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Abstract

This document describes a method called Semla, which is a software design method with a focus on semantics. It has been developed as part of a cooperation between the Department of Computer Science at Karlstad University and Ericsson Infotech AB in Karlstad with the additional support of NUTEK, the Swedish National Board for Industrial and Technical Development. The goal of Semla is to put well known academic rules for semantic integrity to work on a daily basis in the software industry. The method is pragmatic in nature and focuses on a black box description of modules and the concept of contracts. Our hope is that Semla will motivate the designer of a module to focus more on the semantic description of the module than on aspects related to the implementation of the module.
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1 Introduction

This document describes Semla, a method for semantic specifications during the process of software design. Semla is the result of several years of cooperation between Ericsson companies in Karlstad (Infotech and TSAC) and Karlstad University. From 1999 and through 2001, the work is also supported by NUTEK. The method is based on accepted academic methods in combination with the experience gained in two case studies at Ericsson and an experimental course given twice at the University. After being tested in a closed course environment, the method has been reworked in cooperation with Ericsson Infotech AB so that it can be easily incorporated into present development methods at Ericsson and elsewhere.

The main message from this method is that the intentions of a software designer for a module or a function
 should be emphasized, both in the design itself and in the documentation. The intentions for a function and the limitations imposed on its use are described by a contract, which all clients should respect. The contract disconnects the usage of a module from its implementation. The contract highlights the necessary conditions for correct use of a function, as well as a description of the results produced. The contract will also serve as a reference during inspections and testing.

1.1 The applicability of the method

Software engineering can include activities such as business engineering, requirements engineering, specifying system requirements, system and module design, programming, integration, testing, deployment and maintenance. Many methods have been developed to cope with all or parts of these activities. Semla focuses on design and programming and highlights the semantic aspects of these activities. It can be easily integrated with other more complete methods like IDM, RUP or CMM but may equally well be used by itself in smaller projects.

During the past years, a number of techniques for producing high quality software have been developed. Some of these techniques require the use of certain tools or languages while others are generally applicable. Semla focuses more on an attitude toward software development and design than on specific tools or techniques and can thus be applied to all programming languages. It requires neither special support tools nor any special syntax. The examples in this document are written in Java, but a version is also available that has examples in the C programming language.

1.2 The document structure

Chapter 2 defines a few central terms used in this document. A short definition of additional terms can be found in Appendix A. Chapter 3 contains some guidelines for how to design a module by contracts. The guidelines are subdivided into four parts: general guidelines for module design, guidelines for interface descriptions, guidelines for use and guidelines for implementation. The general guidelines are frequently found in other methods as well and are included for reference in Appendix B of this document. Chapter 4 gives guidelines for how to document the semantic information of a module. The documentation of a module is subdivided into three parts: an overview, a description of the interface and a description of the implementation. Maintenance and reuse of existing code put special requirements on the designer. These are described in Chapter 5.

The descriptive parts of the method presented in Chapters 3 through 5 are in general structured under the four units of Description and motivation, Rule, Procedure and Example. The rules are expressed as short imperative statements. They are repeated in a quick reference guide in Chapter 6. A complete module implementing a list, where the rules and guidelines described in this document are applied, can be found in Appendix C. Fragments of this module are used as illustrations in the examples given throughout the document.

2 Terminology

Many of the terms used in this document are briefly explained in Appendix A. This chapter gives a more detailed description of some of the more central concepts.

2.1 Module

A module is a collection of methods and concepts belonging logically together. A module normally contains both variables and methods, even if it may miss one or the other in some cases. Examples of the latter include a method library, which does not have any data and a struct in C, which normally does not contain any methods.
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Figure 2.1:
A module has both exported and internal properties.

Figure 2.1 above shows the principles for a module. The module implements an interface by having some accessible methods, defined in the interface, and some methods that cannot be accessed from the outside. It also contains data, which can be accessed only through the exported methods.

2.2 Interface

An interface describes the surface of contact between a supplier module and its clients, as shown in Figure 2.1. It describes the way in which a module will be conceived by other modules. While several modules can share a common interface, it does not need to be that way. There are several possible ways to describe an interface in Java:

· Create a Java interface and several classes that implement this interface, possibly in different ways. The interface of the module is then defined by the Java interface, which declares the exported methods of the corresponding classes.

· Create a class. The interface of the module is then defined by the methods declared public in the class.

· Create a base class, possibly abstract, and let some classes inherit from the base class. These classes may have different implementations for the same methods. The interface of the module then consists of the methods declared public in the base class. This is how the List example in this document is defined.

Different solutions may be chosen on different occasions, depending on the relationships required between the implementations and the interfaces.

2.3 Black box

The black box concept implies that a module is seen as a closed black box that you can see only the outside of. This can be compared to a white box where the interest is in seeing the inside of the box, in our case the module implementation. Looking at a module as a black box means that it is interesting to look only at the interface, and that the module should be used without any knowledge of its implementation. If the implementation is changed, the use of the module should not be affected. Using a black box view of a module puts high requirements on the documentation, since the user of the module should not see the implementation details. In Java, a black box module is normally supplied as one or more class files containing the compiled Java code and a separate documentation, perhaps as javadoc files.

2.4 Semantics and semantic integrity

The term semantics has a central position in the context of programming languages and programming techniques. Informally speaking, the semantics of a program is what the program means or produces, as opposed to its syntax, which describes what the program looks like. Semantic integrity means that the desired semantics of a module should be respected throughout the system. The biggest problem is perhaps not to maintain the semantics once they are defined but to define them in the first place. If semantic properties of a program are destroyed, the program can become unstable. This will eventually cause problems.

Semantic properties are normally expressed using assertions for a complete system (invariants) or for individual methods (pre- and postconditions). The designer of a module may have designed the module in such a way that certain semantic properties must be maintained. If these properties are violated, the semantic integrity of the module as a whole is invalidated. The semantic integrity of every individual module has to be respected since the semantics for the whole system depends on the semantics of the individual modules on which it is built.

Certain programming languages, like Eiffel, have built-in mechanisms to assure that the semantic properties of modules programmed in that language are respected. However, most programming languages, including Java, leave this completely to the programmer. In any case, many semantic properties cannot be verified automatically, so a semantic consciousness on the part of the programmer is always needed. Even in the cases where automatic verification is possible, it is still up to the programmer to define and express the correct test conditions.

3 Guidelines for design

Software quality can be achieved by different means, many of which are closely related to mathematical formalism and not easily applied in industrial projects. This chapter presents some pragmatic guidelines that are easy to apply in industry. The guidelines are divided into four categories: general guidelines, guidelines for interfaces, external guidelines and internal guidelines. For each guideline, a short description and motivation is first given, which is followed by a rule of thumb, a working procedure and finally an example of some program code designed according to the guideline. The examples are taken from the List module found in Appendix C.

3.1 General guidelines

The general guidelines are important for defining modules and for abstracting data and methods. These guidelines can help during system design. They have an important semantic impact and much of the literature on software engineering and object oriented software construction mentions them. They are, however, not the main focus for Semla. They can be found in Appendix B of this document.

3.2 Guidelines for interfaces

An interface describes how a module presents its services to other modules. It is normally built using exported methods. They operate on the data in the module and may use other supporting internal methods. It is important to note that an interface is normally an abstract construction and that the exported methods implement the interface. More than one module may share the same interface, which is another reason to keep the interface definition separate from the modules. As an example, an interface may define some methods and different classes implement this interface in different ways for different hardware, operating systems or versions. This section describes how an interface can be designed. Guidelines for how to document the interface are given in Chapter 4.

3.2.1 Describe all methods

Description and motivation: Every method should be described in such a way that the user knows the intended and legal uses of the method. As long as the description is valid, the implementation of the method may be changed without the user being affected by the change. If the method name that reflects the purpose of the method is used, the description can normally be kept short. However, one should always provide a short explanation of what the method does.

Rule: Provide an overall description of the intentions and usage of each method.

Procedure: If the method is well defined and simple, there is normally no problem in describing it. Write one sentence to explain its functionality and possibly a few more sentences to describe the extra information needed to use it correctly. Full guidelines for the documentation of a method are found in Chapter 4.

Example 1:
The description of a method

/******************************************************************

 * add:           adds anElement to the beginning of the list

 ******************************************************************/

public abstract List add(Object anElement);

/******************************************************************

 * remove:        Removes the element at position 'position' from

 *                the list (counted from 0)

 *****************************************************************/

public abstract List remove(int position);

3.2.2 Define contracts

Description and motivation: A contract is exactly what it sounds like: the definition of what a user and a supplier can expect from each other. Contracts play an important role in assuring that methods are used correctly. A contract implies that the user of a module is guaranteed a correct result if he supplies the module (or normally a method) with correct input. The pre- and postconditions, which constitute the contract, define what is meant by correct. The following subsections contain more details about preconditions and postconditions. 

