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Abstract

Conventional operating systems provide little or no
direct support for an efficient persistent object sys-
tem implementation. We have built a persistent ob-
ject scheme using a customization and extension of an
object-oriented operating system called Choices. Both
conventional file systems and persistent object systems
are constructed within the same framework for the
storage of persistent data. The persistent object store
supports a wide range of persistent object sizes, ezx-
tensible sets of persistent object types and automated
garbage collection, and associates each object with its
class and operations. To improve performance, collec-
tions of persistent objects can be accessed as an ag-
gregate. Light-weight persistent objects may be clus-
tered within persistent object containers. In this paper
we describe how persistent objects are named and used
within Choices, and three areas in which persistent ob-
ject support differs from file system support: storage
organization, storage management, and typing.

1 Introduction

Efficient persistent object system implementations
require services that are not usually found in conven-
tional operating systems. We have built a persistent
object scheme that is supported by the specialized ser-
vices of a customizable and extensible object-oriented
operating system called Choices. Choices includes a
framework for the storage of persistent data[9] that
is suited to the construction of both conventional file
systems and persistent object systems. In a previous
paper[6] we discussed Choices and how it provides se-
curity for persistent objects. In this paper we concen-
trate on three other areas in which persistent object
support differs from file system support: storage or-
ganization, storage management, and typing.

Persistent objects incorporate the operating system
notion of persistent data storage and the programming
language notion of objects[4]. Many conventional op-
erating systems store persistent data in files[2]. Per-
sistent objects in Choices differ from regular data files
in three fundamental ways:

e they provide a persistent data abstraction, encap-
sulate data, allow user defined operations, and
impose a notion of type. Usually, the operations
defined for data files are only read and write.
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e their operations can dereference, store, and re-
trieve references to other persistent objects.

e invocation of an operation ensures that the en-
capsulated persistent data is retrieved. Both the
retrieval and storage of data are automated and
do not require explicit opens, reads, writes, and
closes.

Providing the notion of a persistent object as an op-
erating system service allows it to be used as a pow-
erful concept with which to build other services, both
conventional and unconventional. The three features
of a persistent object allow, for example, the conve-
nient programming of a conventional file directory as
a persistent object in Choices. Operations allow the
contents of a directory to be listed, to be searched for
the location of a particular filename, or to be updated
with the addition or removal of a filename.

Persistent object systems must support various
sizes of objects efficiently. Customizable containers,
which are themselves persistent objects and can be
nested, support a wide range of object sizes in Choi-
ces. Collections of persistent objects can be accessed
as an aggregate, and collections of light-weight per-
sistent objects can be clustered in containers that
are nested within containers for larger objects. Au-
tomated garbage collection schemes are provided by
storage management and simplify persistent object ap-
plications. The persistent object store supports exten-
sible sets of persistent object types. It maintains the
data for the persistent objects, the names of the classes
to which they belong and the code for the operations
of the classes.

Choices is not limited to a single application pro-
gramming language. However, currently we have im-
plemented persistence in Choices only for objects that
are programmed using C [ ]. In addition, these per-
sistent objects have the following restrictions:

e they must be instances of subclasses of the er
sistent  ect class, and

e they can store references only to other persistent
objects.

Besides presenting persistent object storage orga-
nization, storage management, and typing, we discuss
how persistent objects are named and used within the
Choices persistent data storage framework.
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A framework is an architectural design for object-
oriented systems. It describes the components of the
system and the way they interact. In frameworks,
classes define the components of the system. The in-
teractions in the system are defined by constraints, in-
heritance, inclusion polymorphism, and informal rules
of composition. The Choices file system is an example
of a framework][ ].

The Choices file system framework contains a hier-
archy of classes that can be combined to build both
standard and customized storage systems. The frame-
work is exible enough to support both persistent stor-
age systems and traditional file systems efficiently[ 4].
The framework depends upon the notion of a persis-
tent object. ot only does the framework provide an
implementation for a persistent object but persistent
objects are used to organize and simplify the frame-
work.

