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Data Structures in C++ 2Outline { Chapter 8Vectors� Idea of vector� Templates{ Class templates{ Function templates� Problems solved using vectors{ Sieve of Erastosthenes{ Selection Sort{ Merge Sort{ Silly Sentence Generation� Summary of vector operations� The implementation of the vector data type
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Data Structures in C++ 3The Idea of a VectorConceptually, a vector is simply a indexedcollection of similarly typed values.element element element element element element0 1 2 3 4 5A matrix is a two dimensional array, again ofsimilar type values.element element element element0,0 0,1 0,2 0,3element element element element1,0 1,1 1,2 1,3element element element element2,0 2,1 2,2 2,3
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Data Structures in C++ 4Why Build into an ADT?The C++ language has vector and matrix values,why build something else on top of these?� Perform safety checkes (index bounds checks)� Make values more \self describing" (and thusmake programs more reliable)� Permit the implementation of operations at ahigher level of abstraction (ability todynamically make a vector grow, for example)
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Data Structures in C++ 5TemplatesOne major di�erence between the vector ADTand the rational number or the string ADT isthat the vector ADT does not, by itself, describethe type of object it holds. Can have a vector ofintegers, a vector of reals, a vector of strings, orany other type.The idea of a template allows us to parameterizethe type of object held by a class. You can thinkof a template as similar to a function parameter,only it is a data structure parameter.
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Data Structures in C++ 6The Vector Templatetemplate<class T> class vector fpublic:typedef T � iterator;// constructorsvector (unsigned int numberElements);vector (unsigned int numberElements, T initialValue);vector (const vector & source);�vector ();// member functionsT back ();iterator begin ();...// operatorsT & operator [ ] (unsigned int);private: // data areasunsigned int mySize;unsigned int myCapacityT � data;g;
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Data Structures in C++ 7Declaring Template TypesTo declare a value with a template type, a type isprovided in angle brackets following the templateclass name.vector<int> a(10);vector<double> b(30);vector<string> c(15);
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Data Structures in C++ 8How a Template WorksA template works as if int replaced everyoccurrence of T and the class were renamed.class vector int fpublic:typedef T � iterator;// constructorsvector int (unsigned int numberElements);vector int (unsigned int numberElements, T initialValue);vector int (const vector & source);�vector int ();// member functionsint back ();iterator begin ();...// operatorsint & operator [ ] (unsigned int);private: // data areasunsigned int mySize;unsigned int myCapacityint � data;g;
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Data Structures in C++ 9NamingWhen the vector<T> template class isinstantiated by int, its name becomesvector<int>.Its constructor is named vector<int>::vector.Its member functions have names likevector<int>::size.To provide a general implementation of amember function, we use the syntaxtemplate <class T>unsigned int vector<T>::size()f return mySize;g
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Data Structures in C++ 10Function TemplatesFunctions can also be parameterized usingtemplates, as in the following:template <class T> T max(T a, T b)// return the maximum of a and bf if (a < b)return b;return a;g
template <class T> void swap (T & a, T & b)// swap the values held by a and bf T temp = a;a = b;b = temp;g
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Data Structures in C++ 11Example Program { Sieveof Erastosthenesvoid sieve(vector<int> & values)// leave vector holding only prime numbersf unsigned int max = values.size();// �rst initialize all cellsfor (int i = 0; i < max; i++)values[i] = i;// now search for non-zero cellsfor (i = 2; i�i < max; i++) fif (values[i] != 0) f// inv: i has no factorsfor (int j = i + i; j < max; j += i)values[j] = 0;// inv: all multiples of i have been clearedg// all nonzero values smaller than i are primeg// inv: all nonzero values are primeg
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Data Structures in C++ 12Another Example {Selection Sorttemplate<class T>void selectionSort(vector<T> & data)// sort, in place, the vector argument// into ascending orderf unsigned int top;for (top = data.size()�1; top > 0; top = top � 1) f// �nd the position of the largest elementunsigned int largeposition = 0;for (int j = 1; j <= top; j++) f// inv: data[largeposition] is largest element// in 0..j-1if (data[largeposition] < data[j])largeposition = j;// inv: data[largeposition] is// largest element in 0 .. jgif (top != largeposition)swap(data, top, largeposition);// inv: data[top .. n] is orderedgg
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Data Structures in C++ 13Merge SortUnfortunately, Selection Sort is still O(n2) worstcase.Better algorithm can be built using the idea thattwo vectors can be merged in linear time.
2 5 7 9 12 3 6 8 9 142 3 5@@@ ����������
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Data Structures in C++ 14In-Place MergeAn in place merge can be performed for adjacentvector ranges:
2 3 5 7 9 12 3 6 8 9 14#start #center #endinput
2 3 3 5 6 7 8 9 9 12 14#start #endresult