In addition to the pre- and postconditions, there must be an agreement between the module programmer and the module user that the contract should be respected from both sides. In situations where contracts are not used, a default contract is often assumed, saying “I don’t trust anybody and nobody should trust me”. This normally leads to redundant testing and extra code. Use and trust contracts in order to make the code shorter, simpler and easier to understand.

Rule: Define and express contracts for all methods.

Procedure: Determine the acceptable values for the input parameters to your method. In addition, look for other conditions that the client code must guarantee, for instance that a communications channel is open. Express the precondition in plain English or through program code. Then, assume that all values are correct upon designing the method code. Express in the postcondition what the method has achieved. In some cases the postcondition simply restates the method description, but in many cases it will contain further details.

Example 2:
Contract

/******************************************************************

 * add:           adds anElement to the beginning of the list

 *

 * @param     anElement the data element to be added

 * @param     Pre  anElement != null

 * @param     Post anElement is the first element in the list,

 *                 the list size is increased by one,

 *                 the modified list is returned

 *****************************************************************/
public abstract List add(Object anElement);

/******************************************************************

 * remove:        Removes the element at position 'position' from

 *                the list (counted from 0)

 *

 * @param     position the position of the element to be removed

 * @param     Pre position >= 0 && position < size()

 * @param     Post the element which was at position 'position'

 *                 is not in the list any more,

 *                 the list size is decreased by one,

 *                 the modified list is returned

 *****************************************************************/
public abstract List remove(int position);

3.2.3 Specify preconditions for methods

Description and motivation: The precondition to a method is an expression for a condition that must be true before the method can be invoked. It may be directly measurable, for example that the value of one of the parameters to the method must have a value restricted to a certain interval. It may also be subtler. For instance, it may require that some other method be called prior to the method in question or that certain data elements must have certain values.

Rule: Express the precondition for all methods.

Procedure: To find the precondition, identify the parameter values that can cause problems for your method or that violate the invariants. The precondition can be thought of as a virtual filter. It lets the correct values pass through and filters the illegal values. The module designer should ask himself the following questions to find the relevant precondition. When and how may the method be called? Are there any values that will cause problems in the method? A method should always have a precondition. In some cases, it will simply be the condition true, meaning that the method may always be called. Examples of methods having this precondition include most so called predicates. Predicates are methods that do not affect the object in any way. They only return information about the state of an object.

Example 3:
Precondition

The method getElement from the class List shows a simple example of a precondition. The method returns the data element at the given position in the list. It is not possible to return data from a position outside the current list, so the user must assure that the position is within the list limits before calling the method. The precondition for getElement can be expressed as

// Pre:
position is from 0 through the number of

//

elements in the list minus one

The precondition can also be formalized using program code, in order to avoid misunderstandings. In some cases, the text volume may also be reduced.

// Pre:
0 <= position && position < size()

3.2.4 Specify postconditions for methods

Description and motivation: A postcondition describes the result of invoking a method or the effect produced by the method. In the simplest cases, a variable in the object executing the method may have changed or a value may have been computed and returned. In more complicated situations, several variables or even the state of the whole system may have changed.

Rule: Express the postcondition for all methods.

Procedure: Determine the result produced by the method. This is normally the postcondition of the method. The postcondition should not be related to specific code but be kept at a more abstract level. The most important aspect is that the postcondition expresses what the method has achieved and not how it is done. Here are some questions to ask to help identify the postcondition. What has the method done? In what way is the state of the object different after a call as compared to before? Has any variable changed its value? Which value did the method return? Where convenient, the pseudo-variable result may be used to express the result returned from a method.

Example 4:
Postcondition after a change in an object
The postcondition for add in Example 2 was:
// Post: anElement is the first element in the list,

//       the list size is increased by one

//       the modified list is returned

The postcondition can also be more formalized in order to avoid misunderstandings.

// Post: anElement == getElement(0)

//       size() == old size() + 1

//       result == the modified list

The term old should be interpreted as the value, at the start of the execution of the method.

Example 5:
Postcondition for accessing the state of an object 
It may be useful to define separate predicate methods, for instance isPositionOk, for the kind of preconditions that are needed by remove in Example 2 above. We will call this a guard method. Such a method improves the understanding of the program. It also makes it easier to avoid hard to spot errors produced by negligence, for instance that a programmer writes <= instead of < in a test.

// Post: a boolean value telling if position is legal

//       for accessing a list is returned.

//       true= position ok, false=position not ok 

public abstract boolean isPositionOk(int position);

This postcondition may seem trivial at first, but gives enough information to make it unnecessary to see the code of the method. Thanks to the postcondition, it is not necessary for the user to know the exact details needed to access the list.

3.2.5 Identify exported invariants

Description and motivation: An exported invariant expresses relations and conditions that a module guarantees and that the user can always trust. Since the exported invariants express requirements that the methods of the module must fulfill, they constitute an important part of the definition of the module interface. The exported invariants should not depend on any particular implementation but rather describe the concept that the module is implementing.

Rule: Identify and document any exported invariants for the module.

Procedure: Make notes of any conditions or properties for the modules that are known to the user of the module and that are always true. They are the exported invariants. Often, they seem trivial and are therefore overlooked. Sometimes they may be expressed through one of the methods of the module, sometimes through several methods and sometimes in plain English. The invariants should be expressed using only exported properties and should not depend on any particular implementation.

Example 6:
Exported invariants, informally

// Exported invariants:

//   the size of a list can never be negative

//   a list is empty if its size is zero

//   positions are counted from zero through the list size minus one

//   no position in a list contains null data

Example 7:
Exported invariants, formalized

// Exported invariants:

//   size() >= 0

//   isEmpty() == (size() == 0)

//   positions are counted from zero through size() - 1

//   for all legal values of position: getElement(position) != null

3.3 External guidelines

This section contains guidelines on how to use modules as black boxes. The guidelines should be used when several modules are combined with each other or an existing module is used by one that is under development.

3.3.1 Satisfy the preconditions

Description and motivation: A precondition expresses what is required to use a method in the way intended. It is therefore necessary to make sure that the precondition is satisfied before the method is called.

Rule: Satisfy the precondition for all methods called.

Procedure: Every time a method is called, the user must make sure that the preconditions for that method are satisfied. Either the program flow should be such that it guarantees the precondition or there should be a test for the precondition immediately before the method invocation.

Example 8:
Implicitly satisfied precondition

The precondition for the method getElement is that the input parameter position must have a legal value. If the programmer knows this to be true, for instance because there is only one possible flow of control to the call, the precondition does not need to be tested explicitly.

...

myList = myList.add(data);

// the list has at least one element at position 0 now

// and it is therefore safe to call getElement for position 0

anElement = myList.getElement(0);

...

The above code is correct.

Example 9:
Precondition satisfied through testing

If the program has more than one possible flow of control to getElement and not all of them guarantee the precondition, then the user must perform a test to assure that the position is legal.

...

if (x == y)

  myList = myList.add(anElement);

else
  doSomethingElse();

if (myList.isPositionOk(pos))                  // test

  anElement = myList.getElement(pos);          // method invocation
else
{

  System.out.println

    ("" + pos + " out of bounds (0-" + myList.size() + ")");

}

...

The program above either adds an element or does something else, depending on the values of x and y. The validity of the call to getElement must therefore be tested explicitly.

In many cases, the program flow and input values are given by an end user, and end users may never be trusted. In all cases where an end user is involved, the preconditions must be tested.

3.3.2 Trust the postconditions

Description and motivation: To trust a postcondition simply implies that the user can assume that the method has done what it has promised through the postcondition. There is no need to test what is already guaranteed to be true according to the postcondition. This of course assumes that the user has satisfied the precondition when the call was made. If the precondition was not satisfied, nothing can be said about the situation when the method returns (if it returns at all).

Rule: If the precondition was satisfied, then trust the postcondition.

Procedure: Make sure that the conditions contained in the precondition are satisfied, either implicitly through the program flow or explicitly through a test. Then, trust that the method does what it has promised through the postcondition and do not test for conditions that are already stated to be true.

Example 10:
Trust the postcondition

This example shows how the precondition is tested before the call to remove, but the postcondition is not tested after the return from the method.

...

List myList = new List();

...

myList = myList.add(aValue);

...

if (myList.isPositionOk(pos))
/*checking pre for remove
*/

{

  myList = myList.remove(pos);

  // no need to check outcome, success guaranteed by the postcondition

  System.out.println(”Element at pos ” + pos + ” was removed”);

}

3.3.3 Use methods correctly

Description and motivation: The user of a module should only use the methods of the module in the intended way and not utilize any side effects, which may exist. If the module is implemented in a different way in the future, side effects that are exploited can disappear. The client software would then be based on effects that no longer exist. Correct use of methods is normally not a large problem, but it is still worth mentioning.

Rule: Only use a method according to the documentation.

Procedure: Normally, using methods correctly does not present problems. It is still worth mentioning that one should be aware of the issue.

Example 11:
Use methods correctly

Assume that one wants a certain delay in a program. Assume further that experience has shown the addition of a certain number of elements to the list and the subsequent removal of the same elements to consume the necessary amount of execution time.