The framework divides a persistent data storage
system into a minimum of three layers as shown in

igure . Each layer of the framework contains or
uses objects that belong to one of two fundamental
classes:

e the ersistent tore class defines persistent data
stores, each of which store and retrieve persistent
data using a random access method, and

e the ersistent ect class defines persistent ob-
jects, which encapsulate and provide operations
on the data managed by a persistent store.

The ersistent tore provides random access to an unin-
terpreted sequence of data while the ersistent  ect
interprets the data of a persistent store as having a
format.

Ob-
jects in the layers of the file system serve the following
purposes:

e Objects in the torage anagement Layers ac-
cess hardware devices like disk controllers or net-
work interfaces in the I O subsystem. Access is
defined in terms of sequences of units, where a
unit corresponds to the physical block size used
by the hardware device. Objects in the higher

torage Management ayers manage the contents
of the underlying physical persistent stores, inter-
preting the data in the stores as nested containers
of logical stores. The torage Management ay-
ers contain ersistent tores and ersistent  ects
that encapsulate storage organization and shar-
ing.

e Objects in the ersistent bject Layer encapsu-
late the data within persistent stores and provide
operations on the data. These operations include
support for naming and data structuring. ys-
tem programmers can extend the framework by
designing persistent objects that support many
types of operations and inter-object relationships.

All objects in the Persistent Object ayer are er
sistent  ects. These objects may be accessed by
applications directly however, application pro-
grams can also access them through objects in
the Object Interface ayer.

e Objects in the bject Interface Layer define ad-
ditional access protocols for both application and
system programs. They use naming objects in the
Persistent Object ayer to provide a unified name
space for referencing objects in the system. They
also provide higher level access protocols for the
data encapsulated within the various types of files
in the Persistent Object ayer. All objects in the
Object Interface ayer refer to ersistent  ects.

The ersistent tore class defines an access protocol
for both physical storage devices and logical storage
devices each storage device is modeled as a sequence
of identically sized blocks of persistent data.

The most important data access operations defined
by ersistent tores are read and write. These opera-
tions retrieve or store one or more contiguous blocks
of data, and they are used as primitives by other ac-
cess methods. or example, clients of the file system
may use the abstract protocols of a ersistent  ect to
access the persistent data of a ersistent tore.

Each ersistent tore has an associated ersistent

ect class that provides a data abstraction and en-
capsulation of the persistent data in the store. At
run-time, there is a one-to-one correspondence be-
tween an instance of a ersistent tore and its associ-
ated ersistent  ect. The ersistent tore as method
returns a reference to the stores ersistent  ect. If
the ersistent  ect has not yet been instantiated, the
method creates the object by memory mapping the
store s persistent data and using the data as the en-
capsulated data of the object. The ersistent tore thus
provides the underlying data for its associated er
sistent  ect.  ersistent ects and their underlying

ersistent tores provide the framework and founda-
tion for the Choices file system and persistent object
store.

Most conventional file sys-
tems have a small, fixed set of file types. However,
persistent object stores must support extensible sets
of persistent object types. The ersistent tore imple-
mentation allows extensible sets of persistent object
types by associating persistent data with a lass of

ersistent  ect. Choices implements run-time type-
checking to ensure that persistent data is accessed us-
ing the appropriate persistent object abstraction. The
type checking is based on the C  style of associating
type with the notion of class. un-time type checks
need to be performed only when an object is retrieved
from the persistent store, not each time an operation
is invoked on the object. Inclusion polymorphism or
class inheritance is supported by the type checking
mechanism so that a client of the persistent object
store may access an instance of a new subclass of
persistent object using the protocols defined for an
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abstract, older superclass. Thus, the typing mecha-
nism supports extensions and specializations of exist-
ing classes of persistent objects.

