5.0 Memory Management

5.1
Introduction

A programming language that incorporates a large number of data structures must contain mechanisms for managing those structures and for controlling how storage is assigned to them.

In this chapter we focus at several techniques for implementing dynamic allocation and freeing storage.

5.2
Learning Objectives
· To gain knowledge on the Memory management.

· To understand about the various storage management algorithms.

· To implement them using the Programming Language C.

· To solve few problems using this techniques.

5.3 General Lists
Here we examined linked lists as a concrete data structure and as a method of implementation for such abstract data types as the stack, the queue, the priority queue, and the table. In those implementations a list always contained elements of the same type.


It is also possible to view a list as an abstract data type in its own right. As an abstract data type, a list is simply a sequence of objects called elements. Associated with each list elements is a value. We make a very specific distinction between an element, which is an object as part of a list, and the element’s value, which is the object.

Considered individually. For example, the number 5 may appear on a list twice. Each appearance is a distinct element of the list, but the values of the two elements-lit numbers 5 are the same. An element may be viewed as corresponding to a node in tin linked list implementation, whereas a value corresponds to the node's contents. Note that the phrase ‘linked list’ refers to the linked implementation of the abstract data type ‘list’.  

There is also no reason to assume that the elements of a list must be of the same type. Figure1 shows a linked list implementation of an abstract list list1 that contains both integers and characters. The elements of that list are 5,12, ‘s’, 147, and ‘a’. The pointer list1 is called an external pointer to the list (because it is not contained within a list node), whereas the other pointers in the list are internal pointers (because they are contained within list nodes). We often reference a linked list by an external pointer to it.


It is also not necessary that a list contain only “simple” elements (for example, integers or characters); it is possible for one or more of the elements of a list to them​selves be lists. The simplest way to implement a list element e whose value is itself list l, is by representing the element by a node containing a pointer to the linked list implementation of l.

There is a convenient notation for specifying abstract general lists. A list may be denoted by a parenthesized enumeration of its elements separated by commas. For example, the abstract list represented by 

list1 = (5, 12, ‘s’, 147. ‘a’)

For example, consider the list list2 of Figure2. This list contains four ele​ments. Two of these are integers (the first element is the integer 5; the third element is the integer 2) and the other two are lists. The list that is the second element of M contains five elements, three of which are integers (the first, second and fifth elements) and two of which are lists (the third element is a list containing the integers 14,9, aid 3 and the fourth element is the null list [the list with no elements). The fourth element of list is a list containing the three integers 6, 3, and 10.  





Figure 2. General List


The null list is denoted by an empty parenthesis pair such as 

list2 = (5, (3,2, (14,9,3), (),4), 2, (6,3,10))

We now define a number of abstract operations on lists. For now, we are concerned only with the definition and logical properties of the operations; we consider methods of implementing the operations later in this section. If list is a nonempty list, head (list) is defined as the value of the first element of list. If list is a nonempty list, tail (list) is defined as the list obtained by removing the first element of list. If list is the empty list, head (list) and tail (list) are not defined. For a general list. head(list) may be either a list (if the value of the first list element is itself a list) or a simple data item; tail(list) must be a (possibly null) list.

For example, if list1 and list2 are as in Figures 1 and 2,

list1 = (5, 12,’s’ , 147, ‘a’)

head(list1) = 5


tail(list1) = (12, ‘S’, 147,’a’)

head(tail(list1)) = 12

tail(tail(list1)) =( ‘s’, 147, ‘a’)

lisl2 = (5,(3,2,(14.9,3),( ),4),2,(6,3,10))

tail(list2) = ((3,2,(14,9,3),( ),4),2,(6,3,10))

head(tail(list2)) = (3,2,(14,9,3),( ),4)

head(head(tail(list2))) = 3

The head and tail operations are not defined if their argument is not a list. A sublist of a list l is a list that results from the application of zero or more tail operations to l.

The operation first(list) returns the first element of list list. (If list is empty. first(list) is a special null element, which we denote by nullelt.) The operation info(elt) returns the value of the list element elt. The head operation produces a value, whereas the first operation produces an element. 
In fact, head(list) equals info(first(list). Fi​nally, the operation next(elt) returns the element that follows the element elt on its list. This definition presupposes that an element can have only one follower.

The operation nodetype(elt)accepts a list element elt and returns an indication of the type of the element’s value. Recall that, in the linked list implementation, an element is represented by a node. Thus if the enumerated constants ch, integ. and lst represent the types character, integer, and list, respectively, nodetype(first(listl)) equals intgr, nodetype(first(tail(tail(list2)))) equals ch, and nodetype(firs(tail(list2))) equals lst.
5.3.1 Operations

head, tail, first, info, next, and nodetype extract information from lists already in     existence. We now consider operations that build and modify lists.

If list points to a list, the operation push(list, x) adds an element with value x to the front of the list. To show the use of the push operation in constructing lists, consider the list (5,10,8), which can be constructed by the operations:

list = null;
push(list,8);
push(list,10);
push(list,5);

Note that the push operation changes the value of its first parameter to the newly created list. We introduce as a new operation the function

addon(list,x)

which returns a new list that has x as its head and list as its tail. For example, if 

l1 = (3,4,7), the operation

l2 = addon(ll,5);

The above creates a new list l2 equal to (5,3,4,7). The crucial difference between push and addon is that push changes the value of its first parameter, while addon does not. Thus, in the foregoing example, 11 retains the value (3,4,7). The operation push(list, x} is equivalent to list = addon(list, x). Since addon is more flexible than push, and since push is usually used only in connection with stacks, we henceforth use addon exclusively.