...

{

  List delayList = new LinkedList().add(new Object());

  for (i = 0; i < delay; i++)

    // consume some time:

    delayList = delayList.add(delayList.size()-1);
  delayList = delayList.erase();

}

...

The List implementation may be replaced by a more efficient one in a future release, or the program may be run on a faster machine. It would therefore be a mistake to use the list in order to create the delay in the client program. Often it is not even possible to use a method for other effects than the intended ones, but it may still be worth keeping this point in mind.

3.4 Internal guidelines

The internal guidelines contain criteria for the internal design and the implementation of a module. Since the module is restricted by the interface, it is important to respect all the conditions defined by the interface definition. It is also important to describe data in a clear way.

3.4.1 Respect the contracts

Description and motivation: To respect the contracts implies to trust them and not to test for conditions that are already true according to the contract. If both the programmer and the user of a module respect the contracts, then the software will be clean without redundant tests and similar anomalies. The output from the methods must follow the conditions described in the postconditions. The programmer must also trust that the preconditions protect the module from being used in an incorrect way and not perform redundant tests on the input parameters. The tests do not only take time to write, they consume space in the finished code, take time to execute and are useless. They also normally complicate the code and are, as all other code, extra sources of errors. Thus, no tests should be performed for conditions already fulfilled through the preconditions.

Rule: When implementing a module, respect the contracts defined.

Procedure: Do not test conditions that are already true according to the precondition. A quite common mistake is to not trust the precondition (”But what if they call it in the wrong way…”) and to test it in the method. This is unnecessary and only takes a lot of time. Also, make sure that the postcondition and invariants are true when the method completes.

Example 12:
Respect the contracts in the implementation

/******************************************************************

 * @param     Pre  isPositionOk(position)

 * @param     Post the element, which was at position 'position',

 *                 is not in the list any more

 *                 the list size is decreased by one

 *****************************************************************/
public List remove(int position)

{

  LinkedNode toRemove;             // the element to be removed
  if(position == 0)                // first element should be removed
  {

    toRemove = first;

    first = toRemove.getNext();    // remove from the list

  }

  else
  {

    // no test on first or position needed, thanks to the precondition
    LinkedNode previous = first;   // temporary
    for(int i = 0; i < position - 1; i++)

    {

      previous = previous.getNext();

    }

    toRemove = previous.getNext();  // pre guarantees this to be OK
    previous.setNext(toRemove.getNext());// remove from the list
  }

  return adjustSize(-1);           // maintain internal invariant

} // remove
No test is needed inside the method to verify that position has a legal value. That is already settled in the precondition, which should be satisfied by the caller. The only testing needed in the method is for the special case of removing the first element in the list.

3.4.2 Describe the data

Description and motivation: All important aspects of the variables used to implement the module should be described in order to avoid any doubt about how they should be used.

Rule: Describe all the variables used to implement the module in order to avoid any doubt about their intended use.

Procedure: Determine and document what each variable represents and for what purpose and how it should be used. Exceptions may be made if this is sufficiently clear from the name of the variable or if the variable is a temporary variable, for instance a loop counter.

Example 13:
Data descriptions

public LinkedList inherits List

{

  private LinkedNode first;   // the first node in the list
  private int size;           // the total number of nodes

  ...

}

...

void someFunction(...)

{

  int i;                      // loop variable
  int top;                    // index of the topmost element in array

  for (i = 0; i < MAX; i++)

    doSomething(i, top);

}

In the above example, the usage of each variable is described. One variable has been tagged ”loop variable” to explain why it exists.

The last example shows a common source of error. Does top refer to the last element used or to the next position to be used? Does top represent the index of the topmost element of the array or is it the number of array elements used? Attempts are sometimes made to express different semantic meanings with one single variable. After a while, the programmer is no longer sure about how the variable should be used. It is important to document the intended use of a variable well, so that errors can be avoided.

3.4.3 Identify internal invariants

Description and motivation: An invariant is something that does not change. It is an expression that is constantly true. In programming, invariants are used to describe conditions that do not change. Such descriptions make additions or changes easier to perform by clarifying how and when a variable may be used. Every method can assume that the invariant is valid upon entry to the method and must ensure that it is valid at the exit from the method. In some cases, a method will break the invariant temporarily during its execution, to perform some test or to update some object, but it must make sure that it is reestablished before exiting the method.

For local variables defined and used in smaller, easily understood methods, it may not always be necessary to describe any invariants. For loop variables in somewhat more complicated methods, it is often useful to explicitly state an invariant to avoid ”off-by-one” errors. After a while, it may be difficult to remember whether a certain variable represents the first free or the last used position or if it points before, on or after something. It is easy to use the variable differently at different places in the program.

Rule: Express all limitations for a variable in the form of invariants.

Procedure: Consider the restrictions that apply for a variable or for a group of variables. Write these down at the same time as the variable or variables are declared.

Example 14:
Identify internal invariants

Assume that you want to add, to an implementation of a linked list, a variable maintaining a count of the number of elements in the list. The variable is increased by one every time an element is added to the list and decreased by one when an element is removed. This has the advantage that the whole list does not need to be counted to get its size. This mechanism is not visible from the outside, so it is a purely internal optimization.

// LinkedList.java

public class LinkedList

{

  private LinkedNode first;

  private int size;      // The number of elements currently in the

                         // list, 0 <= size < Integer.MAX_VALUE
}

The invariants for the variable size is:

size is equal to the number of elements in the list

size is non-negative and smaller than Integer.MAX_VALUE

These invariants should be made explicit close to the corresponding variable declaration. The statements above may seem evident, given the name of the variable. However, in many similar cases, the use of a variable is not evident. Is it for instance the number of elements contained in an array, the position of the last element added to the array or the position of the next element to add?

3.4.4 Establish and maintain invariants

Description and motivation: In order for an invariant to hold, it first needs to be established. That should be done as soon as the object is created, by the constructor. Then, every method that modifies a variable must assure that the invariants still hold when the method exits.

Rule: Make sure that the constructors establish the invariants and that all other methods maintain them.

Procedure: The constructors are useful for establishing the invariants. In fact, that is a constructor’s most important task, and it should normally be restricted to doing just that. Identify all methods that modify the data and verify that the invariants hold before they return.

Example 15:
Establish and maintain invariants

The constructor must establish the invariants. Initializing the list to be empty satisfies the condition that the list size should be non-negative. The variable size should be equal to the number of elements in the list. All methods modifying the data must maintain these invariants.

// LinkedList.java
public class LinkedList extends List

{

  public LinkedList()         // constructor, initialize an empty list
  {                           // establish invariants:

    first = null;             // exported invariant (empty list)

    size = 0;                 // internal invariant (size=list size)
  }

  public List add(Object anElement)

  {

    ... code to add an element ...

    return adjustSize(1);     // maintain internal invariant

  }

  // the precondition assures that the list is not empty

  public List remove(int position)

  {

    ... code to remove an element ...

    return adjustSize(-1);    // maintain internal invariant
  }

} // class LinkedList
4 Guidelines for documentation

This chapter contains guidelines for how to document a module in order to encourage correct use of the module. The focus is on how to document the semantic aspects.

Not all the important system aspects that need to be documented are covered. Aspects not covered include the system structure, the requirements on both development and execution environments, the routines for linking and building the system, and history records. For these and other aspects, the guidelines for your company should be followed. The same is true as regards where to write the documentation, whether it should be embedded in the source code or whether it should be in a separate document. We only note that the documentation should be easily synchronized with the design and implementation during both development and maintenance. The documentation should also be readily available to both users and programmers when needed.

4.1 The purpose and the parts of the documentation

The purpose of documenting is to transmit information to some target group. A software module has two target groups, its users and its programmers, and these two groups have different information needs. These needs and differences should be reflected in the documentation. That is achieved by separating the documentation into three parts, an overview, a description of the interface and a description of the implementation. The overview describes the objectives for the module and the general rules for its use. It is primarily of interest to the users but is also useful to the programmers The interface part describes the data types and the exported methods defined by the module. It is of primary interest to both of the target groups, since it should be used by the users and implemented by the programmers. It is the most central part, so it should have a predominant position in the documentation and needs to be described very carefully. The implementation part describes the details of the implementation. It is the area of the programmers. It is produced by the designer and used during implementation and maintenance. This part is not intended for the user, who could otherwise take advantage of it in his client software. That, in turn, would break the encapsulation and jeopardize the maintainability of the system.

The primary target group for the documentation is normally the user, so his needs should be satisfied first. This implies that, if a separate documentation is made for the intention of the user, it should contain the overview and the interface parts but not the implementation part. One should always think in terms of the needs of the users when documenting the overview and the module interface.

The rest of this chapter describes what the three different parts of the documentation should contain in order to satisfy the need for semantic information.

4.2 Documentation of the overview

The purpose of the overview is to give a general understanding of the module. It should give a general description of the purpose of the module, the data structures used by the module and the rules that govern the use of the module. This part of the documentation is primarily for the user but is also useful for the programmer.

