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1. INTRODUCTION

O++ [4,5,9] is a database programming language based on C++ [11,18]. Amongst other things, O++
provides facilities for making C++ objects persistent. Objects of any class can be allocated on the stack, on
the heap, or in persistent store. Objects alocated in persistent store are called persistent objects, and
pointers to such objects are called persistent pointers. From the O++ user’s point of view, the semantics of
persistent pointers are identical to those of volatile pointers. In particular, inheritance related mechanisms,
including virtual base classes and virtual functions, should behave the same way for both kinds of pointers.

C++ objects of types that have ‘‘virtua’’ functions and ‘‘virtua’’ base classes contain volatile
(‘““memory’’) pointers. We call such pointers ‘*hidden pointers’ because they were not specified by the
user. In the case of virtual functions, the hidden pointer points to a virtual function table that is used to
determine which function isto be called. In the case of virtual base classes, the hidden pointers are used for
sharing base classes.

O++ objects are C++ objects. The O++ compiler of r ont generates C++ as its output, and relies on the
C++ compiler for implementing C++ semantics for objects. In attempting to preserve C++ semantics, we
encountered problems because the hidden pointers inside an object are only valid for the duration of the
program that created the object. These pointers become invalid across transactions (or program
invocations). C++ implementations were not designed to work with persistent objects. As a result, the
hidden pointers must be fixed to have correct values so that C++ semantics are maintained for persistent
objects.

In this paper, we describe the hidden pointers problem in detail and show how it can be solved. Our
solution is novel and elegant in that it does not require modifying the C++ compiler or the semantics of
C++. In addition to this solution, we outline two alternatives that we considered, and explain why they
were not adopted for the O++ compiler.

We also discuss another problem related to making C++ objects persistent. C++ allows base class pointers
to point to a derived class objects. Similarly, in O++ a persistent pointer to a base class may actually point
to a persistent object of a derived class. When reading the referenced object into memory, the persistent
base class pointer must be adjusted to point to the correct offset within the derived class object. Therefore,
when an O++ abject is written to disk, some type information must be stored inside the object indicating
the object type. Thisinformation may be used at a later time to read the object properly and to set the base
class pointer to an appropriate location in the object. In addition, when the object is read from disk, the
hidden pointers must be initialized to their appropriate values.



C++ has emerged as the de facto standard language for software development, and database systems based
on C++ have attracted much attention [2,3,5,10,13,16]. We hope that the details and techniques
presented will be useful to database researchers and to implementors of object-oriented database systems
based on C++. We expect the reader to be familiar with C++ [18].

The paper is organized asfollows. Section 2 illustrates the main memory layout of objects used by C++. A
reader familiar with the C++ implementation may skip this section. Section 3 describes the problems
associated with making C++ objects persistent, and sections 4 and 5 present solutions to these problems.
Section 6 surveys and compares related work, and section 7 presents our conclusions.

2. VIRTUAL FUNCTIONSAND VIRTUAL BASE CLASSES

To illustrate some key points in the representation of C++ objects, we use four classes whose inheritance
relationships are shown pictorialy in Figure 1. Class st udEnp is derived from both st udent and
enpl oyee each of which arein turn derived from per son:

person

student employee

studEmp

Figurel. A classhierarchy.

Class per son is said to be the base class of the classes st udent and enpl oyee, which are called
derived classes. Classes st udent and enpl oyee, as well as per son, are the base classes of class
st udEnp.

These types are defined via the C++ type definition facility called the class. Class declarations consist of
two parts: a specification and a body. The class specification includes the data members (attributes) and
member functions (methods) of the class. The class body consists of bodies of functions declared in the
class specification but whose bodies were not given there.

2.1 Virtual Functions

Virtual functions are the mechanism used by C++ to support a special kind of polymorphism using ‘‘late’”’
binding. C++ alows a base class pointer (or reference) to refer to a derived class object. For example, a
per son pointer (reference) can refer to ast udent object. When avirtual function is invoked using this
pointer (reference), the specific virtual function that is called depends on the type of the referenced object.
It isthe task of the C++ compiler to generate code that will invoke the appropriate function.