Two other operations used to modify lists are setinfo and setnext. setinfo(elt, x) changes the value of a list element elt to the value x. Thus we may write. setinfo(first(list),x) to reset the value of the first element of the list list to x. This operation is often abbreviated sethead(list, x). For example, if list equals (5,10,8), the operation

sethead(list,18)

changes list to (18, 10, 8), and the operation sethead(list,(5,7,3,4)) changes list to ((5,7,3,4),10,8).

sethead is called the “inverse head operation” for an obvious reason. After per​forming the operation sethead(list, x), the value of head(list) is x. Note that sethead(list, x) is equivalent to

list = addon(tai1(1ist),x);

The operation setnext(elt1, elt2) is somewhat more complex. It modifies the list containing elt1, so that next(eltl) = elt2. elf1 cannot be the null element. next (elt2) is unchanged. Also if next(elt3) had been equal to elt2 before execution of setnext(eltl,elt2), next(elt3) still equals elt2 after its execution, so that both next(elt1) and next(elt3) equal elt2. In effect, elt2 has become an element of two lists. The oper​ation settail(list1,ltst2) is defined as setnext(first(list1), first(list2)) and sets the tail of list1 to list2. settail is sometimes called the inverse tail operation.

For example, if list = (5,9,3,7,8,6), settail(list, (8)) changes the value of list to (5,8), and settail(list, (4,2,7)) changes its value to (5,4,2,7). Note that the operation settail (list,l) is equivalent to list = addon(l, head(list)).
5.3.2 Examples

Let us look at some simple examples of algorithms that use these operations. The first example is an algorithm to add 1 to every integer that is an element of a list list. Character or list elements remain unchanged.

          p = first(list);

while (p != nullelt)

 {

if (nodetype(p) == INTGR)

 setinfo(p, info(p) + 1);

 p = next(p);

       } 

The second example involves deletions. We wish to delete from a list list any char​acter element whose value is “w”. 

q = nullelt;
p = first(list);

  while (p != nu11e1t)

          if (info(p) == ‘w’)

{

p = next(p);                /* remove node(p) from the list */

           if (q == nu11e1t)

 list = tai1(1ist);
else
setnext(q,p);

} 

 else 

{

q  = P;

 p = next(p);

} 

Before looking at a more complex example, we define a new term. An element (or a node) n is accessible from a list (or an external pointer) l if there is a sequence of head and tail operations that. if applied to l, yields a list with n as its first element. For example, in Figure2 the node containing 14 is accessible from list2, since it is the first element of tail(tail(head(tail(list2)))). In fact, all the nodes shown in that figure are accessible from list2. When a node is removed from a list. it becomes inaccessible from the external pointer to that list.

5.3.3 Questions

1. What is external pointer and internal pointers?

2. What is null element?

3. What operations performed in the list?

5.4 Linked Representation of a list

As previously noted, the abstract concept of a list is usually implemented by a linked list of nodes. Each element of the abstract list corresponds to a node of the linked list. Each node contains fields info and next, whose contents correspond to the abstract list operations info and next. The abstract concepts of a “list” and an “element” are both represented by a pointer: a list by an external pointer to the first node of a linked list and an element by a pointer to a node. Thus, a pointer to a node nd in a list, which represents a list element, also represents the sub list formed by the elements represented by the nodes from nd to the end of the list. The value of an element corresponds to the contents of the info field of a node.

Under this implementation the abstract operation first(list), which returns the first element of a list, is meaningless. If list is a pointer that represents a list, it points to the first node of a linked list. That pointer therefore also represents the first element of the list. Since first(list) and list are equivalent, head(list), which is equivalent to info(first(list)), is equivalent to info(list). sethead(list,x), defined as setinfo(first(list),x), is equivalent to setinfo(list,x). Similarly, settail(listl,list2), defined as setnext(first(listl),first(list2)), is equivalent to setnext(listl, list2) under the linked list representation.

The operation setinfo(elt,x) is implemented by the assignment statement info(elt) = x, where elt is a pointer to a node, and the operation setnext(eltl,elt2) by the assignment next(elt1) = elt2. Since a list is represented by a pointer to its first node, an element of a list that is itself a list is represented by a pointer to the list in the info field of the node representing the element.             

Now we discuss the implementation of nodetype with the C implementation of general lists later in this section.

There are two methods of implementing the addon and tail operations. Con​sider the list l1 = (3,4,7) and the operation 12 = audon(l1,5). The two possible ways of implementing this operation are illustrated in Figure 3 and 4.



In the first method, called the pointer method, the list (3,4,7) is represented by a pointer to it, l1. To create the list 12, a node containing 5 is allocated and the value of l1 is placed in its next field. Thus the list l1 becomes a sub list of 12. The nodes of list l1 are used in two contexts: as part of list l1 and of list 12. In the second method, called the copy method, the list (3,4,7) is copied before the new list element is added to it. l1 still points to the original version, and the new copy is made a sub list of l2. The copy method ensures that a node appears in only one context.

The difference between these methods becomes apparent when we attempt to perform the operation.

set head(l1,7)

The resulting lists are shown in Figure 5a & b. If the copy method is used, a change in list l1 does not affect list 12 .If the pointer method is used, any subsequent change in list l1 also modifies 12 

The tail operation can also be implemented by either the pointer method or the copy method. Under the pointer method, tail(list) returns a pointer to the second node in the input list. After a statement such as l = tail(list), the pointer list still points to the first node, and all nodes from the second on are on both list list and list l. Under a strict copy method, a new list would be created containing copies of all nodes from the second list node onward, and l would point to that new list. Here, too, if the pointer method is used, then a subsequent change in either the input list (list) or the output list (l) causes a change in the other list. If the copy method is used, the two lists are independent. Note that, under the pointer method, the operation tail(list) is equivalent to next(list): both return the pointer in the next field of the node pointed to by the pointer list. Under the copy method however, an entirely new list is created by the tail operation.

                                                      

                                                                5(a)


                                                               5(b)





Fig 5. a & b: Example Representation of  a list

The operation of the copy method is similar to an operation of the assignment statement a = b so that a subsequent change in b does not change a. This is because the assignment statement copies the contents of location b (the “value of b”) into location a. A change in the value of b changes only the copy in location b. Similarly, in the copy method, although l1 is a pointer, it really refers to the abstract list being represented. When a new list is formed from the old, the value of the old list is copied. The two lists are then entirely independent. In the pointer method, l1 refers to the nodes themselves rather than the list that they collectively represent. A change in one list modifies the contents of nodes that are also part of another.