Provided by generic functioninplace merge(iterator start, iterator center, iterator end);
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Data Structures in C++ 15How to build a SortingAlgorithmFirst, break things apart, until you reach a singleelement

3 2 7 1��� AAU ��� AAU7 3 3 2 9 3 6 7 1 2��� ? ��� ? ��� ? ��� ?7 3 3 2 9 3 6 7 1 27 3 3 2 9 3 6 7 1 27 3 3 2 9 3 6 7 1 2��	 @@R ��	 @@R��	 @@R
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Data Structures in C++ 16Then Put TogetherThen merge adjacent ranges as you come backout of the sequence of recursive calls.
3 7 2 3 9 3 6 1 2 72 3 3 7 9 1 2 3 6 71 2 2 3 3 3 6 7 7 9

7 3 2 3 9 3 6 1 7 23 2 7 1
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Data Structures in C++ 17The Merge Sort Algorithmtemplate <class Itr>void m sort(Itr start, unsigned low, unsigned high)f if (low + 1 < high) funsigned int center = (high + low) / 2;m sort (start, low, center);m sort (start, center, high);inplace merge(start + low, start + center,start + high);ggtemplate <class T>void mergeSort(vector<T> & s)f m sort(s.begin(), 0, s.size());g
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Data Structures in C++ 18What is the AsympototicComplexity?� Complexity is work at each level timesnumber of levels of call.� Work at each level is linear� Number of recursive calls in log n� Total amount of work is O(n log n)!� Much better than bubble sort or insertion sort
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Data Structures in C++ 19Picture of Complexity
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Data Structures in C++ 20Example Problem { SillySentence GenerationGenerate a sequence of silly sentences.Each sentence has form subject - verb - object.First, allocate three vectors, with initially emptysize.
vector<string> subject, verb, object;
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Data Structures in C++ 21Dynamically Extending theSize of VectorsNext, push values on to the end of the vectors.Vectors are automatically resized as necessary.// add subjectssubject.push back("alice and fred");subject.push back("cats");subject.push back("people");subject.push back("teachers");// add verbsverb.push back("love");verb.push back("hate");verb.push back("eat");verb.push back("hassle");// add objectsobject.push back("dogs");object.push back("cats");object.push back("people");object.push back("donuts");Vectors Chapter 8



Data Structures in C++ 22Generating SentencesUse size to compute size, randomInteger toget a random subscript.
for (int i = 0; i < 10; i++)cout � subject[randomInteger(subject.size())]� " "� verb[randomInteger(verb.size())]� " "� object[randomInteger(object.size())]� "\n"Example Outputalice and fred hate dogsteachers hassle catsalice and fred love catspeople hassle donutspeople hate dogsVectors Chapter 8