4.2.1 The purpose of the module

Description and motivation: Both users and programmers need a quick introduction to the issues the module is addressing. This includes the purpose of the module and possibly a description of the contexts where it can be used.

Rule: Give a short description of the purpose of the module.

Procedure: Mention the most important methods and services of the module. Be generous with illustrations to make the description easier to understand.

Example 16:
The purpose of the module

The overview of the list module may be:

The List module implements dynamically sized lists and operations to manipulate them. The content of a list can be of any object type and is supplied to and from the module through an Object reference.

4.2.2 General data description

Description and motivation: In order to use data correctly they must be understood. If the module defines new data types, then they should be presented in such a way that the user can understand how to use them. The overview part of the documentation should contain a general description of the data. The details should be described in the interface part, as explained in Section 4.3 below. Neither this overview nor the interface description should give any clue about how the data types are implemented. That would jeopardize the semantic integrity of the module, since it would invite the user to manipulate data directly or to take advantage of various side effects.

Rule: Present the data types defined by the module and their general properties. Include any exported variables defined by the module.

Procedure: Put yourself in the situation of a user. What does he need to know about the data types defined by the module in order to get a first impression of how to use them? Those are the properties that should be described in the overview. The description should show the general properties of the data types without revealing their implementation.

Example 17:
General data description

A general description of the data type List may be as follows.

The list module defines one data type, List, with the following general characteristics:

· A list may contain data of any object type.

· Creating and managing the contained data objects are the responsibility of the client.

· The maximum size of a list is only limited by the amount of working memory available.

4.2.3 General usage description

Description and motivation: The methods of a module often require that a certain usage pattern is followed. Typically, something needs to be created, initialized or opened before it can be used and in some way terminated or closed after use. Sometimes the use must also follow some sequential, circular or other usage pattern. These dependencies define the underlying semantic conditions for use and need to be described.

Rule: Present the main functional groups defined by the module and their usage patterns.

Procedure: Identify the different main stages or states that an object from the module goes through. Look for and document any pattern that must be followed when using the module. The description should be kept on an overall level. Focus on the conditions for use. No information about the implementation should be revealed.

Example 18:
General usage description

The use of the methods in the List module may be described in the following way:

The module contains three categories of methods: to create, manage and erase lists.

· Creation is done through the constructor, which also initializes the data structure.

· The managing methods are those used to add, remove and get list elements and to retrieve other list information.

· When the list is no longer needed, it should be erased.

4.3 Documentation of the interface

While the purpose of the overview is to give a short, general introduction to the module and its use, the interface part should give all the details a user needs to use the module correctly. It should contain a clear and complete description of how to use every method and data type exported from the module. This part of the documentation is the main reference for both developing clients for the module and for implementing it. This section addresses the documentation of the interface. The design and definition of the interface are described in Section 3.2.

4.3.1 Defined data types and their external invariants

Description and motivation: Any details needed to use the declared data types correctly must be supplied. Sometimes, some invariants can be found, which the user can always rely on. They should be documented here. These invariants are often expressed in plain text or by some of the methods defined by the module.

Rule: Describe how the data defined by the module should be used, together with any external invariants.

Procedure: Every time you think ”this is something that the module user must know about the data types defined by this module”, that information should be written down. Describe how to declare variables of the data types defined by the module. If there are any invariants for the declared data types, they should also be written down. Often, these properties become evident during the work on the problem, and this section is a good place to collect them. They are often expressed through some of the exported methods defined by the module.

Example 19:
The data type List and its invariants

This example shows a possible documentation of the data type List and its invariants.

Description

The data type represents a list. A List variable is a pointer to an instance of the class List.

Declaration example

List myList;
General properties

A list is created and initialized through a constructor and assigned to a List variable. All List methods are applied to a valid List variable. When a list is no longer needed, it should be erased.

A data element in a list is identified through its position. The position numbers start at zero. Position zero is said to be the front of the list. All positions in the list have real data elements. No data element in the list is null.

Invariants (in plain text)
· The number of elements in a list, i.e. the size of the list, cannot be negative.

· If the list size is zero, then the list is said to be empty.

· The numbering of the positions in the list go from zero through the number of elements in the list minus one.

Invariants (more formalized)

For all valid lists:

· size() >= 0

· isEmpty() == (size() == 0)

· positions are counted from zero through size() - 1
4.3.2 Description of every method

Description and motivation: Each individual method exported from the module needs to be described in such a way that it can be used correctly. The semantics for each method is defined through the contract as given by its pre- and postcondition.

Rule: Describe every exported method completely.

Procedure: The example below can be used as a template if the module should be documented in a separate document. Start with a simple presentation of the methods followed by the syntactic and semantic details and any non-functional specifications. The syntax specification is the same as in the Java source file. Section 3.2 describes how to define the contracts for the semantic description. If the method returns a value, it is described in the postcondition.

Example 20:
Method description

The method to add an element to a list could be documented as follows.

Add an element

Description

Adds a new data element at the first position in the list and returns the new list. All data already in the list are moved up by one position.

Syntax

public List add(Object anElement)
Parameters

anElement
the data element to be added to the list

Precondition

· anElement is not null

Postcondition

· anElement is the first data element in the list

· the list size is increased by one

· all data elements previously found in the list are moved up by one position

· the modified list is returned

4.4 Documentation of the implementation

The description of the implementation is for the sole purpose of the programmers of the module. It should be kept separate from the documentation given to the user of the module. That will prevent the user from taking advantage of any known implementation details in his client programs. This documentation corresponds to the information defined in Section 3.4. It should contain sufficient information to allow a correct implementation, to verify that the implementation is correct in relation to the defined interface and to explain the choices made during the implementation. The implemented objects and the associated invariants should be documented, along with any special considerations affecting the choice of implementation and an explanation of local variables used in the methods of the module.

4.4.1 Implemented data structures and invariants

Description and motivation: Every implementation will be supported by concrete data structures and algorithms. The exported properties of the module have already been described through the description of the interface. The purpose of the description of the implementation itself is to supply internal details to support the implementation and the maintenance of the module. This is where all the secrets are revealed.

An implementation normally adds additional constraints and dependencies to those described in the interface. Internal invariants are used to describe these new constraints and dependencies. These internal invariants depend only on the actual implementation chosen and should not be disclosed to the user of the module. The invariant part is a good place to collect ”information to remember” about the variables used for the implementation.

Rule: Describe the data structure used in the implementation. Include constraints, dependencies and invariants.

Procedure: Describe all parts of the data structures in the module, how they should be used and any relationship between them. Look for constraints and dependencies on the variables and document them. Such dependencies typically appear in composed data structures or when redundancies are introduced, often for optimization purposes, such as storing the size of a linked list in a separate variable to save counting the elements when the size is requested.

Example 21:
Data structures and invariants

The description of a linked list may be as follows, perhaps using comments in the source code for the documentation. In this example, the class LinkedList inherits from and implements the methods defined in the abstract class List.

// File LinkedList.java

public class LinkedList extends List {

  ...
  // Private data structure

  //

  // A list is represented by a chain of linked nodes

  // The data contents is held by Object pointers in the nodes

  //

  // Internal invariant for LinkedList:

  //   size == the number of nodes in the list

  //   first points to the first element in the list (if any)

  //   first == null iff size == 0

  //   nodes are allocated locally by the list methods

  //   data objects are allocated by the client

  private LinkedNode first;

  private int size;
} // class LinkedList
// File LinkedNode.java

class LinkedNode

  ...
  //

  // A linked node holds requence information and data for a linked 

  // list. This class is defined at the package level and will be 

  // invisible outside of the package where it is defined.

  // This node defines a single linked list.

  //

  // Invariant for LinkedNode, must be maintained by the list

  //   next == null iff there is no following node

  //
{

  private LinkedNode next;

  private Object data;

} // class LinkedNode
4.4.2 Special considerations for the implementation

Description and motivation: There may be other requirements and conditions for use not described in the previous sections. They may be described under this header.

Rule: Describe non-functional considerations, requirements and priorities.

Procedure: Consider whether the module is intended for a specialized usage or whether there are other particular conditions for use.

Example 22:
Special considerations

The following special considerations may be documented to motivate the redundant size variable in the linked list:

/******************************************************************

 * It is assumed that the size operation will be used frequently

 * for the list, since it appears in several preconditions.

 * This is the reason for the redundant size variable,

 * which must be maintained at every addition and removal.

 *****************************************************************/
4.4.3 Explanations of local variables

Description and motivation: The implementation of a method often requires additional local variables. These too need to be explained to support those who will be maintaining the program. A good explanation can avoid semantic problems in the future. Some cases may also benefit from an invariant being defined for local variables.

Rule: Describe the usage and possible invariants for local variables in the methods of the module.

Procedure: Put yourself in the place of a programmer assigned to maintain the code after a few months or even a year. Explain the purpose and limitations of each local variable. If you need to take special considerations into account, it often indicates that an invariant should be defined. Describe such invariants, so that the variable can continue to be used in accordance with its intentions.