For reasons of efficiency, most list processing systems use the pointer method rather than the copy method. Imagine a 100-element list to which nodes are constantly being added (using addon) and from which nodes are being deleted (using tail). The overhead involved in both time and space in allocating and copying 100 list nodes (not to mention any list nodes on lists that appear as elements) each time that an operation is performed is prohibitive. Under the pointer method, the number of operations in​volved in adding or deleting an element is independent of the list size, since it involves only modification of a few pointers. However, in exchange for this efficiency, the user must be aware of possible changes to other lists. When the pointer method is used, it is common for list nodes to be used in more than one context.

In list processing systems that use the pointer method, an explicit copy operation is provided. The function

Copy(list)

copies the list pointed to by list (including all list elements) and returns a pointer to the new copy. The user can use this operation to ensure that a subsequent modification to one list does not affect another.

5.4.1 Questions

1. What is external pointer method?

2. How you perform copy operation.

3. How do you representing the list?

5.5 Representation of a list

The representation of a list operation is performed here. The list (4,5,3,8) occurs twice as an element of a list (that is, it is the information field of two separate nodes of the list). One possibility is to maintain two copies of the list, as in Figure 6a. or suppose that a list appears at the end of two lists as does (43,28) in Figure 6b. Although it is possible to duplicate each element whenever it appears, this often results in a needless waste of space. An alternative is to maintain the lists as in Figure7a & b. In this representation, a list appears only once, with all appropriate pointers pointing to the head of the single list. Under this method, more than one pointer points to a node.

.






Fig 6. a & b:  Representations of List

If this possibility is allowed, the recursive algorithm addone2 presented earlier to add 1 to each accessible element in a list does not work correctly. 
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Fig 7. a & b: Representation of a List








For example, if addon2 is applied to list6 in Figure 7a, when 1 is added to the integer 4 as the first element of the second element of list6, the contents of that node are changed to 5. But the routine, again adds1 to that node, since the node is pointed to by the information field of another list element as well. Thus the final value in the node becomes 6 rather than 5.

In general, modifying the contents of anode from 4 to 5 is equivalent to replacing the node containing 4 by a new node containing 5 and then freeing the node containing 4 is no longer needed. Whenever the contents of a node are changed or a node is deleted, it is first necessary to ensure that old value is no longer required.

In Figure 7b, the list (43,28) appears as a sub list of both list7, which is (12,18,43,28), and list8, which is (47,59,16,43,28).The chaos that would result if an attempt were made to remove the third element of list7
5.5.1 Create List Operation

Suppose that we want to create the list of figure 7a. The following sequence of operations accomplishes this:
 








l = null;

1 = addon(1,8);
1 = addon(1, 3);

l =  addon(1,5);
l =  addon(1,4);

list6 = null;
list6 = addon(list6,5);
list6 = addon(list6,l);
list6 = addon(list6,4);
list6 = addon(list6,l);
list6 = addon(list6,5);

Let us introduce the operation l = crlist(a1, a2…an), where each parameters is either a simple data item or a list pointer. This operations is defined as the sequence of statements:

l = null;
l = addon(l,an);
l = addon(l,a2);
l = addon(l,a1);
That is, crlist (a1, a2…an) creates the list(a1, a2…an).Then the foregoing sequence of operation can be rewritten as.

1 =  cr1ist(4,5,3,8);

1ist6 = crlist(5,1,4,1,5);
Notice that this is not the same as the single operation

list 6 = (5, crlist(4,5,3,8),4,crlist(4,5,3,8),5);

which creates two distinct copies of the list (4,5,3,8): one as its second element and one as its fourth.

We leave as an exercise for the reader the task of finding a sequence of list oper​ations that creates the lists list7 and list8 of Figure 7b.

If the pointer method is used to implement list operations, it is possible to cre​ate recursive lists. These are lists that contain themselves as elements. For example, suppose the following operations are performed:

l  =  crlist(2,crlist(9,7),6,4);

l1 = tai1(tai1(1));

sethead(l1,1);

12 = head(tai1(l);

12 = tail(l2);

sethead(12,1);

Figure 8 illustrates the effect of each of these operations. At the end of the sequence the list l contains itself as its third element. In addition, the second element of l is a list whose second element is l itself.
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Fig 8. a,b,c,d & e: Creation of a List






5.5.2 Use of List Headers

A linked list is a relatively easy data structure to implement.  It is simple to keep a linked list of n elements sorted.  To perform a search n comparisons are required in the worst case.  Now, suppose a second pointer pointing two nodes ahead is added to every other node, the number of comparisons required goes down to ((n/2)+1( (in the worst case).  Adding one more pointer to every fourth node and making them point to the fourth node ahead reduces the number of comparisons to ((n/2)+2(.   If that strategy is continued so every node with i pointers points to 2i-1 nodes ahead, O(log n) performance is obtained and the number of pointers has only doubled (n + n/2 + n/4 + n/8 + n/16 + ....  = 2n). 



Fig 9. List Headers







Fig10. Ideal Skip List

5.5.2.1 Terminology

A forward pointer is a pointer that points to a node ahead in the list. 
A level i node is a node that has i forward pointers.

The data structure described above is great for searching but insertions and deletions would be really difficult to implement and inefficient as almost all the pointers must be modified.  Maintaining perfect balancing is time consuming.  This data structure can be made more flexible for simple insert and delete operations.  This can be done quite easily while keeping a good (though not perfect) balancing as follows: 

The level of every new node to be inserted is chosen randomly with a probability distribution that keeps approximately the proportions of nodes of level i, as described above.  Probabilistic analysis shows that the average cost of insert, delete and search operations is O(log n). 






