

Formal Specification and Design


Worksheet 1

Types, Functions, Quantifiers and Recursion

Question 1

1. Write a function called chr that takes a natural number x as argument and returns the character whose ordinal value is x.

2. Write a function called ord that takes a character x as argument and returns its ordinal value.

3. Write a function called pred that takes a character x as argument and returns its predecessor.

4. Write a function called succ that takes a character x as argument and returns its successor.

5. Write a function called isLetterOrDigit that takes a character x as argument and returns true if x is a letter or a digit; false otherwise.

6. Write a function called isUpper that takes a character x as argument and returns true if x is an upper case letter; false otherwise.

7. Write a function called isLower that takes a character x as argument and returns true if x is a lower case letter; false otherwise.

8. Write a function called before that takes two character arguments and returns the lexicographically least character.
Using character constants write assertions that test the properties of your functions. For example, you might test the function chr by writing, 

property assert chr(65) = `A`;

Question 2

1. Write a function called cube that takes an integer x as argument and returns x*x*x.

2. Write a function called sumSquares that takes a natural number n as argument and returns the sum of the series 12+22+32+ .. + n2. Use the formula n*(n+1)*(2*n+1)/6 to calculate the sum of the series.

3. Write a function to calculate the nth term of an Arithmetic sequence. The nth term is given by the formula a+(n-1)*d, where a is the first term in the sequence, n is the term required and d is the common difference.

4. Write a function to calculate the sum of an Arithmetic series. The formula for the sum of n terms is n*(2*a+(n-1)*d)/2.

5. Write a function that takes three integer arguments and returns the smallest value.

Write assertions to test your functions.

Question 3

Write a function called notPrime that takes a natural number x as argument and returns true if x is not a prime number; false otherwise.

Question 4

1. Specify an enumerated type called Language that contains the following elements: Ada, Java, C, C#, Eiffel, Prolog. 

2. Write a function that takes an element of the enumerated type Language as argument and returns its successor element.

3. Use the comparison operator, ~~, to compare two elements of type Language for equality.

Question 5

1. Define a subtype of the integers called Mark that restricts elements to the range 0..100.

2. Write an enumerated type called Grade that contains the elements: Distinction, Merit, Pass, Fail.

3. Write a function called grade that takes an element of the type Mark as argument and returns an element of the type Grade. The relationship between marks and grades is as follows: 0..39 ( Fail, 40..54 ( Pass, 55-69 ( Merit, 70..100 ( Distinction.

Question 6

1. Write a function that takes a string as argument and returns only its capital letters in order of occurrence.

2. Write a function that takes a string as argument and returns only its vowels in order of occurrence.

3. Write a function called containsDigit that takes a string s as argument and returns true if s contains at least a single digit; false otherwise.

4. Write a function called allUpperCase that takes a string s as argument and returns true if s all upper case letters; false otherwise.

5. By using string constants prove that #(a++b) = #a + #b

Write assertions to test your functions.

Question 7

1. Write a recursive function to calculate 12+22+32+ .. + n2

2. Write a recursive function to calculate the length of a string.

3. Write a recursive function to find the index of the leftmost occurrence of a space in a string.

4. Write a recursive function to calculate Fib(n).

Write assertions to test your functions.

Worksheet 2

User Defined Classes

Question 1

The Counter class developed during the lecture has no upper limit. Re-write it so that the constructor takes an upper limit as an argument. Re-write all the schemas in light of this change. Do the original properties still hold?

Question 2

Given is a Date class that has abstract variables day, month and year and a single constructor that creates an instance of a date. Write a toString function and comparison operator for this class and test your solution.

class Date ^=

abstract

 var

   day: nat,

   month : nat,

   year : nat;

interface

  function day;

  function month;

  function year;

  redefine function toString : string

    ^= ?

  operator ~~(other)

    ^= ?

   build{!day : nat, !month:nat, !year : nat};

 end;

Question 3

Given an Appointment class that has abstract variables person and date and a single constructor that creates an actual appointment write a comparison operator for this class and test your solution.

import "Date.pd";

class Appointment ^=

abstract

  var

   person : string,

   date : Date;

interface

   function person;

   function date;

   operator ~~(other)

    ^= ?

   build {p:string, d:nat, m:nat, y:nat}

     post person! = p, date!= Date{d,m,y};

end;

Question 4

Write a class to represent a point in the two dimensional Cartesian plane. It is necessary to write a toString function and a comparison operator for the class.