Assume that classes per son and st udent are defined as shown below.



cl ass person {
Coubl i c:
O char first[MAX];

char | ast[ MAX];

i nt age;

virtual void print();

oOooood

rcl ass student: virtual public person {
publ i c:

g char university[ MAX];

O virtual void print();

I

Class per son defines pri nt as avirtua function. Class st udent is derived from (based on) class
per son. The derived class st udent may define its own version of pri nt, with a different body
(implementation). For example, the body of each pri nt function may have been defined as follows.

Cvoi d person::print()

At

O cout << first << " " << last << ", age = " << age << endl;

voi d student::print()

X
§ person::print();
O cout << "student at " << university << endl;

2

When invoking pri nt through a pointer (or reference) to per son, the actual virtual function to be
invoked is determined at run time according to the actual type of the referenced object.

I

As an example, consider the following code:

1 Omai n() H
2 U{ O
3% person *pp = new person; O
4 0 student *ps = new student; O
50 g
6 0 pp->print(); E
70 ps->print(); 0

g U
O

O :

90 pp = ps; O
10 O pp->print(); O
O
110 0
12 H} 0

Thefirst pp- >pri nt function cal (line 6) invokes the function per son: : pri nt becausepp pointsto a
person object. Similarly, the ps->print function cal (line 7) invokes the function
student::print. But the second pp->print function cal (line 10) invokes the function
st udent : : pri nt eventhough the type of pp isapointer to per son. Thisisbecause pp was assighed
apointer toast udent object (line 9).

Class st udent declares per son to be its virtual base class. The keyword virtual is used to ensure that
only one copy of the virtual base class appears in an instance of the derived class. The virtual base classis
shared by all the components of the inheritance hierarchy that specify this class as a virtual base class.
Declaring a base class as virtua has no effect with single inheritance but it makes a difference in case of
multiple inheritance as we shall see later.



Figures 2 and 3 illustrate the memory representation of objects of type per son and st udent .
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Figure2. Memory layout of aper son object
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Figure 3. Memory layout of ast udent object

Each object of a class that has virtual functions contains a hidden pointer that points to a virtual function
table, called the vtbl. The vtbl contains addresses of virtual functions. It also contains offsets (deltas), that
are used to find the address of a derived class object given the address of a base class sub-object. Returning
to our example, after the assignment

pp = ps;

inline 9, ps pointsto ast udent object, while pp pointsto the per son sub-object within the st udent
object. Thisisillustrated in Figure 3. Consider the call

pp->print();

inline 10. The call requires an indirection via the vtbl pointer of the per son sub-object. resulting in the
application of the function st udent : : pri nt. However, st udent : : pri nt expectsto get the address
of a st udent object as its argument. This address is calculated by subtracting from pp the value of
del ta(student, person), storedinthewvtbl.

Note that had pri nt not been declared as a virtual function in class per son, then C++ would not have
generated the hidden vtbl pointer, and calls to the function pr i nt would not have required any indirection
in the trandated code.

Because per son is declared as a virtual base class, references to the per son component of ast udent
object require an indirection through a pointer, called the vbase pointer. In this example the indirection
may seem unnecessary, but we shall shortly see that it is required to implement sharing of the virtual base
classin objects of types specified using multiple inheritance.



2.2 Virtual Base Classes and Multiple Inheritance

When using multiple inheritance, a base class can occur multiple times in the derivation hierarchy. By
default, C++ generates multiple copies of such a base class. If only one copy of the base class is to be
generated, that is, the base class is to be shared asin other object-oriented languages (e.g., [8, 12, 14] ), then
the base class must be declared to be avirtual base class.

In the following specification class enpl oyee is derived from class per son, and class st udEnp is
derived from both enpl oyee and st udent .