In more detail, ersistent  ects and their underly-
ing ersistent tores implement object-oriented access
to persistent data. Persistent data may be accessed as
a persistent object by invoking the as method on the

ersistent tore. The method takes an argument which
may be either a concrete or an abstract lass and re-
turns a reference either to an instance of the argument
or an instance of a concrete subclass of the argument,
respectively. The persistent data of the ersistent tore
is used as the data for the instance variables of the
persistent object that is returned. The ersistent tore
s pports method checks to ensure that the store s as-
sociated ersistent  ect class and underlying data
representation is compatible with the requested class.

everal file system or persistent
object store clients may access the same persistent
data. To provide data consistency for concurrent up-
dates to persistent data through the methods of a per-
sistent object, the ersistent tore ensures that there is,
at maximum, only one instance of its associated er
sistent  ect. everal ersistent ect subclasses use
this data consistency provision to implement a main
memory cache for frequently accessed persistent data.
When a ersistent  ect is no longer needed in pri-
mary memory, its finalization code calls the close oper-
ation on its underlying ersistent tore. A further as
request will create a new ersistent  ect that uses the
existing persistent data.

The concept of a ersistent tore
is used both for physical and logical storage devices
allowing reuse of code. All concrete ersistent tores
see igure  belong to one of the following two sub-
classes:

e is s encapsulate physical storage devices like
hard disk drives, oppy disk drives, and AM
disks. is s communicate with objects in the I O
subsystem.

o iles encapsulate logical storage devices like U 1
inodes and disk partitions. iles communicate
with objects in a lower torage Management

ayer of the file system.

everal is subclasses of ersistent tore contain
machine-specific code to interface with disks and con-
troller hardware. In conventional operating systems,
the methods of these classes would be the disk driver
routines. The associated ersistent ect classes are
used to structure the data on the disks into collections
of partitions and collections of files. One example of
such a ersistent ect is the ersistent tore ontainer
that 1s used to contain files.

A ileisa ersistent
tore that is contained within a ersistent tore on
tainer, as shown in igure Instead of containing

hardware interface code like the disks, a ile has a
source ersistent tore that supplies it with data from
a lower layer of the file system. iles provide a win-
dow into their source ersistent tore. The size of this
window can be either fixed or variable and can range
from zero up to the size of the source ersistent tore.
The window can be either contiguous or divided into
various discontiguous regions of blocks.

ecursively, the data managed by a ile can have
structure and can be organized into a collection of
files. Again, in such cases a subclass of ersistent
tore ontainer will be associated with the ersistent
tore. In general, a ersistent tore ontainer manages
the contents of a ersistent tore as an indexed collec-
tion of contained iles. Its methods create, manage,
and delete contained iles.

ersistent tore ontainers can be nested to an arbi-
trary depth. The nesting supports the multiple tor-
age Management ayers of the framework and also
permits user-defined file systems, archives and per-
sistent stores. The ersistent tore ontainer associ-
ated with a physical device or lowest layer divides
a disk into a collection of partitions. Each partition
is a ersistent tore in the next logical file system
layer. A ersistent tore ontainer is associated with
the ersistent tore in this layer and structures the data
of a partition into a collection of files according to the
specification of a particular file system. or example, a
specific subclass of ersistent tore ontainer structures
the data in a partition into a collection of inodes us-
ing the inode format of ystem . At higher levels,
a file can have an associated ersistent tore ontainer
that imposes a format on the data in a file and
provides the abstraction that the file is a collection of
tape archived files.

In this section we have described the two main
components of the Choices file system and persis-
tent object store the ersistent tore and ersistent

ect. Each ersistent tore has an associated er
sistent  ect which encapsulates the persistent data
in the store and provides an abstraction of that data.
Access to the ersistent  ect conforms to an object-
oriented approach using subclasses and inheritance.
An extensible typing system is used to check access
to ersistent ects. The ersistent tore ontainer is
a particularly important ersistent  ect abstraction
that structures persistent data into a collection of in-
dependent ersistent tores.

cti tin rit nt ct

Invocation of a persistent object method automat-
ically and dynamically loads the code of the methods
for the class of the object. Older applications may
execute the method of a new class of persistent ob-
ject providing that the method interface is defined by
a preexisting abstract superclass. Thus the object-
oriented approach and type system together support
the late binding and dynamic loading of code for per-
sistent objects. These mechanisms are captured as
specializations of classes within a class hierarchy that
is organized as a framework.