Fig 11. Header operations

Skip lists operations are O(n) in the worst case.  It happens when all (or almost all) the nodes are given level 1 at insertion.  In that case, the skip list becomes an ordinary linked list.  Skip lists may be viewed as trees where the header is the root, the nodes levels correspond to the levels in a tree and level 1 nodes are the leaves. 

5.5.2.2 Algorithm 

Initialization 
A new list is initialized as follows: 


1) a node called NIL is created and its key is set to a value greater than the greatest key that could possibly be used in the list (i.e. if the list will contain only keys between 1 and 999, then 1000 may be taken as the key in NIL).  Every level ends with NIL. 


2) the level of a new list is 1 


3) all forward pointers of the header point to NIL 
  

Searching 


1) Start at the highest level of the list. 


2) Move forward following the pointers at the same level until the next key is greater than the searched key 


3) If the current level is not the lowest, go down one level and repeat the search at that level from the current node 


4) Stop when the level is 1 and the next key is greater than the searched key 


5) If the current key is the searched key return the value of that node.  Otherwise, return a failure. 
  

SEARCH(list, searchKey) 

x ( list.header 

for i ( list.level downto 1 

    do    while x.forward[i].key < searchKey 

              do    x ( x.forward[i] 

x ( x.forward[1] 

if x.key = searchKey 

    then return x.value 

       else 

return failure 

Insertion / Deletion: 

1.The insertion or deletion of a node consists mainly in a search followed by pointers update. 
2.An array update is used to store the last node reached at every level.  It is used when changing the pointers after a node has been inserted or deleted. 
3.The level of the new inserted node is determined randomly by the function RANDOM LEVEL. 


INSERT(list, searchKey, newValue) 

x ( list.header 

for i ( list.level downto 1 

    do    while x.forward[i].key < searchKey 

                 do     x ( x.forward[i] 

            update[i] ( x 

x ( x.forward[1] 

if x.key = searchKey 

    then    x.value ( newValue 

    else    newLevel ( RANDOM-LEVEL() 

               if newLevel > list.level 

                    then    for i ( list.level + 1 to newLevel 

                                    do    update[i] ( list.header 

                                list.level ( newLevel 

                x ( MAKE-NODE(newLevel, searchKey, newValue) 

                for i (1 to newLevel 

                    do     x.forward[i] ( update[i].forward[i] 

                             update[i].forward[i] ( x 

DELETE(list, searchKey) 

x ( list.header 

for i ( list.level downto 1 

    do    while x.forward[i].key < searchKey 

                 do     x ( x.forward[i] 

            update[i] ( x 

x ( x.forward[1] 

if x.key = searchKey 

    then    for i ( 1 to list.level 

                    do     if update[i].forward[i] <> x 

                                   then break 

                            update[i].forward[i] ( x.forward[i] 

                FREE(x) 

                while list.level > 1 and list.header.forward[list.level] = NIL 

                do list.level ( list.level - 1 












Fig 12. Deletion Operation


















5.5.3 Questions


1. How are list nodes are allocated and freed?

2. What is header method?

3. What is insertion and deletion?

5. 6 Freeing List Nodes

Earlier in this section we saw that a node or a set of nodes could be an element and/or a sub list of one or several lists. In such cases there is difficulty in determining when such a node can be modified or freed. Define a simple node as a node containing a simple data item (so that its info field does not contain a pointer). Generally, multiple use of simple nodes is not permitted. That is, operations on simple nodes are performed by the copy method rather than the pointer method. Thus any simple node deleted from a list can be freed immediately.

However, the copy method is highly inefficient when applied to nodes whose values are lists. The pointer method is the more commonly used technique when ma​nipulating such nodes. Thus whenever a list is modified or deleted as an element or a sub list, it is necessary to consider the implications of the modification or freeing of the list on other lists that may contain it. The question of how to free a deleted list is compounded by the fact that lists may contain other lists as elements. If a particular list is freed, it may also be necessary to free all the lists that are elements of it; however if these lists are also elements of other lists, they cannot be freed.


As an illustration of the complexity of the problem, consider list9 of Figure13. The nodes in that figure are numbered arbitrarily so that we may refer to them easily in the text.

Consider the operation

list9 = null;

Which nodes can be freed and which must be retained? Clearly, the list nodes of list9 (nodes 1,2,3,4) can be freed, since no other pointers reference them. Freeing node i


Fig 13. Freeing list nodes

Allow us to free nodes 11 and 12, since no other pointers access them. Once node 11 is freed, can nodes 7 and 8 also be freed? Node 7 can be freed because each of the nodes containing a pointer to it (nodes 11 and 4) can be freed. However, node 8 cannot be freed, since list11 points to it. List11 is an external pointer; therefore the node to which it points may still be needed elsewhere in the program. Since node 8 is kept, nodes 9 and 10 must also be kept (even though node12 is being freed). Finally, nodes 5 and 6 must be kept because of the external pointer list 10.

General lists in C
Because general list nodes can contain simple data elements of any type or pointers to other lists, the most direct way to declare list nodes is by using unions. One possible implementation is as follows:

      #define INTGR 1

      #define CH 2

      #define LST 3

struct nodetype {

int utype;      /* utype equals INTGR, CH, or LST */ 

union {

int intgrinfo;                /* utype = INTGR */

char charinfo;            /* utype = CH   */

struct nodetype *1stinfo;       /* utype = LST   */ 

} info;

struct nodetype *next;

};

typedef struct nodetype *NODEPTR;

Each list node had three elementary fields: a flag (utype) to indicate the type of the information field, the actual information field and a pointer to the next node in the list. The operation nodetype( p) is implemented by simply referencing p ( utype.
The actual implementation of any list operation depends on whether the system in question is implemented using the pointer method, the copy method, or the header method. We consider the pointer method.