Lcl ass enpl oyee: virtual public person {
Coubl i c:
O char conpany[ MAX] ;
int sal

virtual void print();

o0gooo

Uel ass st udEnp: public enpl oyee, public student ({
public:

0 i nt maxhours;

g virtual void print();

Because class per son is a virtual base class of both the enpl oyee and st udent classes, every

st udEnp object must contain one instance of class per son instead of two. Both the enpl oyee and
st udent sub-objects share thisinstance of per son.

I

Consider the following code:

Omai n() |
D{ ]
O S O
0 st udEnmp *se;

0 int a, b; g
0 0
U se->student::age = a; 0
O 0
O } .. - b O
0 se- >enpl oyee: : age b; 0
O O
B N

Because se- >st udent and se- >enpl oyee share the same per son object, se- >st udent : : age
and se- >enpl oyee: : age both refer to the same component, i.e., se- >per son: : age.

As before, classes enpl oyee and st udEnp may define their own implementation of the pri nt
function, as shown below.

voi d enpl oyee: :print()

person::print();
cout << "enpl oyed at

<< conpany << endl;
oi d studEnp: :print()
person::print();

cout << "student at
cout << "enpl oyed at

<< university << endl;
<< conpany << endl;

LOo00Oogooonn
0000000000000




Figures 4 and 5 illustrate the memory representation of objects of type enpl oyee and st udEnp.

employee’s vtbl e vtbl pointer
vbase pointer
T :
. ' employee
&employee::print | 0 company
i
sal
person’s vtbl : i _V_...---""",-.V.“.JI.-EETE"Z" ........
first
person

T
|

&employee::print | delta(employee, person) | = [f-------------------
'

Figure4. Memory layout of an enpl oyee object
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Figure5. Memory layout of ast udEnp object

An optimization utilized in most C++ implementations is to share the virtual table of a derived class object
with its first non-virtual base class sub-object, since both objects have the same address. This is why in
Figure 5, there are 3 virtual tablesinstead of 4 — st udEnp and enpl oyee share the same virtua table.

3. PERSISTENCE AND THE HIDDEN POINTERS PROBLEM

The database programming language O++ [5], which is an upward compatible extension of C++, models its
persistent store on the heap. An object alocated on the persistent store becomes persistent. Each persistent
object is uniquely identified by its object id (oid). A pointer to a persistent object is caled a persistent
pointer, for short. Similarly, a pointer to a volatile object is called a volatile pointer and it contains the
memory address of the referenced object. Persistent objects are allocated in O++ by using operator pnew
as opposed to using the operator new that alocates volatile objects on the heap. Here is some code
showing the allocation of a persistent enpl oyee object:



persi stent enpl oyee *pe;

pe = pnew enpl oyee;

The type qualifier per si st ent designates pointers to persistent objects. Persistent pointers are used and
manipulated much like ordinary pointers.

O++ extends the language constructs provided by C++ so that associative queries over collections of
objects can be expressed. For example, here is a code fragment that retrieves high salaried employees
(making more than 100K) from the databases and invokes the pr i nt function on each such employee:
for (pe in enployee) suchthat(pe->sal > 100000) {
pe->print();
}

3.1 Implementation of Persistencein O++

O++ programs are translated into C++, compiled and linked together with the Ode object manager.

Ode Object
Manager Library
O++ O+TL C++ C++ object . executable
————={ compiler ) Linker —
of ront compiler code code

Figure 6. Compilation of An O++ Program

The Ode object manager is a software layer built on top of the EOS storage system [6]. EOS manipulates
objects as uninterpreted sequence of bytes stored on disk pages, the unit of 1/0. The format of each such
object consists of an object header — a tag, followed by the actual length of the object — and then the
object itself.! The Ode object manager extends the object header to include a pointer to the object’s type
descriptor; besides that, the on-disk representation of the object isidentical to the one used in-memory.