Example 23:
Local variables

The method remove() introduces three local variables. The intended use is documented in comments. There is also an invariant for the relation between the variable called previous and the position counter i used while searching for the element that should be removed. This invariant is established as soon as the variables are declared. It makes it possible to reason about the correctness of the code during and after the search for the element that should be removed.

LinkedNode toRemove = null;    // the element to be removed
LinkedNode previous = first;   // used while searching,
                               // stops one position before the
                               // node to be removed
int i = 0;                     // position counter used during search
// Invariant:
//   previous points to the node at position i
5 Guidelines for maintenance and reuse

Programming is not only about creating new code. It is also about maintaining and continuing to develop existing code, including reusing such code in new contexts. Existing code may, or may not, have the qualities described in chapter 3.

This chapter describes semantic concerns related to maintenance and reuse. We begin, in Section 5.1, by explaining what we mean by maintenance and reuse. Section 5.2 gives guidelines for how to maintain the semantic integrity of a module and of individual methods during maintenance. Finally, Section 5.3 considers reuse of methods.

5.1 Maintenance vs. reuse

In this document, we use the term maintenance in a broad sense. It covers all activities that lead to a change in the interface or in the implementation of an existing module. The term includes activities that are traditionally called maintenance, such as error corrections, minor improvements and adjustments for new or changed environments. In addition, it includes the development of new and improved functionality.

We use the term reuse to mean that an existing module or method is used unchanged in a new context, possibly in a context that the original developer did not have in mind. A module released as a standard library is an example of code that is being reused.

5.2 Maintenance of a module

During maintenance of a module, some methods are changed and some added. Before changing an existing method, both the method itself and the invariants for the module containing the method must be understood. If the module and the method are not well documented, with invariants and contracts, that should first be done. This is described in Section 5.3 below. Throughout the rest of this section, we will assume that the module, or at least the part of it affected by the change, is well documented.

The main question to ask when modifying an existing method is whether it can continue to be used in the same way after the change. How can one be sure that there are no harmful effects on the client code? The answer lies in comparing the pre- and postconditions for the original and the changed versions of the method. If neither the precondition nor the postcondition is changed, then the methods are of course interchangeable. If the precondition and/or the postcondition have changed, then the following rule summarizes the condition for using the changed method in place of the old method:

The new method has a weaker precondition and a stronger postcondition than the old one.

We can call this rule the golden rule of substitution. Figure 5.1 illustrates how the preconditions and postconditions are interpreted when a method is modified, from the point of view of both the supplier and the client. Version A denotes the method before the change and version B after the change. The client is unaffected by the change if the client can continue to act as though it were calling version A of the function. The pre- and postconditions of version B must then live up to this illusion.
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Figure 5.1:
The interpretation of pre- and postconditions.

The rest of this section will develop the consequences of the golden rule of substitution and the interpretation of Figure 5.1.

5.2.1 Changes to weaker preconditions

Description and motivation: The client in Figure 5.1 satisfies A's precondition. If it then automatically satisfies B's precondition as well, then the precondition for B is said to be weaker than the one for A. In that case, version B of the method can replace version A.

Rule: Make sure that the new precondition is weaker than (or equal to) the old one when changing an existing method.

Procedure: Identify the precondition required for version B. Assume that the precondition for version A holds and see whether the precondition for version B is also satisfied. (If you fancy formalism, you should show that preA ( preB.)

Example 24:
Weaker precondition

The precondition for add is that anElement should not be null. We wish to modify the module to allow null data in the list, so we define a new version of the add method with the new precondition true. Can this new version be used in place of the old one?

Assume that the client satisfies A's precondition. Then, the precondition for B is also satisfied. In fact, B's precondition is the expression true, so it is always satisfied. Therefore, B's precondition is weaker than A’s. The modified version of the method may then be used in place of the old one. This is illustrated in Figure 5.2.
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Figure 5.2:
Version B has a weaker precondition than version A and may replace it.

The comparison between the preconditions for versions A and B may be put another way. The situations in which anElement != null are only some of the situations that satisfy B. The other ones are those in which anElement == null.

5.2.2 Changes to stronger postconditions

Description and motivation: The client in Figure 5.1 is expecting A's postcondition. If it is automatically satisfied through B's postcondition, then the postcondition for B is said to be stronger than the one for A. In that case, version B of the method can replace version A.

Rule: Make sure that the new postcondition is stronger than (or equal to) the old one when changing an existing method.

Procedure: Identify the postcondition guaranteed by version B and assume that it holds. Examine whether this will make the postcondition for version A hold as well. (If you fancy formalism, you should show that postB ( postA.)

Example 25:
Stronger postcondition

Assume that our data elements can be part of several lists at the same time and that we want to keep track of the lists in which they are included. Therefore, we want to extend the functionality of the add method to update that information as well. This situation is illustrated in Figure 5.3.
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Figure 5.3:
Version B has a stronger postcondition than version A and may replace it.

In this case, the postcondition for B ( that anElement is included in both the list and in some global inventory ( implies that anElement is at least included in the list. The postcondition for A is therefore satisfied by version B, so the changed version may be used instead of the original one.

5.2.3 Other changes in the contract for an existing method

Description and motivation: Not all changes follow the golden rule of substitution. If the contract of a method is changed in a way that does not follow this rule, then the clients of this method may be the victims of changed results when invoking the method. If the clients want to be sure that they get the correct result from the method, they need to be modified and adapted to the new contract. 

Sometimes it is not possible to modify all the clients at the same time as the change is made. In that case, a new method has to be defined in the module according to the new contract. The existing method cannot be changed. The new and the old methods will then live side by side and each individual client can be adapted to the new contract when and if it is suitable.

Rule: Define a new method when the golden rule of substitution does not hold.

Procedure: Compare the pre- and postconditions for the original and the new contracts. If either of the rules ”weaker precondition” and ”stronger postcondition” is violated, then the modified method needs a different name than the old one. It cannot simply replace it. The only exception is if all the clients can be adapted to the new definition at the same time as the change is made.

Showing that the golden rule of substitution is broken is normally much easier than showing that it holds. In fact, to show that it is broken, it is sufficient to find one situation in which it does not hold. Look for a case where the precondition holds for A but not for B or where the postcondition holds for B but not for A. If you find one, then version B of the method cannot replace version A without affecting the client routines.

Example 26:
Changing a contract

Assume that we want to add a general insert method, which will add a new data element anywhere in the list, not only at the beginning as add does. We already have a guard method isPositionOk for referencing the list. Can we redefine it so that it can be used for insertions as well?

To answer that question, we need to identify the pre- and postconditions for version B of isPositionOk and see whether version B satisfies the golden rule of substitution. The position parameter for a general method insert(anElement, position) should be allowed to go from zero to one position behind the last element. Therefore, the guard method isPositionOkB(position) should have the postcondition

postB:

the value of (0 <= position && position <= size()) is returned

As a reminder, the postcondition for isPositionOkA is 

postA:

the value of (0 <= position && position <= size() - 1) is returned

We need to verify that postB ( postA. However, we can find one value for position, namely size(), which satisfies postB but not postA. Therefore, the postcondition for version B is not stronger than (or equal to) the postcondition for version A. The method isPositionOk can therefore not be used, even in a modified form, for our new purpose. We need to define a new guard method for the new purpose.

5.2.4 Addition of new functionality

Description and motivation: A module can develop through the addition of new methods. These new methods may build on the existing data structures or add new data types with associated methods. This kind of change is really an addition rather than a change. The new method or methods should be developed according to the guidelines for development of new software in Chapter 3. However, during that work, it is imperative that the new methods respect any existing invariants.

Rule: Follow the guidelines in Chapter 3 when adding new methods or new data types to a module and be careful not to violate any existing invariants.

Procedure: Find all existing data types and data structures affected by the changes and check the invariants that govern their use. Make sure that all these invariants are respected by your additions.

Example 27:
Addition of new functionality

A general method insert(anElement, position) to insert an element at a freely chosen position in the list may be added to the List module at any time. A guard method for the associated precondition, for instance isInsertPositionOk, may also be added. These additions will not affect anything else in the module as long as they are developed according to the guidelines for module design. The existing invariants, for example those that concern the list size and the position of the data elements, should also be respected.

5.3 Reuse of a method

Existing methods can be defined with or without the use of contracts, and the procedure for reusing them will vary accordingly.

5.3.1 Reuse without contracts

Description and motivation: If a method or a module is defined without contracts, then the first step before using it is to try to understand how it is supposed to be used. It often pays off to go through the part of the code needed and to document the related pre- and postconditions for every method. This makes both the immediate use and future maintenance easier. The probability that the methods will be used again is probably high, since they obviously already have proven to be reusable.

Rule: Before writing client software for a method or a module with no documented contracts, identify and document their contracts.

Procedure: Below is a list of some steps to go through before reusing a method.

· Read the description of the method if there is one.

· If there is no description, try to figure out what it does from the name or the context of the method and make your own description.