The tail operation always produces a pointer to a list (possibly the null pointer), assuming that its argument points to a valid list. Thus this operation may be imple​mented as a simple C function:

NODEPTR tail(NODEPTR list) {

if (list == NULL) {

printf ("illegal tail operation");

exit(l);

} else
return(list->next);

} /* end tail */

We might be tempted to implement the head operation in similar fashion, by sim​ply returning the value in the info field of the node to which the parameter points. However, because some versions of C do not allow a function to return a structure, we implement the head operation as a function with two parameters: an input parameter that holds a pointer to the input list and an output parameter that points to a structure containing the information. Let us assume that a structure has been declared

struct {
int utype;

union {

int intgrinfo;

char charinfo;

struct nodetype *1istinfo;

} info;

} infotype;

typedef struct infotype *INFOPTR;

Then the function head, which is invoked by a statement such as head(list1, &item), is implemented as follows:

void head(NODEPTR list, INFOPTR pitem) 

{

if (list == NULL) {

printf ("illegal head operation");

exit(l);

} 

pitem = (INFOPTR) malloc(sizeof (struct infotype));

pitem->utype = 1ist->utype;

pitem->info = 1ist->info;

return;

       } 

In some applications it may not be necessary to return the value of the contents of the information portion of the node; it may be sufficient to identify a pointer to the desired node. In such a case the value of the pointer variable traversing the list may be used instead of the head routine. Note that neither the head nor tail operations change the original list in any way. All fields retain the same values that they had before the routines were called.                                                             

Once the basic forms of head and tail have been implemented, other list opera- tions can be implemented either in terms of these operations or by accessing list nodes directly. For example, the addon operation may be implemented as follows:

NODEPTR addon(NODEPTR list, struct infotype *pitem)

 
{




NODEPTR newptr;


newptr = (INFOPTR) malloc (sizeof (struct nodetype));


newptr->utype = pitem->utype;


newptr->info = pitem->info;


newptr->next = list;


return (newptr);

   
   } 

Now that addon has been implemented. sethead(list, item) can be implemented by the statement list = addon(tail (list), &item), as we mentioned earlier. Alternatively, the sethead operation can be implemented directly by the sequence of statements:




1ist->utype = item.utype;


1ist->info = item.info;


The settail operation may be implemented similarly as follows, using an auxiliary routine freelist to free the previous tail of list:
void settail (NODEPTR *p1ist, NODEPTR tl) 


{


NODEPTR p;


p = *p1ist->next;


*p1ist->next = tl;



freelist(p);


} 

Despite the fact that we are using the pointer method, more likely than not, there is no need for the previous tail of list. If some other pointer points to this portion of the list then the call to freelist should be omitted.

The implementation of settail highlights the problem of automatic list manage​ment and how to determine when a node should be freed if it may indeed appear in more than one context (as in the pointer method or if recursive lists are permitted).

Questions

1. Define a simple node.

2. What is free list?

5.7 Automatic List Management

In an automatic list management consist of two methods such as: the reference count method and the garbage collection method.

5.7.1 Reference Count Method

Reference counting is a technique of storing the number of references, pointers, or handles to a resource such as an object or block of memory. It is typically used as a means of deallocating objects which are no longer referenced. It has an additional count field that keeps a count of the number of pointers both internal and external to that node.Each time that the value of some pointer is set to point to a node, the reference count in that node is increased by 1; each time that the value of some pointer that had been pointing to a node is changed, the reference count in that node is decreased by 1. When the reference count in any node becomes 0, that node can be returned to the available list of free nodes.  

Each list operation of a system using the reference count method must make provision for updating the reference count of each node that it accesses and for freeing any node whose count become 0. For examble we execute the following statement 

l = tail(l)

the following operations must be performed:

 p = l
l = next(l)

next(p) = null

reduce(p)

5.7.1.1 ALGORITHM: Reference count

// The operation reduc(p) is defined recurivelly

      if  p not equal to null

{

            count(p) ( count(p) – 1

     if count(p) equal to 0


{


     r  ( next(p)

                  reduce(r)

       

if node type(p) equal to lst

                                  reduce(head(p))

                         free node(p)                 
}          }

Reduce must be invoked whenever the value of a pointer to a list node is changed. Similarly, whenever a pointer variable is set to point to a list node, the count field of that node must be increased by 1. The count field of a free node is 0.

The following set of statements creates that list:

list10 = crlist(14,28)

list 11 = crlist(crlist (5,7))

l1 = addon(lis11,42)

m = crlist(l1,head(list11))

list9 = crlist(m, list10, 12, l1)

m = null

l1 = null

The following figure shows the creation of the list using the reference count method. Each part of the figure shows the list, after an additional group of the foregoing statement has been executed. The reference count is shown as the leftmost field of each list node.
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14(b)









































































































































































































































Fig.14: a, b, c, d Reference count method

Make sure that you understand how each statement alters the reference count in each node. Now we execute the statement list9 = null and the results and figures are shown bellow.

     
          Count of node 1 is set to 0.

          Node 1 is freed. 

          Count of nodes 2 and 11 are set to 0.

          Nodes 2 and 11are freed.

          Count of nodes 5 and 7 are set to 1.

Figure (a)      Count of nodes 3 and 12 are set to 0.

                      Nodes 3 and 12 are freed.

                      Count of node 4 is set to 0.

                      Node 4 is freed.  

                      Count of node 9 is set to 1.

                      Count of node 7 is set to 0.

          Node 7 is freed.

Figure (b)      Count of node 8 is set to 1


Only those nodes accessible from the external pointers list10 and list11 remain allocated; all others are freed.
















































































































































































15(b)





















            
Fig 15.a & b: Reference count operations












One drawback of the reference count method is the amount of work that must be performed by the system each time that a list manipulation statement is executed can be considerable. Whenever a pointer value is changed, all nodes previously accessible from that pointer can potentially be freed. Often, the work involved in identifying the nodes to be freed is not worth the reclaimed space, since there may be ample space for the program to completion without reusing any nodes. After the program has terminated, a single pass reclaims all of its storage without having to worry about reference count values. 