Type descriptors — objects that describe types of objects in the Ode database — are held in the Ode
catalog. Catalog information is important to various internal modules of the database system. For
example, the query optimizer would access the catalog to check what indexes exist for some collection of
objects in order to decide how to execute a selection on it. Here, however, we are only concerned with the
components of the catalog that are needed so that an object can correctly be fetched from or placed back on
disk. Each entry in the catalog describes a single type. Since every persistent object (including type
descriptor objects) has a pointer to its type attached to the object, the Ode object manager can access
information about the object’ stype. In particular, the solutions described in subsequent sections require the
object manager to invoke functions specific to each type. These functions are generated by the O++
compiler, which also loads the function addresses into the catalog entry before the main program is
executed.

1. If the object is large, i.e., it cannot fit in a single page, then the object is stored in as many pages as necessary to hold the entire
object, and a directory to these pagesis stored right after the object header [7].



When a persistent pointer is dereferenced, the entire page the referenced object resides on is brought from
disk to memory. Once the object is in memory, its starting address is computed and used to reference the
object. Thus, the result of the dereferenceis that we have a C++ object in memory.

3.2 TheHidden Pointers Problem

Virtual functions and virtual base classes have an impact on persistence because of the ‘*hidden’’ vtbl and
vbase pointers (indicated by the shaded areas in the figures shown earlier) generated by C++ compilers to
implement these facilities. Virtual function invocations involve an indirection that uses the vtbl pointer to
access the entries in the virtual function table. And references to the components of virtual base classes
must follow the vbase pointer. We call the vtbl and vbase pointers ‘*hidden’’ pointers because they
represent implementation related information, and are invisible to the user. Most C++ programmers are not
even aware of their existence.

Unfortunately, hidden pointers are volatile pointers, i.e., they are not valid beyond the lifetime of the
program that created them. Saving objects containing hidden pointers on disk and then reading these
objects back from disk in another program means that the hidden pointer values in the objects read from
disk are invalid. The same observation holds for the values of data members that are volatile pointers. In
the case of pointer members, it is the programmer’s responsibility to ensure that the pointers are not used
with invalid values. However, in case of hidden pointers it is the responsibility of the system providing
persistence, the database programming language O++ in our case, to ensure that the objects read from disk
do not contain invalid values prior to their use in the program. Otherwise, a reference to a virtual function
or acomponent of avirtual base classwill lead to an illegal memory reference.

4, THE O++ SOLUTION

We now discuss how the O++ implementation handles the hidden pointer problem. We then describe
pointer adjustment to allow pointers to persistent objects to also point to persistent objects of derived
classes (in accordance with C++ semantics).

As mentioned, the O++ compiler of r ont generates C++ as its output. The O++ compiler does not have
direct access to the hidden pointers. We did not want to modify the C++ compiler to fix the hidden
pointers, because this modification would make O++ non-portable. It would require modification of the
local C++ compiler, which could affect other C++ programs. We decided to use C++ facilities to place
valid values in the hidden pointers.

Our solution is based on the fact that each class constructor, as trandated by the C++ compiler, contains
code to properly initialize the hidden pointers. This code is executed prior to executing the constructor
body, written by the user.

4.1 Using Constructors
The basic schemeis as follows.

1. Read the object from disk. As aresult of this request, the page the object resides on is fetched from
disk into the buffer pool. Thus, the requested object is now in main memory but it contains bad
hidden pointers.

2. Apply aconstructor to the object read from disk, to fix the hidden pointers. The constructor must not
change the data members of the object.

This solution uses the fact that for every constructor, the C++ compiler adds code to properly initialize the
hidden pointersin an object of that type. There are two obstacles to implementing the above scheme. First,
C++ does not alow a constructor to be invoked in conjunction with an existing object (as are member
functions). However, we can call the constructor indirectly by defining an overloaded version of the global
oper at or newfunction. When an object of class Cis created by calling new C, C++ does two things:
(a) calls the function oper at or new to alocate storage for the object.? (b) applies an appropriate



constructor (as determined from the arguments to the constructor supplied with the invocation of new) to
initialize the hidden pointers and components of the object (the latter is as specified by the user).