· Identify the constraints for using the method, either by reading the description or by studying the code.

· Add pre- and postconditions for the method.

· Try to detect and document any invariants for the module according to Section 3.2.5.

A more thorough description of the procedure is given in the Sections 3.2 and 4.3. Once the contract is documented, proceed according to the next section.

5.3.2 Reuse with contracts

Description and motivation: If the method or module for which you want to develop client software is documented with contracts, then you have an easy task reusing them. Call the method according to its intentions and make sure that the precondition is satisfied before the call.

Rule: If a method or module to be reused is documented with contracts, then follow the contracts when developing client software for it.

Procedure: More information about this issue is found in section 3.2.5.

6 Quick reference guide

This chapter contains a list of all the rules from this document, arranged chapter for chapter. Use it as a quick reference while working. Check the relevant section for further details.

6.1 Quick reference for module design

6.1.1 General guidelines

· Split the program into modules, which should be well defined, complete and coherent.

· Let a module communicate with as few other modules as possible and send as little information as possible between modules.

· Locate variables and the methods that operate on these variables in the same class.

· Hide data variables and methods that can be misused.

· Define and abstract the data to a level above the implementation level. Let each method in a module perform one well defined, limited task.

6.1.2 Guidelines for interfaces

· Provide an overall description of the intentions and usage of each method.

· Define and express contracts for all methods.

· Express the precondition for all methods.

· Express the postcondition for all methods.

· Identify and document any exported invariants for the module.

6.1.3 External guidelines

· Satisfy the precondition for all methods called.

· If the precondition was satisfied, then trust the postcondition.

· Only use a method according to the documentation.

6.1.4 Internal guidelines

· When implementing a module, respect the contracts defined.

· Describe all the variables used to implement the module in order to avoid any doubt about their intended use.

· Express all limitations for a variable in the form of invariants.

· Make sure that the constructors establish the invariants and that all other methods maintain them.

6.2 Quick reference for documentation

6.2.1 Overview

· Give a short description of the purpose of the module.

· Present the data types defined by the module and their general properties. Include any exported variables defined by the module.

· Present the main functional groups defined by the module and their usage patterns.

6.2.2 Interface

· Describe how the data defined by the module should be used, together with any external invariants.

· Describe every exported method completely.

6.2.3 Implementation

· Describe the data structure used in the implementation. Include constraints, dependencies and invariants.

· Describe non-functional considerations, requirements and priorities.

· Describe the usage and possible invariants for local variables in the methods of the module.

6.3 Quick reference for maintenance and reuse

6.3.1 Maintenance of a module

· Make sure that the new precondition is weaker than (or equal to) the old one when changing an existing method.

· Make sure that the new postcondition is stronger than (or equal to) the old one when changing an existing method.

· Define a new method when the golden rule of substitution does not hold.

· Follow the guidelines in Chapter 3 when adding new methods or new data types to a module and be careful not to violate any existing invariants.

6.3.2 Reuse of a method

· Before writing client software for a method or a module with no documented contracts, identify and document their contracts.

· If a method or module that will be reused is documented with contracts, then follow the contracts when developing client software for it.

Appendix A List of terms

This list gives a short explanation of some of the terms used in this document. A few of them are explained more fully in Chapter 2. They are marked with an asterisk (*)

Assertion
Statement, assurance about something.

Black box*
A model of a software part where only the outside is visible.

Client
Software that is currently calling a supplier method.

Client module
A module in the role of being the client of another module.

Contract
Pre- and postconditions in combination with a consistent usage.

End user
A person who will use the software system that is being constructed.

Exported method
A method intended to be used by a client outside the module.

Guard method
A method expressing a precondition for another method.

Interface*
A description of how a method or a module should be used.

Internal method
A method intended to be used only from inside the module.

Invariant
A condition that is always true during the execution of a program.

Method
1) A set of guidelines for achieving certain goals.


2) Java terminology for a function.

Module*
A software part. Examples include a method, a method library, a class and a package of classes.

Module designer
A person designing a module and its interface.

NUTEK
The Swedish National Board for Industrial and Technical Development.

Postcondition
A condition that should be true after the execution of a method.

Precondition
A condition that should be true before a method is called.

Programmer
A person implementing or maintaining a module.

Semantics*
Meaning, implication of something.

Semantic integrity*
Maintaining and respecting the semantics of a module.

Supplier method
A method that is intended to be called from a client module.

Supplier module
A module in the role of supplying services to other modules.

Syntax
Language constructions, grammatical rules.

User
A person developing a client module. Not to be mistaken for an end user.

White box
A model of a software part where both the outside and the inside are visible.

Appendix B General guidelines

This appendix contains important guidelines for defining modules and for abstracting data and methods. The guidelines under this header can help during system design. They have an important semantic impact and much of the literature on software engineering and object oriented software construction mentions them. Refer to these guidelines if the method you are normally using does not already include them.

B.1 Use a modular design

Description and motivation: Modularity implies that something is split into small, well-defined parts. This is desirable since small parts are easier to read, understand and maintain than larger ones. Well-defined modules can easily be combined. Modularity also helps to understand the program as a whole, since the individual parts are easier to understand.

Rule: Split the program into modules, which should be well defined, complete and coherent.

Procedure: A good module should define one concept and do it well. A way to test a candidate module is to try to describe it in one short sentence. A module is complete if its functionality can be explained without resorting to other modules. A module is coherent if it does not include several concepts. In Java, a module is normally a class. Sometimes it can be an aggregation of tightly cooperating classes, defined as a package.

Example 28:
Modularity

Example 28 shows a reasonable division into modules. A list, represented by data and operations, is defined in an abstract class. The actual implementation will be defined by a subclass. The data type for the list is defined as Object, so that the list can contain data of any object type.

/* List.java */

public class List

{

  ...

  public abstract List add(Object anElement);

  public abstract List remove(int position);

  ...

} // class List
B.2 Keep down the number of dependencies

Description and motivation: There should be as few dependencies as possible between modules. This will improve the understanding and limit the propagation of errors. According to this rule, the ideal module would be one that had no dependencies at all. No errors could propagate to any other module and no change could affect any other module. Such a module should completely fulfill this criterion but would unfortunately also be totally useless. It is, however, reasonable to send information between as few modules as possible and to send as little information as possible between those modules.

Rule: Let a module communicate with as few other modules as possible and send as little information as possible between modules.

Procedure: Consider carefully which modules have to communicate with each other. Try hard to let each module be as independent as possible.

Example 29:
Many vs. few dependencies
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Figure B.1:
Different dependencies between modules

Figure B.1 shows how five different software modules may be connected in different ways. The example to the left has more dependencies than the one to the right. The designer wants to reduce the propagation of errors and changes from one module to the others. He has therefore organized the modules to the right so that they need to communicate with as few other modules as possible.

B.3 Encapsulate data and methods

Description and motivation: The data variables should be located in the same context as the methods using them. The co-location is normally syntactical, implying that variables and functions are declared physically close to each other in the source code. Bundling variables and methods that have something in common makes future additions and maintenance of the module easier. In object oriented languages like Java, encapsulation is easy and natural using classes.

Rule: Locate variables and the methods that operate on these variables in the same class.

Procedure: Start with the modules defined. For each module, see if it can be implemented as a class. Most of the time, a class will implement one module. One measure of a good class is to see whether the methods of the class use the variables defined in the same class most of the time.

Example 30:
Encapsulation

A list module can be a linked list. The data structure for the linked list and the methods operating on it are encapsulated in a class LinkedList that implements the abstract module definition List.

public class LinkedList extends List

{

  private LinkedNode first;

  private int size;

  ...

  public LinkedList(){/* actual implementation of constructor */}

  public List add(Object anElement) {/* actual implementation */}

  public List remove(int position) {/* actual implementation */}

  ...

} // class List

Example 30 shows how variables and methods are encapsulated by belonging to the same class.

B.4 Hide data and methods

Description and motivation: Data and methods are hidden to clarify for the user what should be known and accessible from outside a module and what should not. Hiding data and methods does not necessarily mean that they cannot possibly be reached, but it should make it more difficult to use them in a wrong way. It will never be possible to achieve total security in a system, but following this rule is a way to increase system security. At least, one signals clearly to the users what is appropriate and what is not.

Rule: Hide data variables and methods that can be misused.

Procedure: An interface is normally implemented through the methods exported from a module. Methods that may put the data in an unstable condition if used incorrectly or that break the encapsulation and data abstraction rules (see B.5) should be made internal and only be reachable through the defined interface. This way it will be possible to control the data access, since only “legal” access is made possible. All instance variables and static class variables should normally be declared private and only the exported methods should be declared public. Internal methods may be declared private or protected.

Example 31:
Data and method hiding

Example 31 illustrates how a special method is used to adjust a variable in the list module. The variable keeps track of the size of the list. If this method is misused, this variable will not reflect the size of the list any longer, and the semantic integrity is violated. The method is hidden in order to prevent incorrect usage.