There are two additional disadvantages to the reference count method 

1. The additional space required in each node for the count. That is not usually an overriding consideration. The problem can be somewhat alleviated if each list is required to contain Header node and a reference count is kept only in the Header. However, then only more than one pointer could reference a Header Node.

2. The Reference count method is that the count in the first method recursive or Circular list will never be reduced to zero. Of course, Whenever a pointer within a list is set to point to a node on that list, The reference count can be maintain rather than increased, but detecting when this is difficult task.

5.7.2 Garbage Collection

A software routine that searches memory for areas of inactive data and instructions in order to reclaim that space for the general memory pool (the heap) is called garbage collector.  The detecting and reclaiming the free nodes is called as Garbage collection.

Under this method nodes no longer in use remain allocated and undetected until all available storage has been allocated. A subsequent request for allocation cannot be satisfied until nodes that had been allocated but are no longer in use or recovered.  When a request is made for additional nodes and there are non available, a system routine called the Garbage Collector. 

5.7.2.1 Garbage Collector

Searches through all of the nodes in the system identify those that are no longer accessible from external pointer and restore the accessible nodes to the available pool.  The request for additional nodes is then fulfilled with some of the reclaimed nodes and the system continuous processing user requests for more space. When available space is used up again the garbage collector is called once more

Garbage collection operations performed are in two phases.

1. Marking phase. 


It performs marking all nodes that are accessible from an external pointer

2. Collection (Sweep) phase.

It involves proceeding sequentially through memory and freeing all nodes that have not been marked.

5.7.2.2 Properties of Garbage Collector

A garbage collector should:

1. Garbage collector reclaim all unused records

2. Garbage collector spends very little time per record.

3. Garbage collector does not cause significant delays.

4. It allows all of memory to be used.

Advantages

• As the mark and sweep garbage collection algorithm traces out the set of objects

accessible form the rootset, it is able to correctly identify and collect garbage even

in the presence of referential cycles (main advantage of mark and sweep over reference counting)

• Normal manipulations of reference variable in mark and sweep incur no overhead.

Disadvantages

• The normal program execution is suspended while the Garbage Collection algorithm runs. Interactive application that uses mark and sweep garbage collection becomes unresponsive periodically.

• Fragmentation occurs in a long running program that has undergone garbage collection several times. The problem in this situation is that it may become impossible to allocate memory for an object while there is sufficient unused memory but unused memory is not contiguous. The mark and sweep algorithm does not avoid fragmentation even after reclaiming the storage from all garbage objects, the heap may still be too fragmented to allocate the required amount of space. This in turn have negative impact on locality of reference.

• The another problem with mark and sweep collection is that the cost of a collection is proportional to the size of the heap, including the live and garbage objects. All live objects must be marked and all garbage objects must be collected.

5.7.2.3 Heap Model

Heap consists of two-word cells and each element of a cell is a pointer to another cell. There may also be pointers into the heap from the stack and global variables; these constitute the root set. At any given moment, the system’s live data are the heap cells that can be reached by some series of pointer traversals starting from a member of the root set. Garbage is the heap memory containing non-live cells. 


[image: image2]
Fig 16. Sample Heap Model

5.7.2.4 Mark and Sweep Garbage Collection

The mark-and-sweep algorithm was the first garbage collection algorithm is able to reclaim cyclic data structures. Variations of the mark-and-sweep algorithm continue to be among the most commonly used garbage collection techniques. When using mark-and-sweep, unreferenced objects are not reclaimed immediately. Instead, garbage is allowed to accumulate until all available memory has been exhausted. When that happens, the execution of the program is suspended temporarily while the mark-and-sweep algorithm collects all the garbage. Once all unreferenced objects have been reclaimed, the normal execution of the program can resume. 

The mark-and-sweep algorithm is called a tracing garbage collector because is traces out the entire collection of objects that are directly or indirectly accessible by the program. The objects that a program can access directly are those objects that are referenced by local variables on the processor stack as well as by any static variables that refer to objects. In the context of garbage collection, these variables are called the roots. An object is indirectly accessible, if it is referenced by a field in some other (directly or indirectly) accessible object. An accessible object is said to be live. Conversely, an object, which is not live, is garbage. 

The mark-and-sweep algorithm consists of two phases:

In the first phase, it finds and marks all accessible objects. The first phase is called the mark phase. In the second phase, the garbage collection algorithm scans through the heap and reclaims all the unmarked objects. The second phase is called the sweep phase. 

The algorithm can be expressed as follows: 



for each root variable r

    

   mark (r);



sweep ();

In order to distinguish the live objects from garbage, we record the state of an object in each object. That is, we add a special Boolean field to each object called, say, marked. By default, all objects are unmarked when they are created. Thus, the marked field is initially false. 

An object p and all the objects indirectly accessible from p can be marked by using the following recursive mark method: 


mark (Object p)


    if (!p.marked)


        p.marked = true


        for each Object q referenced by p


           mark (q)

. 

In its second phase, the mark and sweep algorithm scans through all the objects in the heap, in order to locate all the unmarked objects. The storage allocated to the unmarked objects is reclaimed during the scan. At the same time, the marked field on every live object is set back to false in preparation for the next invocation of the mark and sweep garbage collection algorithm: 


sweep ()


    for each Object p in the heap

        if (p.marked)


            p.marked = false


        else


            heap.release (p)

The following figure shows the operation of the mark and sweep garbage collection algorithm. The figure 17(a) shows the conditions before garbage collection begins. In this example, there is a single root variable.


The figure 17(b) shows the effect of the mark phase of the algorithm. At this point, all live objects have been marked.


The figure 17(c) shows the objects left after the sweep phase has been completed. Only live objects remain in memory and the marked fields have all been set to false again.


Figure 17. a , b, c: Mark-and-sweep garbage collection.

Because the mark and sweep garbage collection algorithm traces out the set of objects accessible from the roots, it is able to correctly identify and collect garbage even in the presence of reference cycles. This is the main advantage of mark-and-sweep over the reference counting technique presented in the preceding section. A secondary benefit of the mark-and-sweep approach is that the normal manipulations of reference variables incur no overhead. 