We do not want to allocate storage for the object. We simply want to make new perform the constructor
application. Consequently, we overload the new operator by defining a new version of oper at or new.
We pass to this function the address of the location where we have stored the object read from disk. The
function simply returns this address as its result (no storage is alocated). Here is the definition of the
overloaded oper at or new:*

Ccl ass _ode { }; g
E‘voi d* operator new(size_t, _ode *p) g
|:|{ o ] 0
0 return (void *) p; 0
8 1

Class _ode is aunique type defined to ensure that the overloaded definition of new is invoked. Suppose
for example that p points to an enpl oyee object that has been read from disk. Then the overloaded
definition of oper at or newisinvoked as

new ((_ode *) p) enpl oyee;

Thisinvocation of operator new invokes the argumentless constructor for classenpl oyee.

The second obstacle in using this scheme is that we cannot simply invoke a constructor defined by the user
to correctly initialize the hidden pointers in the object read from disk because the constructor may modify
the values of data members of the object (and even update other objects as well). We need to invoke a
constructor that will not modify any dataitems. That is, it should have a null body.

We first thought of generating for every class a constructor with a null body and a single parameter of type
_ode *. For example, for classenpl oyee, this empty constructor would be

enpl oyee: : enpl oyee(_ode *) {}

This constructor would be invoked if we called operator new asillustrated below:

new ((_ode *) p) enployee((_ode *) 0);

Unless otherwise specified, a constructor for a class D will invoke the argumentless constructor for each of
its base class sub-objects and for every data member of D that is a class object. However, the special
constructor must

a. invoke the specia constructor for each base class sub-object and for every data member of Dthat isa
class object;
b. initialize all constant and reference members of Dinitsinitializer list.

We abandoned the special constructor solution when we realized that we could not extend it to handle the
case when D had an array of class objects as a data member. In such a case, C++ requires use of the
argumentless constructor.

Next we came up with the idea of modifying each user specified constructor so that it would do nothing
(execute no statements) when it is called to initialize the hidden pointers. The value of an integer global

2. If Chasanoverloaded C. : oper at or new, thenitiscalled, otherwisetheglobd : : oper at or newisused.

3. Theideaof using an overloaded oper at or new to invoke a constructor on an existing object was suggested in a different con-
textin [17].

4. C++ requires the first parameter of an overloaded definition of function oper at or new to be of type si ze_t and that new
return avalue of typevoi d * .
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variable fi x_hi dden

short _fix_hidden;
is used to determine whether or not the constructor was being invoked to fix hidden pointers.

Assume that class D defines a constructor of the form

D: . D( parameter-declarations)

{

}

The subscript opt indicates an optional item.

This constructor is transformed as follows:

D: . I parameter-declarations,)

{
if (! _fix_hidden) {

}
This transformation has to be refined to ensure that any initializers present in a constructor definition do not
modify any data members. Initializers are given just before the constructor body:

D: . D( parameter-declarations,) initializer-list

{

}

Initializers are used to initialize the base class components and the data members of the object. In some
cases, initializers are required. For example, if the base class component or a data member can only be
initialized by invoking a constructor with arguments, or if the data member is a constant or reference
member, then appropriate initializers must be specified.

Initializers that are constructor calls do not have to be modified, because the constructors will have been
modified to execute conditionally based on the value of the global variable _fi x_hi dden.

Other initializers, those that specify an initial value for a data member, are modified to change the value of
the data member only if the constructor is being called to initialize a newly created object. They have no
affect if the constructor isinvoked to fix the hidden pointers for an object that has been read from disk. For
example, an initializer of the form

m( initial-value)
where mis adata member, istransformed to the initializer
m(_fix_hidden ? m : initial-value)

When _f i x_hi dden isone, theinitializer effectively assigns the member to itself; thus such an initializer
does not change the value of the data member.
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As an example, a constructor for class enpl oyee may be defined as follows:

Cenpl oyee: : enpl oyee() : sal (30000) g

O
O strcpy(conpany, "None"); g
7 i
8 0

This constructor is transformed into

Cempl oyee: : enpl oyee() : sal (_fix_hidden ? sal : 30000) H
Al 5
0 if (!_fix_hidden) { O
0 st rcpy(conpany, "None"); g
o} 0
B 0