/* LinkedList.java */

public class LinkedList extends List {
  /* Exported methods */

  public List add(Object anElement)

  {

    ...

    return adjustSize(1);

  }

  ...

  /* Internal methods */

  private List adjustSize(int adjustment)

  {

    size += adjustment;

    return this;

  } // adjustSize
} // class LinkedList
B.5 Use abstractions of data and methods

Description and motivation: Abstracting data means focusing on what the data represent rather than how they are implemented. It makes it easier both to use the data correctly and to modify the implementation. An insufficient or missing abstraction, on the other hand, may make it harder to understand the intention of a certain data element. Concerning the functional abstraction, one method should, as far as possible, implement one task only. This makes it easier to understand the purpose of each method.

Rule: Define and abstract the data to a level above the implementation level. Let each method in a module perform one well defined, limited task.

Procedure: Study and understand what the data element should represent and try to disregard how it will be implemented. This is of course not possible for simple data types, but it will pay off for structures that are more complex. As concerns the methods, they should be kept as simple as possible. If the method seems trivial and almost ridiculous, then there is probably good hope that its functionality can be understood even after a few months. It should be possible to describe the functionality of a method in one sentence. If not, the method is probably too complex.

Example 32:
Abstraction

class List {

  /* list methods */
  public abstract List linkedListAdd(ListData anElement);

  public abstract List linkedListRemove(int position);

  public abstract ListData linkedListGetElement(int position);

} // class List
The methods in the above example make explicit the fact that the class defines a linked list. However, the main point here is hardly to emphasize that the list is in fact a linked one, but that it is a list. The following example shows an abstraction, which is better for the user.

class List {

  /* list methods */
  public abstract List add(Object anElement);

  public abstract List remove(int position);

  public abstract Object getElement(int position);

} // class List
If the user has to know that it is a linked list in order to use it, then the abstraction level is probably too low. The next version of the list may be based on dynamic arrays. Then the names will be wrong and all client code must be rewritten to fit the new list definition. This should not be necessary and can be avoided with the right level of abstraction.

Appendix C Documentation and implementation of a list

This appendix shows a documented and commented code for the example used throughout this method description. The module that is shown designs and implements the concept of a list. A list is an unbound sequence of data elements. New data elements may be added and existing ones may be retrieved or deleted. To limit the size of the example, some restrictions are made, for instance that an element may only be added at the first position of the list or that no mechanism for searching an element in the list is provided.

The structure of this appendix follows the documentation guidelines from Chapter 4. The documentation part is followed by one possible implementation of a list. Other implementations of the same interface are possible. The implementation is accompanied by its invariants, data descriptions and constraints, according to Section 4.4.

For the sake of showing alternative ways to describe the properties of a module, some preconditions and postconditions have been given more than once. In those cases, the condition is first expressed as a plain text and then is followed by one or two expressions that are more formal. The alternative descriptions are easy to recognize, since they are indented as compared to the first description. A postcondition may contain the construction “old anExpression”. It means that the value of anExpression at the entry to the method should be used and not the current value at the end of the method. The code “anExpression@pre” has the same meaning. The style “old anExpression” is taken from Bertrand Meyer and “anExpression@pre” is defined by OCL, the constraint language for UML. It is difficult to say which of these will be used in the future.

In an actual situation, one of the styles for describing the semantic properties should be chosen. The choice will depend on the inclination of the designer in the informal or formal direction and on the readability and precision of the result. Some people prefer to use a formal language. On the other hand, the reader should also be able to understand the formalism so that he can profit from the description. With some care it is often possible to be just as exact using plain English, but that often requires more words to express an idea than what is needed using a formal constraint language.

C.1 Overview

C.1.1 The purpose of the module

The List module implements dynamically sized lists and operations to manipulate them. The content of a list can be of any object type and is supplied to and from the module through an Object reference.

C.1.2 General data description

The list module defines one data type, List, with the following general characteristics:

· A list may contain data of any object type.

· Creating and managing the contained data objects is the responsibility of the client.

· The maximum size of a list is only limited by the amount of working memory available.

C.1.3 General instructions for use

The module contains three categories of methods: to create, manage and erase lists.

· Creation is done through the constructor, which also initializes the data structure.

· The managing methods are those used to add, remove and get list elements and to retrieve other list information.

· When the list is no longer needed, it should be erased.

C.2 Interface

C.2.1 Defined data types and their invariants

C.2.1.1 List
Description

The data type represents a list. A List variable is a pointer to an instance of the class List.

Declaration example

List myList;
Properties

A list is created and initialized through a constructor and assigned to a List variable. All List methods are applied to a valid List variable. When a list is no longer needed, it should be erased.

A data element in a list is identified through its position. The position numbers start at zero. Position zero is said to be the front of the list. All positions in the list have real data elements. No data element in the list is null.

Invariants

· size() >= 0
· isEmpty() == (size() == 0)
· positions are counted from zero through size() - 1
· for all legal values of position: getElement(position) != null
C.2.2 Description of every method

C.2.2.1 Create a new list

Description

Constructor, initializes a newly created list to be empty.

Syntax

public List()
Parameters

none

Precondition

· none

Postcondition

· the list is empty

C.2.2.2 Add a new data element to the front of a list

Description

Adds a new data element at the first position in the list and returns the new list. All data already in the list are moved up by one position.

Syntax

public List add(Object anElement)
Parameters

anElement
the data element to be added to the list

Precondition

· anElement is not null

anElement != null

Postcondition

· anElement is the first data element in the list

getElement(0) == anElement
· the list size is increased by one

size() == listSize(list)@pre + 1
size() == old size() + 1
· all data elements previously found in the list are moved up by one position

· the modified list is returned

C.2.2.3 Retrieve the data element at a given position in a list

Description

Gets the data element at the position indicated in a list.

Syntax

Object getElement(int position)

Parameters

position
the position of the data element requested

Precondition

· position has a value from zero through the number of list elements minus one

0 <= position < size()

0 <= position && position < size()

· The list contains at least one element (also follows from the previous condition)

size() > 0

!isEmpty()

Postcondition

· the data element at position position is returned

C.2.2.4 Remove the data element at a given position from a list

Description

Removes the data element at the position indicated from the list and returns the modified list. All data elements that were previously behind the element removed are moved down by one position. The data element itself is not affected by the operation. It is only removed from the list.

Syntax

List remove(int position)

Parameters

position
the position of the data element to remove

Precondition

· position has a value from zero through the number of list elements minus one

0 <= position < size()

0 <= position && position < size()

· the list contains at least one element (also follows from the previous condition)

size() > 0

!isEmpty()

Postcondition

· the occurrence of the data element which was previously at the position position is no longer in the list.

· all data elements that were located behind position are one position lower than before

· the changed list is returned

C.2.2.5 Interrogate for the size of a list

Description

Reports the number of elements contains in a list. This is called the size of the list with the new contract.

Syntax

int size()

Parameters

none

Precondition

· none

Postcondition

· the number of elements currently in the list is returned

C.2.2.6 Interrogate if a list is empty

Description

Gives a  report as to whether the list is currently empty. A list is empty if it does not contain any data elements, that is, if its size is zero.

Syntax

boolean isEmpty()

Parameters

none

Precondition

· none

Postcondition

· the Boolean value if the list is empty is returned

C.2.2.7 Inquire if a position is a valid list index

Description

Reports whether the position indicated exists in the list.

Syntax

boolean isPositionOk(int position)

Parameters

position
the position to be tested

Precondition

· none

Postcondition

· the Boolean result if position is a valid, existing position in the list is returned

result == (0 <= position && position < size())

C.2.2.8 Erase a list

Description

Erase a list and return a result that cannot be used in list operations. The data elements that may be left in the list at the time of the call are not affected by the call.

Syntax

List erase()

Parameters

none

Precondition

· none

Postcondition

· the list in which the operation was performed is emptied. Any data elements previously in the list are deleted from the list but are otherwise unaffected.

· a value that cannot be used in list operations is returned

C.3 Implementation and internal description

The comments in front of the classes and methods of the following implementation as well as the @param part of the comments are used by javadoc to produce a documentation for the class and its methods.

The implementation consists of three classes, each in its own source code file. List.java contains the abstract class List, which defines the exported interface for the List data type. The list implemented as a linked list in the class LinkedList (in LinkedList.java) implements this interface. As part of its implementation, it uses node objects of the class LinkedNode. The classes List and LinkedList are public, while the class LinkedNode is restricted to the package scope.

The documentation related to the implementation is embedded as comments in the code.

C.3.1 List.java

/******************************************************************

 * The abstract class List defines a limited list concept, with

 * operations to add an element first in a list and to retrieve or 

 * delete an element of choice from the list.

 * <P>

 * A list can contain elements of any object-type.<BR>

 * Invariant:<UL>

 *   <LI>list positions are counted from 0 through size() - 1<BR>

 *   <LI>size() >= 0<BR>

 *   <LI>isEmpty() == (size() == 0)<BR>

 *   <LI>for all legal values of position:

 *     getElement(position) != null</UL>

 * <P>

 * A list default constructor should initialize the object to

 * represent an empty list.