The main disadvantage of the mark and sweep approach is the fact that that normal program execution is suspended while the garbage collection algorithm runs. In particular, this can be a problem in a program that interacts with a human user or that must satisfy real-time execution constraints. For example, an interactive application that uses mark and sweep garbage collection becomes unresponsive periodically. 

Disadvantages of Mark and Sweep

1. It does work proportional to the size of the entire heap.

2. It leaves memory fragmented.

3. It doesn’t cope well with non-uniform cell sizes

5.7.2.4.1 ALGORITHM : Mark and sweep

// The first tracing garbage collection algorithm.

// The mark-sweep algorithm is invoked when the mutator requests memory but there is                   

//  insufficient free space.

// The mutator is stopped while the mark-sweep is executed.

//  Mark phase: Identifies all reachable objects by setting a mark

//  Sweep phase: Reclaims garbage objects

function DFS(x) {

if (x is a heap pointer)

      if (x is not marked)

           {

                            mark x

                            for(i = 1; i <= │x│; i++)

                            DFS(x,f1)

}

}

  function Mark() {


     for each (v in a stack frame)


     DFS(V)

            }

function Sweep() {

                 p = first address in heap

         while (p < last address in heap)

                      {

             if (p is marked)

                      unmark p;

             else 

                  {

                       p. f1 = freelist 

freelist = p

}

p = p + sizeof(p)

            }

}

5.7.3 Questions

1. What is a Garbage Collection?

2. Explain Mark and Sweep algorithm.

5.8 Collections And Compaction

Once the memory locations of a given system have been marked appropriately, the collection phase may begin. The purpose of the phase is to return to available memory all those locations that were previously garbage. (Not used by any program but unavailable to any user) It is easy to pass through memory sequentially, examine each node in turn, and return unmarked nodes to available storage.

5.8.1 Stop And Copy Algorithm

Garbage collection approach that collects garbage and defragments the heap is called stop and copy. In stop and copy garbage collection algorithm, the heap is divided into two separate regions/spaces. At any point in time, all dynamically allocated object instances reside in only one of the two regions the active region. The other, inactive region is unoccupied.

Copying garbage collection does not really “collect” garbage. Rather, it moves all the live objects into one area, and the rest of the heap is available which is only garbage. Garbage collection in these systems is only implicit. While mark and compact collectors 3 use a separate marking phase that traverses the live data, copying collectors integrate the traversal of the data and the copying process, so that most objects need only be traversed once. Objects are moved to the contiguous destination area as they are reached by the traversal. The work needed is proportional to the amount of live data.

When running program demands an allocation that will not fit in the unused area of the current region (semi space) or if the memory in the active region is exhausted, the program is suspended or stopped and the garbage collection algorithm is invoked to reclaim space. The stop and copy algorithm copies all of the live objects from the active region to the inactive region. As each object is copied, all references contained in that object are updated to reflect the new locations of the referenced objects.



Fig. 18a & b Region Collector Before and After Garbage collection

Before and after Stop and copy garbage collection
For convenience, we can view each region as a separate heap and we shall refer to them as activeHeap and inactiveHeap. When the stop-and-copy algorithm is invoked, it copies all live objects from the activeHeap to the inactiveHeap. It does so by invoking the copy method given below starting at reach root:


for each root variable r


     r = copy (r, inactiveHeap);


swap (activeHeap, inactiveHeap);

The copy method is complicated by the fact that it needs to update all object references contained in the objects as it copies those objects. In order to facilitate this, we record in every object a reference to its copy. That is, we add a special field to each object called forward which is a reference to the copy of this object. 

The recursive copy method given below, copies a given object and all the objects indirectly accessible from the given object to the destination heap. When the forward field of an object is null, it indicates that the given object has not yet been copied. In this case, the method creates a new instance of the object class in the destination heap. Then, the fields of the object are copied one-by-one. If the field is a primitive type, the value of that field is copied. However, if the field refers to another object, the copy method calls itself recursively to copy that object. 

If the copy method is invoked for an object whose forward field is non-null, that object has already been copied and the forward field refers to the copy of that object in the destination heap. In that case, the copy method simply returns a reference to the previously copied object. 

The following figure shows the execution of the stop-and-copy garbage collection algorithm. When the algorithm is invoked and before any objects have been copied, the forward field of every object in the active region is null as shown in figure 19(a). 


The figure 19(b) shows a copy of object A, called A', has been created in the inactive region, and the forward field of A refers to A'. 


Since A refers to B, the next object copied is object B. As shown in Figure 19(c), fragmentation is eliminated by allocating storage for B' immediately next to A'. Next, object C is copied. Notice that C refers to A, but A has already been copied. Object C' obtains its reference to A' from the forward field of A as shown in Figure 19(d). 



After all the live objects have been copied from the active region to the inactive region, the regions exchange their roles. As shown in figure  19(e), all the garbage has been collected and the heap is no longer fragmented.






Fig 19. a,b,c,d,e. Collection and Compaction

5.8.1.1 ALGORITHM: Stop and Copy 

 Object copy (Object p, Heap destination)


    if (p == null)


        return null;


    if (p.forward == null)


        q = destination.newInstance (p.class);


        p.forward = q;


        for each field f in p


            if (f is a primitive type)


                q.f = p.f;


            else


                q.f = copy (p.f, destination);



   q.forward = null;


           return p.forward;

Further Issues

1. Distinguishing pointers from integers.

2. Handling records of variable size.

3. Finding the root set. 

4. Avoiding repeated copying of permanently live data.

5. Avoiding nasty pauses during collection.

The stop and copy algorithm incurs two costs

1. First cost is the algorithm requires that all live objects be copied every time garbage collection is invoked. If an application program has a large memory, the time required to copy all objects could be quite significant.