This initiaization of hidden pointers is encapsulated in a member function, r ei ni t , that is generated for
each class. For example, hereisthe body of ther ei ni t function for class D:®

Uextern short _fix_hidden;

E‘stati c void D::reinit(void* p)
{

0 _fix_hidden = 1;

O new ((_ode *)p) D

d _fix_hidden = 0O;

Functionr ei ni t setsthe global variable fi x_hi dden to 1 before invoking the overloaded version of
the new operator (that does not allocate any storage). Any constructors that are invoked as a result will find
_fix_hi dden to be one, and will not execute any user specified code in the constructor body. The effect
of this invocation is simply that the hidden pointers are assigned the right values. Function r ei ni t sets
the global variable fi x_hi dden to 0 before returning.

I o

As an example, we give below the code generated by the O++ compiler for classenpl oyee:

Ccl ass enpl oyee: virtual public person { H
Coubl i c: 0
E char conpany[ MAX] ; O
0 int sal; g
O virtual void print(); 0
O void reinit(void *); 0
g}; O
0 0
cextern short _fix_hi dden; g
O

voi d enpl oyee::reinit(void* p) g
g{ 0
0 _fix_hidden = 1; O
0 new ((_ode *)p) enployee; g
O _fix_hidden = 0; 0
B O

5. reinit isdeclaredast at i ¢ member function sinceit not invoked in association with a particular object.
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4.2 Allowing Base Class Pointersto Point to Derived Class Persistent Objects

In C++, a pointer to an object of class B can point to an object of a class D that is derived from B.
Similarly, in O++ a pointer to a persistent object of class B can point to a persistent object of type D. When
such a pointer is dereferenced, the object manager brings the object into memory and fixes its hidden
pointers, as described above. It then returns a pointer to the D object in memory. To conform to C++
semantics, the memory pointer returned must be adjusted properly. In our example, the pointer should be
adjusted to point to address of the B base class object within the D object.

This adjustment is performed as follows. The object manager consults the catalog entry for the object’s
type. In our example, thistypeis D. The entry contains alist of base classes for this class, and the correct
adjustment for each one. These values are filled in by the O++ compiler when it analyzes the definition of
this class. The code generated by the O++ compiler for the dereference informs the object manager of the
(declared) type of the persistent pointer being dereferenced, in our example B. The object manager thus
finds the required offset from a D object to it's B sub-object, delta(D, B), and adjusts the returned pointer
accordingly.

5. ALTERNATIVE TECHNIQUES

We have also considered two other alternative solutions to the problems addressed in the paper. We outline
these solutions and explain why we did not adopt them for the O++ compiler of r ont .

The following definitions are exported by the object manager:

t ypedef unsigned int uint;
Bcl ass QD {

o

- -

5.1 Using Special Member Functions

For each class, the O++ compiler synthesizes two functions, r eadCbj and wri t eCObj , used to read and
write objects of that class. For example, the prototype of these functionsfor classenpl oyee is:

voi d enpl oyee::readCbj (A D& oid, uint& doff); E
E[void enpl oyee: :witeObj (A D& oid, uint& doff); 0

Function r eadObj is used to read an object from disk. The object might be contained in a larger object.
The object id locates the containing object on disk, and dof f indicates the offset of the object from the
beginning of the containing object. Similarly, functionwr i t eObj isused for writing avalueto disk.

In addition, global functions: : readCbj and: : wri t eCbj are used to read and write values of built-in
types, such asintegers or character strings:

(oid ::readQhj (O D& oid, uint& doff, void *menp, uint cnt); H
Hvoid witeChj (O D& oid, uint& doff, void *nmenp, uint cnt); 0

menp specifies the location in memory where the value is to be stored, and cnt specifies the size of the
value.

To read an object from disk the following steps are performed:
1. Allocate an object by calling operator new. The hidden pointers are thus set correctly.