Question 5

Write a class to represent a line segment in the Cartesian plane. The class should have public functions that calculate the slope, the length and mid point of the line segment.

Question 6

Write a class to represent a book, where each book has a title, an author, a publisher and an isbn. The attributes title, author and isbn may not be empty and you may assume that each book has only one author. The class should have schemas to edit the title and isbn. It should also include functions to retrieve relevant information about an instance of a book.

Question 7

Write a class to represent a credit card. The class has attributes: card number that must be 16 digits in length, card name that may not be blank, credit limit that imposes an upper limit on the balance for the card and a balance that indicates the expenditure in the current period. The class should have functions that return information about the current state of the credit card and two schemas; one to update the balance when a purchase is made and the other to update the balance when money is deposited. At no stage should the balance exceed the credit limit.

Question 8

Write a class called Money that manages an amount of money. The class should have a single abstract variable, called amount, that records the current value of the object. It should have two constructors; one that takes a single amount representing the value of the money in cents and the other that takes euros and cents as its arguments. The class should have two schemas called deposit and take with the obvious semantics. It should not be possible to take money that isn't there! The class should also have two operators for addition (+) and multiplication (*) and a toString function.

Question 9

Write a class to model an e-mail. 

Question 10

Write a class to model a ticket dispensing machine. The machine dispenses tickets on request in ascending order.

Worksheet 3

Specifying with Sets

Question 1

Construct sets to verify the listed properties of sets.

{} <<= A, A <<= A, 
 A ** {} = {}, A ** A = A, 
A ++ {} = A
,

A ++ A = A, A -- {} = A, A -- A = {}
 
Question 2

 Using the logical definitions given below prove that:

{} <<= A, A <<= A, 
 A ** {} = {}, A ** A = A, 
A ++ {} = A
,

A ++ A = A, A -- {} = A, A -- A = {}

Definitions

x in {} <==> false
A <<= B <==> x in A => x in B
A ** B <==> x in A & x in B
A++B <==> x in A | x in B
A -- B <==> x in A & x ~in B

Question 3

Specify a class for a book that has a title, a publisher and at least one author. All instances of a book should contain a title, publisher and list of authors.

Question 4

A club has a list of members and a list of people waiting to join. There is a fixed limit on the number of people that can hold membership and those waiting to join can only do so when existing members leave, assuming that the current membership is full. A person not on the waiting list cannot become a member, assuming waiting list not empty.

Write a specification to manage the club membership.

Question 5

Students wishing to enrol in a class must take an aptitude test before starting a course. A course manager maintains a list of students who have enrolled on the course and a list of those waiting to take the aptitude test. Students can only take the test when there are places available on the course. Specify a system for the course manager.

Question 6

In class Comp3 a student must take at least 2 subjects and may not take more than 4. The subjects on offer are: Programming, Logic, Maths, Graphics, Design and Concurrency. Each student has an id and a list of subjects and may take up new subjects or drop existing ones. The class size is a max of 50. Specify three classes to model subject, student and comp3. The class comp3 should provide a schema to add a student to the class and a number of observer functions that provide information about the current state of the class. Sample functions are: the number of students in the class, a list of students taking a particular subject, a list of students taking four subjects, the number of students taking four subjects, the number of students taking the minimum number of subjects, check that everyone is taking Logic.

Question 7

Using class book from Question 3 specify a simple library class that manages a set of books. It must be possible to add new books and log books that are missing. A number of observer functions should be provided to obtain information about the current state of the book collection. Sample functions are: search for a title, list books by a given author, search for titles by a given publisher, list books that have more than 1 author.

Question 8

An entry in a telephone directory consists of a name and a number.  A directory consists of a set of entries. Write a specification to model the directory.

Question 9

A security system in a hotel uses intelligent keys to control access to rooms. Each key knows what rooms it can access. A master key, for example, may be able to unlock all rooms. When a key is inserted into a room’s lock, access is granted if and only if the key has access rights to that room. The access rights of a key may be changed. 

Suggested solution

1. Specify three classes: RoomId, Key, Room. The RoomId class is simply a subtype of string. The Key class has a list of room numbers that it can access. These room numbers can be changed using its public methods. The Room class has two attributes: locked that denotes its current status and a room id number.

2. Specify a class called SecuritySys that has three attributes: roomIds, rooms and keys. All instances of this class must satisfy the invariant: the number of rooms cannot exceed the number of room ids, all access codes in the set of keys must be contained in the set of room ids, every room id must be an element of the set of room ids, no two rooms can have the same room id.