2. A second cost associated with stop-and-copy is that it requires twice as much memory as the program actually uses. When garbage collection is finished, at least half of the memory space is unused.

5.8.2 Variations of Garbage Collection

There are number of recently discovered variations of the garbage collection system just presented.  In the traditional schemes we have considered, the applications programs function as long as space availability of the system satisfies certain criteria (These criteria May relate to the total amount of free space available the number and size of contiguous memory location available, the amount of memory requested since the lost garbage collection space, so forth) When these criteria are no longer met, all application programs halt and the system directs its resources to garbage collection. Once the collection has completed, the application program may resume execution from the point at which they were interrupted.


In some situation, however, that is not satisfactory. Applications that are executing in real time cannot be halted while the system is performing garbage collection.  In this circumstance it is usually necessary to dedicate a separate processor devoted exclusively to the garbage collection. When the system signal that garbage collection must be performed, the separate processor begin executing concurrently with the applications programs. Because of this simultaneous execution it is necessary to guarantee that node that are in the process of being acquired for use by an application program are not mistakenly return to the available pool by the calculator. Avoiding such a problem is not a trivial process. Systems that allow the collection process to proceed simultaneously with the application program use “on-the-fly” garbage collection.

Another subject of interest deals with minimizing the cost of reclaiming unused space. In the methods we have discussed, the cost of reclaiming any portion of storage is the same as the cost of reclaiming any other portion (of the same size) Recently attention of storage is proportional to its lifetime. It has been shown empirically that some portions of memory are required for smaller time intervals than are others and that requests for portions of memory with smaller lifetime acquires more frequently than do request for portions of memory with longer lifetime. Thus, by reducing the cost of retrieving portions of memory require for short time periods that the expense of the cost of retrieving portions of memory with longer life spans, the overall cost of the garbage collection process will be reduced.


The process of garbage collection is also applied to reclaiming unused space in secondary device (For example, a disk). Although the concept of allocation and freeing space is the same (that is, space may be requested or released by a program) algorithms that manage space such devices often cannot be translated efficiently from the their counterparts that manipulated main memory. The reason for this is that the cost of accessing any location in main memory is the same as that of accessing any other locations in main memory. In secondary storage, on the other hand, the cost depends on the locations of storage that is currently being accessed as well as the location we desire to access. It is very efficient to access a portion of secondary storage that is in the same block that is now being accessed; to access the location in a different block may involve expensive disk seeks. 

5.8.3 Questions

1. Describe Collection and compaction.

2. How Copy and write works?

Summary

Linked lists as a concrete data structure and as a method of implementation for such abstract data types as the stack, the queue, the priority queue, and the table.

Reference counting is a technique of storing the number of references, pointers, or handles to a resource such as an object or block of memory. It is typically used as a means of deallocating objects which are no longer referenced. It has an additional count field that keeps a count of the number of pointers both internal and external to that node.

A software routine that searches memory for areas of inactive data and instructions in order to reclaim that space for the general memory pool (the heap). The process of detecting and reclaiming the free nodes is called as Garbage collection.

Garbage collector searches through all of the nodes in the system identify those that are no longer accessible from external pointer and restore the accessible nodes to the available pool. Garbage collector perform two phase operation, First phase is mark phase involves all nodes that are accessible from an external pointer, Second phase is collection (Sweep) involves proceeding sequentially through memory and freeing all nodes that have not been marked.

The process of moving all used (marked) nodes to one end of memory and all the available memory to other end is called compaction.

Garbage collection approach that collects garbage and defragments the heap is called stop and copy. In stop and copy garbage collection algorithm, the heap is divided into two separate regions/spaces. At any point in time, all dynamically allocated object instances reside in only one of the two regions the active region. The other, inactive region is unoccupied.

Exercises
1. Write a C program to perform the garbage collection operation

2. Write a C program to perform the copying collection operation.

3. Write a C program to delete uncollectable objects.

4. Write a C program to trace and find memory related bugs.

5. Write a C program to create and copy a list.

6. Write a C program to perform the following operation in the list. 

(a) Insertions node.

(b) Deletions node.
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Fig 3.Pointer Method Method





Fig 4. Copy Method





l 2





null





 7





3





4





5











null





l 1





 7





3





4





l 1











null





7





7





l 2





4





5





4





7





 7





l 1





null











5





4





7





 7





null





l 2





null





5





4





8





4





8





null





5





null





4





5





5





3





3





list3





(a)





List 5





43





59





28





18





46





null





28





47





(b)





List 4





43





12





List 6











5





5





null





4





4





3





  5





  8





null





43





28





18





List 8





 59





16





47





null





12











List 7





 9





null





null





l





l1











l  = crlist(2, crlist(9, 7), 6, 4))


l1 = tail(tail(l))





7





4





6





2





 2





 4





7





sethead(l1 ,l))











l1





l





null





null





 9





7





l 2 = head(tail(l2))





8(c)





l1





l2





l





null





 9





2





4





 9





null





null





l





l2





l1











l 2 = tail(l2)





sethead(l2, l)





8(e)





l1





l2





l





null





 9





4





2





null





Null


 








15


 








 3


 








 


 








 


 








 


 








42


 








 


 








6


 








11








24








30








11








Null








15








 3








42








30








6








Head





24





11





32





  Head








Ideal Skip list











6








 30








42








 24








 11








 32








 3








15








Null








Null








 9








 2








 35








 33








  5








 15








42








 28








 4








19








Before: level[list] = 4 


After:   level[list] = 3 





Deleting 9





19





 4





 28





 15





  5





 33





 35





 2





 9





Null





 42





list11





list9





null





null





null





null





null





7





11





8





12





7





10





5





9





28





6





14





5





12





4





3





2





1





42





list10





1





10





9





6





5





List 11








list 10 = crlist (14,28)


list 11 = crlist (crlist (5,7))
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list 9 =crlist(m, list10, 12, l1)
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18a. Semi Region Collector After Garbage Collection
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18a. A simple semi region garbage collector before garbage collection