2. Read the value of the object from disk by invoking the r eadQbj function defined for that object’s
type. This function does not perform a byte copy of the data from disk. Instead, it reads each data
member of the object using the r eadObj function defined for the data member’'s type (and the
global : : readObj function for simple types).

The object manager does not know about object types — it views objects conceptually as uninterpreted
bytes. Therefore, it cannot alocate an object by calling operator new directly. We allow the object
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manager to invoke operator new indirectly by encapsulating object allocation in the member function
newObj whichis generated by O++ and whose addressis stored in the catalog. The address of newQbj is
loaded for every class in an application program as part of the program initialization process. Given a
persistent object, the object manager can find the address of newCObj for this object’s class by following

the pointer from the object to the catalog entry describing its type.

We illustrate this mechanism by showing the translated version of class enpl oyee, which includes the

generated functionsr eadQbj , wr i t ebj , and newObj asits members:

Lcl ass enpl oyee: virtual public person { g
Goubl i c: 0
g char conpany[ MAX] ; g
0 int sal; 0
O virtual void print(); O
g void readQoj (A D& oid, uint& doff); O
O void witeCbj (O D& oid, uint& doff); 0
O static void *newQbj (); g
3 0
The bodies of ther eadobj ,wr i t eobj and newObj functions of classenpl oyee are asfollows:®

..

E‘voi d enpl oyee: :readbj (O D& oi d, uint& doff)

{

U

/1l read base cl asses
person: :readObj (oi d, doff);

/1l read menbers

::readQj (oid, doff, objp->conpany, MAX * sizeof(char));
::readQoj (oid, doff, objp->sal, sizeof(int));

oid enployee: :witeCbj (O D& oid, register uint& doff)
/1 wite base classes
person::witeCbj (oid, doff);
/1l wite nmenbers
iwiteQbj(oid, doff, conpany, MAX * sizeof(char));
iwiteQbj(oid, doff, sal, sizeof(int));

oi d *enpl oyee: : newdj ()

return (void *)new enpl oyee;

MO OO0g00000000Q00000000000

OO0 oo ooogoooogoooom

This solution assumes that enpl oyee has an argumentless constructor. C++ generates an argumentless
constructor automatically if no constructor has been specified for the class. But it does not generate this

6. It might appear that function newGObj could be declared inline, but then its address could not be taken and stored in the catalog.
Similarly, it would not suffice to store the address of a the operator new in the catalog, since the application of this operator indi-

rectly through a pointer does not result in the invocation of a constructor.
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argumentless constructor if a constructor has been specified for the class. of r ont therefore generates an
argumentless constructor for the class if the user has explicitly specified one or more constructors but has
not specified an argumentless constructor.

This solution has the following disadvantages:
1. Three functions must be synthesized for every class.

2. An object is read component-wise from the disk (and written in the same way). Each component
requires another function call.

5.2 Using The Assignment Oper ator

The basic schemeis asfollows:
1. Allocate space for the object and read the object from disk. The object contains bad hidden pointers.
2. Allocate another object. This object contains correct hidden pointers.
3. Assign the object read from disk to the new object.

The default assignment performs member-wise assignment of the components of the source object to the
destination object. In particular, the hidden pointers are not copied from the source object to the destination
object.

We do not discuss this solution in detail. We rejected this solution for the following reasons:
1. Storage hasto be allocated twice for every object (optimization can be used to reduce this number).
2. Anassignment isrequired to fix the hidden pointers.

3. This solution assumes that the assignment operator performs member-wise assignment. These are
the semantics of the default assignment operator generated by C++. However, users are alowed to
define their own version of the assignment operator. This may invalidate our solution, if the
explicitly defined assignment operator does not perform member-wise assignment, or has side-
effects.