Data Structures in C++ 23MatricesCan even build vectors whos elements arethemselves vectors { this is a reasonableapproximation to a matrix.vector< vector<int> > mat(5);Initially each row has zero elements. Must beresized to correct limit.for (int i = 0; i < 5; i++)mat[i].resize(6);
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Data Structures in C++ 24Vector Operations
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Data Structures in C++ 25Constructorsvector<T> v; default constructorvector<T> v (int); initialized with explicit sizevector<T> v (int, T); size and initial valuevector<T> v (aVector); copy constructorElement Accessv[i] subscript accessv.front () �rst value in collectionv.back () last value in collectionInsertionv.push back (T) push element on to back of vectorv.insert(iterator, T) insert new element after iteratorv.swap(vector<T>) swap values with another vectorRemovalv.pop back () pop element from back of vectorv.erase(iterator) remove single elementv.erase(iterator, iterator) remove range of valuesSizev.capacity () number of elements bu�er can holdv.size () number of elements currently heldv.resize (unsigned, T) change to size, padding with valuev.reserve (unsigned) set physical bu�er sizev.empty () true if vector is emptyIteratorsvector<T>::iterator itr declare a new iteratorv.begin () starting iteratorv.end () ending iterator
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Data Structures in C++ 26Sizes of VectorVectors will maintain an internal bu�er. Like thestring, the physical size of the bu�er need not bethe same as the logical size.
2 4 3 7 ���@@@���@@@The two sizes can be accessed or set usingmember functions.As with the string, a new bu�er is allocated whenthe physical size is exceeded.
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Data Structures in C++ 27Useful Generic Algorithmsfill (iterator start, iterator stop, value)�ll vector with a given initial valuecopy (iterator start, iterator stop, iterator destination)copy one sequence into anothermax element(iterator start, iterator stop)�nd largest value in collectionmin element(iterator start, iterator stop)�nd smallest value in collectionreverse (iterator start, iterator stop)reverse elements in the collectioncount (iterator start, iterator stop, target value, counter)count elements that match target value, incrementing countercount if (iterator start, iterator stop, unary fun, counter)count elements that satisfy function, incrementing countertransform (iterator start, iterator stop, iterator destination, unary)transform elements using unary function from source, placing into destinationfind (iterator start, iterator stop, value)�nd value in collection, returning iterator for locationfind if (iterator start, iterator stop, unary function)�nd value for which function is true, returning iterator for locationreplace (iterator start, iterator stop, target value, replacement value)replace target element with replacement valuereplace if (iterator start, iterator stop, unary fun, replacement value)replace lements for which fun is true with replacement valuesort (iterator start, iterator stop)places elements into ascending orderfor each (iterator start, iterator stop, function)execute function on each element of vectoriter swap (iterator, iterator)swap the values speci�ed by two iterators
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Data Structures in C++ 28Example, counting elementsvector<int>::iterator start = aVec.begin();vector<int>::iterator stop = aVec.end();if (�nd(start, stop, 17) != stop)... // element has been foundint counter = 0;count (start, stop, 17, counter);if (counter != 0)... // element is in collection
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Data Structures in C++ 29Vector Implementation� Like string, the vector holds a bu�er that candynamically grow if needed� Maintains two sizes, physical and logical size� Most operations have simple implementations,can be performed inline� (Note that this implementation is simplerthan the actual commercial implementations,which are properitary)
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Data Structures in C++ 30Inline De�nitionstemplate <class T> class vector fpublic:typedef T � iterator;// constructorsvector () f bu�er = 0; resize(0); gvector (unsigned int size) f bu�er = 0; resize(size); gvector (unsigned int size, T initial);vector (vector & v);�vector () f delete bu�er; g// member functionsT back () f assert(! empty()); return bu�er[mySize � 1];giterator begin () f return bu�er; gint capacity () f return myCapacity; gbool empty () f return mySize == 0; giterator end () f return begin() + mySize; gT front () f assert(! empty()); return bu�er[0]; gvoid pop back () f assert(! empty()); mySize��; gvoid push back (T value);void reserve (unsigned int newCapacity);void resize (unsigned int newSize)f reserve(newSize); mySize = newSize; gint size () f return mySize; g// operatorsT & operator [ ] (unsigned int index)f assert(index < mySize); return bu�er[index]; gprivate:unsigned int mySize;unsigned int myCapacity;T � bu�er;g;Vectors Chapter 8



Data Structures in C++ 31ConstructorsThe constructors use generic algorithms to �llinitial values:template <class T>vector<T>::vector (unsigned int size, T initial)// create vector with given size,// initialize each element with valuef bu�er = 0;resize(size);// use �ll algorithm to initialize each�ll (begin(), end(), initial);gtemplate <class T>vector<T>::vector (vector & v)// create vector with given size,// initialize elements by copyingf bu�er = 0;resize(size);// use copy algorithm to initializecopy (v.begin(), v.end(), begin());gVectors Chapter 8



Data Structures in C++ 32Reserve { the workhorsemethodtemplate <class T>void vector<T>::reserve (unsigned int newCapacity)// reserve capacity at least as large as argumentf if (bu�er == 0) fmySize = 0;myCapaicty = 0;g// don't do anything if already large enoughif (newCapacity <= myCapacity)return;// allocate new bu�er, make sure successfulT � newBu�er = new T [newCapacity];assert (newBu�er);// copy values into bu�ercopy (bu�er, bu�er + mySize, newBu�er);// reset data �eldmyCapacity = newCapacity;// change bu�er pointerdelete bu�er;bu�er = newBu�er;g
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Data Structures in C++ 33Implementing GenericAlgorithmsTemplates are also the key to the implementationof generic algorithms.template (class ItrType, class T)void �ll (ItrType start, ItrType stop, T value)f while (start != stop)�start++ = value;g
template (class SourceItrType, class DestItrType)void copy (SourceItrType start,SourceItrType stop, DestItrType dest)f while (start != stop)�dest++ = �start++;g
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