRE: "   << attrs.get_genre() << "}";

    return ostr;
}


  ① First initialize the common attributes.


  ② Then initialize the year and genre for fiction books.


  ③ First match the common attributes.


  ④ Then match the year and genre for fiction books.


  ⑤ Fiction book year and genre attributes


  Subclass CookbookAttrs contains the region attribute unique to cookbooks, as in the following listing. Its constructor and is_match() member function behave similarly to the ones in subclass FictionAttrs.


  Listing 2.13 (Program 2.3 Books-3): CookbookAttrs.h

  #include <iostream>
#include <string>
#include "Attributes.h"

using namespace std;

enum class Region
{
    CHINA, FRANCE, INDIA, ITALY, MEXICO, US, UNSPECIFIED
};

inline ostream& operator <<(ostream& ostr, const Region& region)
{
    switch (region)
    {
        case Region::CHINA:  ostr << "China";  break;
        case Region::FRANCE: ostr << "France"; break;
        case Region::INDIA:  ostr << "India";  break;
        case Region::ITALY:  ostr << "Italy";  break;
        case Region::MEXICO: ostr << "Mexico"; break;
        case Region::US:     ostr << "US";     break;

        default: ostr << "unspecified"; break;
    }

    return ostr;
}

class CookbookAttrs : public Attributes
{
public:
    CookbookAttrs(const string title,
                  const string last, const string first,
                  const Region reg)
        : Attributes(title, last, first),                          ①
          region(reg) {}                                           ②

    Region get_region() const { return region; }

    bool is_match(const CookbookAttrs& target_attrs) const
    {
        if (!Attributes::is_match(target_attrs)) return false;     ③

        return (target_attrs.get_region() == Region::UNSPECIFIED)  ④
            || (target_attrs.get_region() == region);              ④
    }

private:
    Region region;                                                 ⑤
};

inline ostream& operator <<(ostream& ostr, const CookbookAttrs& attrs)
{
    ostr << "{TITLE: '"   << attrs.get_title()
         << "', LAST: '"  << attrs.get_last()
         << "', FIRST: '" << attrs.get_first()
         << "', REGION: "  << attrs.get_region() << "}";

    return ostr;
}


  ① First initialize the common attributes.


  ② Then initialize the region for cookbooks.


  ③ First match the common attributes.


  ④ Then match the region for cookbooks.


  ⑤ Cookbook region attribute


  These are examples of the Open-Closed Principle. Once we’ve decided that class Attributes has captured the common member variables and functions for all attributes, we closed it for modification to provide code stability. We don’t expect to make more changes to the class. But we opened the class for extensions in the form of subclasses such as FictionAttrs and CookbookAttrs to provide the flexibility to add more kinds of book attributes. Class Book and its subclasses are another example of this design principle.
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