3. The set of room ids is given at the point of construction

4. Write schemas to add a room, delete a room, unlock a room, lock a room, change access codes in a given key.

5. Write functions to list number of rooms locked, number of rooms unlocked, rooms that can be accessed by more than one key.

Worksheet 4

Specifying with Bags

Question 1

At a drinks promotion there are five different types of drink on offer: Guinness, Heineken, red wine, white wine and coffee. Specify an order of drinks.

Question 2

A person working in an office deals with four different types of transactions: invoices, orders, memos and reports. At any one time the in-tray may contain multiples of each of these transaction types. Write a specification of the in-tray.

Question 3

A sorter at a bottle bank sorts five different sizes of bottles. At any one time it will have multiples of each size of bottle to sort. Write a specification of the bottle sorter. It must be possible to add new bottles, remove bottles of a given size, check frequency of bottles of a given size, etc.

Question 4

A book store holds multiple copies of books in stock. Using a bag model the stock of books in the store. For the purposes of this specification a book has a title and an author only. It must be possible to add new books, remove books, list titles in stock, find frequency of copies of a given title, find books by a given author, etc. It is not necessary to model sales but it would be nice to know if a book that was once available is still available.

Worksheet 5

Specifying with Sequences

Question 1

Write a class that has an abstract variable data of type seq of int. The class should have methods to add a set of integers, a bag of integers and a sequence of integers and methods to delete a single element and a list of elements. The following observer functions should be available to users of the class:

isPalindrome – returns true if the elements form a palindrome, false otherwise;

allNegative – returns true if all the elements are negative, false otherwise;

frequency(x) – returns the frequency of occurrences of x;

frequencyRange(a,b), a < b  - returns frequency of occurrences of numbers in the range a..b;

countUnique – returns the frequency of unique numbers in the sequence

isInjective – returns true if all elements unique, false otherwise.

isUnique – returns true if all elements unique, false otherwise (Do not use the given function unique)

Question 2

A plane has K seats numbered 0..K-1. A passenger has a designated seat number and when boarding must sit in the designated seat. Two passengers may not occupy the same seat. Specify a boarding system for the plane.

Question 3

A hotel has n rooms numbered 0..n-1, where each room has attributes occupied and capacity. The capacity is limited to 1, 2, or 3 persons per room. Specify a booking system for the hotel. 

Question 4

Specify a stack of integers with the usual methods: push, pop and top.

Question 5

A random access file stores records ordered by their index value. Specify a file input/output system for a random access file that provides operations to add new records, delete records, search for a given record, change an existing record. The system should also provide a function that returns the number of records on file.

Question 6

Specify a Round-Robin scheduler that manages threads waiting to run on the CPU. You may assume that all threads have the same priority value.

Question 7

Re-do question 6 to allow for threads with different priority values. Threads are stored in a priority queue round-robin. 

Question 8

Specify a processor with a single CPU and a scheduler. The current thread must always have a priority greater than or equal to the head of the ready to run queue under the control of the scheduler.

Question 9

The departure notice board at a railway station is ordered by departure time and lists the destination of each train. Specify the departure notice board.

Worksheet 6

Couples, Relations and Functions

Question 1

A Point in the plane can be represented as a pair of real values. Write a class called Point and a class called Points that models a set of Point values. Your class should have schemas to add and delete points and functions to retrieve the set of points, domain and range. It should also be possible to retrieve points that satisfy some given condition, e.g. all points whose x and y ordinates are non-negative.

Question 2

A school consists of a number of teachers and classes. Specify a class called School that models the set of teachers, students and the relationship between teachers and the classes they teach. Each teacher is allocated at most 5 class groups to teach. Teachers may not teach but each class is taught by at least one teacher. The School class should have the usual schemas to add and delete teachers and classes. It should also have functions to retrieve relevant information about the current state of the school. For example, list classes taught by a given teacher, list teachers teaching a particular class, list teachers teaching n classes.

Question 3

The local sports club caters for a number of different sports - football, hurling, soccer, squash, handball - and currently has a sizeable membership. It now requires a system to manage the membership. The proposed system is required to handle the following operations: add/delete members; record all activities for each member; list members; change the sporting activities for a given member; list members associated with a given sporting activity; given a list of members list their sporting interests; list all members in a given age-category; list all members eligible to play under eighteen football or hurling; list all members who play a single sport. 