 *****************************************************************/
public abstract class List

{

  /******************************************************************

   * constructor:   initializes an empty list

   *

   * @param     Pre  true

   * @param     Post a new, initialized, empty list is returned

   *****************************************************************/
  public List() {}

  /******************************************************************

   * add:           adds anElement to the beginning of the list

   *

   * @param     anElement the data element to be added

   * @param     Pre  anElement != null

   * @param     Post anElement is the first element in the list,

   *                 the list size is increased by one,

   *                 the modified list is returned

   *****************************************************************/
  public abstract List add(Object anElement);

  /******************************************************************

   * remove:        Removes the element at position 'position' from

   *                the list (counted from 0)

   *

   * @param     position the position of the element to be removed

   * @param     Pre  isPositionOk(position)

   * @param     Post the element which was at position 'position'

   *                 is not in the list any more,

   *                 the list size is decreased by one,

   *                 the modified list is returned

   *****************************************************************/
  public abstract List remove(int position);

  /******************************************************************

   * getElement:    Returns a pointer to the element at position

   *                'position' (counted from 0)

   *

   * @param     position the position of the element to be returned

   * @param     Pre  isPositionOk()

   * @param     Post pointer to data element at position 'position' is returned

   *****************************************************************/
  public abstract Object getElement(int position);

  /******************************************************************

   * isPositionOk:  Tests if position 'position' is within range

   *                for reference or removal

   *

   * @param     position the position whose legality should be 

   *            assessed

   * @param     Pre  true

   * @param     Post a boolean value telling if position is legal

   *                 for accessing a list is returned.

   *                 true=position ok, false=position not ok

   *****************************************************************/
  public boolean isPositionOk(int position)

  {

    return 0 <= position && position < size();
  } // isPositionOk
  /******************************************************************

   * isEmpty:       Tests if list is empty

   *

   * @param     Pre  true

   * @param     Post a boolean value representing the state of the 

   *                 list is returned.

   *                 True=list is empty, false=list is not empty

   *****************************************************************/
  public boolean isEmpty()

  {

    return size() == 0;

  } // isEmpty
  /******************************************************************

   * size:          Returns the number of elements in the list

   *

   * @param     Pre  true

   * @param     Post an integer value representing the number of 

   *                 elements in the list is returned.

   *****************************************************************/
  public abstract int size();

  /******************************************************************

   * erase:         Deletes whatever is left of the list

   *

   * @param     Pre  true

   * @param     Post the remaining part of the list is deleted.

   *                 no data element is touched, but they are removed 

   *                 from the list,

   *                 a value which cannot be used as a list is 

   *                 returned

   *****************************************************************/
  public List erase()

  {

    List temp = this;

    while (!temp.isEmpty())

      temp = temp.remove(0);

    temp = null;

    return temp;

  }

} // class List
C.3.2 LinkedList.java

/**

 * The concrete class LinkedList implements the list concept defined 

 * by the abstract class List.

 */
public class LinkedList extends List

{

  //

  // Private data structure

  //

  // A list is represented by a chain of linked nodes

  // The data content are helt by Object pointers in the nodes

  //

  // Internal invariant for LinkedList:

  //   size == the number of nodes in the list

  //   first points to the first element in the list (if any)

  //   first == null iff size == 0

  //   nodes are allocated locally by the list methods

  //   data objects are allocated by the client

  //

  // It is assumed that the size operation will be used

  // frequently for the list, since it appears in several

  // preconditions. This is the reason for the redundant size 

  // variable, which must be maintained at every addition and removal.

  //
   private LinkedNode first = null;// starting condition, empty list
   private int size = 0;           // starting condition, empty list
  /******************************************************************

   * constructor:   initializes an empty list

   *

   * @param     Pre  true

   * @param     Post a new, initialized, empty list is returned

   *****************************************************************/
  public LinkedList()

  {

    // The default initialization will do to initialize an empty list
  } // LinkedList
  /******************************************************************

   * add:           adds anElement to the beginning of the list

   *

   * @param     anElement the data element to be added

   * @param     Pre  anElement != null

   * @param     Post anElement is the first element in the list,

   *                 the list size is increased by one,

   *                 the modified list is returned

   *****************************************************************/
  public List add(Object anElement)

  {

    LinkedNode newNode = new LinkedNode(anElement);

    newNode.setNext(first);

    first = newNode;

    return adjustSize(1);

  } // add
  /******************************************************************

   * remove:        Removes the element at position 'position' from

   *                the list (counted from 0)

   *

   * @param     position the position of the element to be removed

   * @param     Pre  isPositionOk(position)

   * @param     Post the element which was at position 'position'

   *                 is not in the list any more,

   *                 the list size is decreased by one,

   *                 the modified list is returned

   *****************************************************************/
  public List remove(int position)

  {

    LinkedNode toRemove;           // the element to be removed
    if(position == 0)              // remove first element
    {

      toRemove = first;

      first = toRemove.getNext();

    }

    else
    {

      LinkedNode previous = first; // used while searching,
                                   // stops one position before the
                                   // node to be removed
      int i = 0;                   // index counter

      // Invariant:
      //   previous is the node at position i
      for(; i < position - 1; i++)

        previous = previous.getNext();// termination guaranteed by pre
      // previous is the node at the position (position - 1)

      toRemove = previous.getNext();    

      previous.setNext(toRemove.getNext());

    }

    toRemove.setNext(null);        // satisfy the node invariant
    toRemove = null;               // release the node
    return adjustSize(-1);         // maintain internal invariant
  } // remove
  /******************************************************************

   * getElement:    Returns a pointer to the element at position

   *                'position' (counted from 0)

   *

   * @param     position the position of the element to be returned

   * @param     Pre  isPositionOk()

   * @param     Post pointer to data at position 'position' is returned

   *****************************************************************/
  public Object getElement(int position)

  {

    LinkedNode temp = first;

    int i;

    for(i = 0; i < position; i++)

      temp = temp.getNext();       // termination guaranteed by pre
    return temp.getData();

  } // getElement
  /******************************************************************

   * size:          Returns the number of elements in the list

   *

   * @param     Pre  true

   * @param     Post an integer value representing the number of 

   *                 elements in the list is returned.

   *****************************************************************/
  public int size()

  {

    return size;                   // according to internal invariant
  } // size
  /******************************************************************

   * Internal methods

   *****************************************************************/
  /******************************************************************

   * adjustSize:    Adjusts the value of the size attribute

   *

   * @param     Pre  the physical list size has changed by adjustment

   * @param     Post the attribute size has been adjusted accordingly

   *****************************************************************/
  private List adjustSize(int adjustment)

  {

    size += adjustment;

    return this;

  } // adjustSize
} // class LinkedList
C.3.3 LinkedNode.java

class LinkedNode

{

  /******************************************************************

   * A linked node holds sequence information and data for a linked

   * list. This class is defined at the package level and will be

   * invisible outside of the package where it is defined.

   * This node defines a single linked list.

   *

   * Invariant for LinkedNode, must be maintained by the list

   *   next == null iff there is no following node

   *****************************************************************/
  private LinkedNode next;

  private Object data;

  /******************************************************************

   * constructor:   Constructs a node with the data given

   *

   * @param     Pre  true

   * @param     Post (getNext() == null) && (getData() == initialData)

   *****************************************************************/
  public LinkedNode(Object data) 

  {

    setNext(null);

    setData(initialData);

  }

/******************************************************************

   * getNext:       Gets the node following this one in a list

   *

   * @param     Pre  true

   * @param     Post the node following this one is returned

   *****************************************************************/
  public LinkedNode getNext() {return next;}

/******************************************************************

   * setNext:       Sets the list node which should follow this one

   *

   * @param     Pre  true

   * @param     Post getNode() == newNext

   *****************************************************************/
  public void setNext(LinkedNode newNext) {next = newNext;}

/******************************************************************

   * getData:       Gets the data stored in this node

   *

   * @param     Pre  true

   * @param     Post the data stored in this node is returned

   *****************************************************************/
  public Object getData() {return data;}

/******************************************************************

   * setData:       Stores data in this node

   *

   * @param     Pre  true

   * @param     Post getData() == newData

   *****************************************************************/
  public void setData(Object newData) { data = newData;}

} // class LinkedNode











































































�	To avoid confusion with the method Semla being described, we use the more general word ”function” here instead of ”method”, which is Java's name, to mean a collection of computer statements. In later parts of the document, we will use ”method”.


�	We use the comment conventions for javadoc. A javadoc comment state that the comment should start with /** and end with */. The javadoc utility will extract the text in the comment to a documentation file. A single * in the beginning of the list is not included in the documentation. The keywords @param is recognized as a parameter description. The first word following the keyword param will stand out in the documentation. Since javadoc does not specify pre- and postconditions, we use the parameter mechanism to document them.


�	Some people prefer the form isPositionOk(position) == true, which means the same thing. The expression isPositionOk(position) is a Boolean expression and if the expression is true, the assertion is true as well.
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