6. RELATED WORK

The hidden pointers problem was also identified in Vbase [1] and E [16]. The approach taken in Vbase was
to make the vtbls persistent objects. The E compiler efront replaces the virtual base class pointer by an
offset, an implementation that will probably be used in future C++ compilers as well. It also generates a
unique type tag for every class that can have persistent instances (a ‘‘dbclass’’) having virtual functions.
Every instance of such a class contains this tag. The E implementation performs run-time virtual function
dispatch by hashing on the type tag. In contrast, when an object is brought into memory O++ uses the
pointer to the type descriptor of the object to convert invalid C++ hidden pointersto valid ones.

The solutions presented in this paper have the advantage that they do not require modification of the C++
implementation. In addition, virtual function invocation is as fast as in C++ — it requires a single pointer
dereference. The Vbase scheme requires a persistent pointer dereference, while the E scheme involves a
hashing operation. The disk representation of O++ objects is the same as the memory layout of
corresponding C++ objects, except that at the beginning of each persistent O++ object there is a pointer to
the object’ s type descriptor (another persistent object). The identical on-disk and in-memory object layout
allowsfor code compatibility of O++ and C++.

Systems that implement pointer swizzling [13, 15, 19] encounter problems similar to those that arise from
hidden pointers: different formats must be used to refer to objects in memory and on disk. To provide fast
access to the memory version of the object, the object id contained in a persistent object is replaced by the
memory pointer (the object id is ‘‘swizzled'’). We must similarly replace the hidden pointers by valid
values. However, akey difference between pointer swizzling and fixing the hidden pointersis that the O++
compiler does not know the locations of the hidden pointers. It is the C++ compiler that generates the
hidden pointers and their locations within an object depends solely upon the code generated by the C++
compiler.
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In ObjectStore [13], the object manager knows the location of the hidden pointers in an object of a given
type. 7 In addition, the object manager has a table that maps type names into vtbl addresses; the table is
created during schema generation time. As a special case of the pointer swizzling mechanism, vtbl pointers
in persistent objects that are brought into memory are assigned the address of the vtbl of their respective
types, in arecursive fashion. vbase pointers are handled by the usual pointer swizzling mechanism, since a
vbase pointer contained in a persistent object points to another persistent object, the virtual base class sub-
object. In comparison, we note that the O++ solution does not require knowledge of the location of the
hidden pointer or the vtbls, and is thus more portable. In addition, the complexity of recursively fixing the
hidden pointers in base class and member sub-objects is simply transferred to the C++ compiler, by calling
aconstructor.

The problem of adjusting a base class pointer to a derived class object also arose in the implementation of
collections in E [16]. Collections are implemented using EXODUS files. A collection whose objects of
some type can contain derived type objects. Therefore, an EXODUS iterator over a collection must return
an adjusted pointer. This specia case was handled by storing the appropriate offset in the object header.

7. CONCLUSION

Hidden pointers are memory pointers that are generated by C++ compilers in objects whose classes contain
virtual functions or virtual base classes. These pointer values are not valid across database applications
(transactions). Consequently, the hidden pointers in any object retrieved from the database must be
““fixed’’ before the object can be accessed. We have presented solutions to correctly reinitialize the hidden
pointers. Our solutions are elegant in that they do not require modifying the C++ compiler or the semantics
of C++.

Object-oriented database systems based on C++ are attracting attention because of the emergence of C++ as
the language of choice for software development. We hope that the details and techniques presented by
will be useful to database researchers and implementors.
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ABSTRACT

C++ objects of types that have virtual functions or virtual base classes contain volatile (‘‘memory’’)
pointers. We call such pointers ‘* hidden pointers because they were not specified by the user. If such C++
objects are made persistent, then these pointers become invalid across program invocations. We
encountered this problem in our implementation of O++, which is a database language based on C++. O++
extends C++ with the ability to create and access persistent objects.

In this paper, we describe the hidden pointers problem in detail and present several solutions to it. Our
solutions are elegant in that they do not require modifying the C++ compiler or the semantics of C++. We
also discuss another problem that arises because C++ alows base class pointers to point to derived class
objects. C++ has emerged as the de facto standard language for software development, and database
systems based on C++ have attracted much attention. We hope that the details and techniques presented
will be useful to database researchers and to implementors of object-oriented database systems based on
C++,