Question 4

Specify a class to model people and their hobbies.

Question 5

Specify a class that records words and the frequency of their occurrence. 

Question 6

A telephone directory records telephone numbers and the names and addresses of their owners. Specify a class called TelephoneDirectory that records entries in the directory. 

Question 7

In a bank each bank account has a unique account number that is 7 digits in length. Each account also has a name, a current balance and an overdraft limit. Specify a Bank class that manages user accounts.

Question 8

A student record system holds information about students and the courses they are studying. Each student has a unique identity number. The details stored by the system for each student are: name, address and date of birth. The subjects on offer are: Programming, Systems Analysis, Logic, System Design, Computer Architecture and Mathematics. Each student must choose at least four subjects.

Question 9

A mobile phone company requires a database to record phone users. The information required for each user is: name, address and phone number. The phone number for each user is unique. When a person buys a phone they purchase one of a number of different packages covering the rental cost and a number of pre-paid units. The packages are called: pack15, pack20, pack30, pack100. You are required to write a formal specification for this system.

Question 10

A University wishes to develop a computerised information system that will keep track of the following: the students in the University; the lecturers in the University; courses taught at the University; the courses taught by the different lecturers; the students who attend each course. You are required to construct a specification to model such an information system.

Question 11

When a radio station plays a song they must pay a small royalty fee to the artist concerned. A simple system is required to monitor the number of times a song is played and that can calculate royalties due on a given song. Each song has a unique identifier and an associated artist and royalty fee due each time it is played. Your task is to write a formal specification for this system.

Question 12

The Football Association wants to introduce an identity system for all members of clubs. Only persons who have club membership can purchase tickets and attend games. Any person causing a disturbance at a game, if identified, can be banned from attending games for a specified period of time. The period for which a person can be banned is at the discretion of the Football Association. Of course, only persons who are club members can be banned. 

You are required to construct a specification to model such a system. 

Question 13

A multi-tasking operating system allows a number of processes (running programs) access to the CPU. Given a computer with a single processor the scheduler is the arbiter that controls access to the processor. Only one process is currently running - all other processes are either ready-to-run or blocked. When the current process has completed its time slice or is blocked it is removed from the CPU and another process, that is ready-to-run, is given a go. Therefore, a process is always in one of three states: current - running on the CPU; ready-to-run - waiting to get a go on the CPU; blocked - waiting on some event to happen that will allow it return to the state ready-to-run. Of course, a process may not be in more than one state at any one time. A new process has initial state ready-to-run. Each process has a unique identifier called its Pid and a context that describes its attributes. A null process exists which is current when the system is initialised. 

You are required to specify a scheduler using the above narrative description. The specification should include a description of the state space i.e. the scheduler and a specification of the following operations: create a new process; kill a process; block a process which is current; wakeup a process which is currently blocked; remove a process which has used its time slice from the CPU and replace it with another process which is ready-to-run; list processes that are ready-to-run; list processes that are blocked 

Question 14 

Specify a lending system for a video library. The system should manage both members and video tapes. It should be possible for members to borrow tapes, not more than 5 at any one time. The system should record for each member their name, address, phone and e-mail. The title, duration, lending rate and date of receipt should be recorded for each video. 
Worksheet 7

Refinement

Question 1

Use a loop to refine each of the functions in the given specification.

   class SeqInt1 ^=

   abstract


var


  data : seq of int;


invariant


   #data > 0;

   interface


function prod : int


 ^= * over data;


 function allNegative: bool


  ^= (forall x :: data :- x < 0);


 function existsNegative : bool


  ^= (exists j :: 0..<#data :- data[j] < 0);


 function cardOdd : int


  ^= #(for those j :: 0..<#data :- data[j] % 2 ~=0 > 0 yield data[j]);


build{}



post data! = seq of int{1};

   end;

Question 2

Given a recursive function that calculates factorial(n), use a loop to refine it to an iterative solution.

     class Fac ^=

     abstract


var h : nat;


function factorial(k : nat): nat


  // factorial(k) = 1 if k = 0, else k*factorial(k-1)


  decrease k


  ^=


   ( [k = 0]:



   1,


      []:



  k * factorial(k-1)


   )

Question 3

Given an abstract variable data:seq of int and a boolean function isPalindrome defined as given, use a loop to refine it to an iterative solution.

  function isPalindrome : bool

  ^= data = data.rev
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