The persistent
storage framework is designed using persistent objects.
This leads to the problem of initializing a persistent
storage system. The solution adopted in Choices is to
hard-code the persistent object classes used to build
standard file systems and to use these file systems to
bootstrap more exible persistent stores.

Classes from the Choices ersistent ect see ig-
ure 2 and ersistent tore see igure class hier-
archies are combined to build several standard file
systems such as ystem or M - O . uch file sys-
tem standards account for many of the subclasses of

ersistent tore.  or efficiency, these ersistent tores
are specialized to support the fixed set of associ-
ated ersistent  ect classes required to implement
the standard. or example, the node class can
store the data for: regular files ersistent rra s , di-
rectories irectories , and symbolic links
olic in s . Because the set of associated persistent
object classes is small and fixed, an efficient repre-
sentation of the classes can be hard-coded into the
node class.

The framework supports user- and system-defined
persistent objects using the eneral ile subclass of

ersistent tore and the eneral ontainer subclass of

ersistent  ect. or such persistent objects, it is not
possible to hard-code the set of ersistent  ect classes
associated with each ersistent tore. Instead, the class
methods must be loaded dynamically when the persis-
tent object is accessed at run-time.

The implementation language of Choices, C
does not support the dynamic loading of new classes
at run-time. Instead, this function is provided by
Choices. 'Together the eneral ontainer and ener
al ile classes support the storage, retrieval, and use
of new, user-defined classes of persistent objects and
data. The classes support the dynamic loading of
other classes, avoiding the necessity to recompile the
persistent object store.

The dynamic loading of new subclasses of er
sistent  ect and ersistent tore is accomplished using
an object-oriented solution. In Choices we explicitly
represent each class defined in the system as an ob-
ject of class lass. Using object-oriented terminology,
an instance of class lass is used to reify a C  class.
The eneral ontainer stores the name of the class of
the ersistent  ect that is associated with a ener
al ile as a character string. The eneral ile refers to
its associated ersistent  ect class as an instance of
class lass. The character string is converted to a
reference to a lass by the loo p method of a ker-
nel a e er er. The eneral ile may invoke methods
on the ersistent ect class using the protocol de-
fined for class lass. This allows the eneral ontainer
and eneral ile classes to be compiled without using a
specific class name for the associated ersistent  ect,
thus avoiding recompilation and relinking. or more
information on first-class classes in C | see [ |

To support a dynamically extensible persistent object
store, Choices must support the dynamic loading of
code for new persistent objects. The new persistent
object can be dynamically linked using the symbol ta-
ble from previous loads and linkages. However, it is
more difficult to modify the running system to invoke
the constructor of the new object. Unfortunately, C
constructors are statically bound at compile time and
do not generate any useful symbolic linker and loader
information. It is thus difficult to call the construc-
tor from a running program like the persistent object
store. Our solution to the dynamic invocation of the
static C  constructor involves indirection, using the
invocation of an instance constr ctor method that is
defined for objects of class lass. The eneral ile may
invoke the instance constr ctor method on its associ-
ated ersistent ect lass. The following steps are
performed by this constr ctor method:

. If the _constructor variable of the instance of lass
is zero, the method creates a ode oader object
and initializes the ode oader by passing it the
name of the lass as an argument.

2. Ifthe ode oader successfully loads the new class,
the _constructor variable is assigned the address
of a function that will invoke the static C  con-
structor.

. However, if the _constructor variable is still zero,
the method fails by returning zero.

4. If the value of the _constructor variable is non-
zero, the method invokes the actual constructor.
The return value of the constructor is also re-
turned by the instance constr ctor method of the

lass.

The ode oader dynamically links all methods of a
class, both virtual and non-virtual. ewly loaded code
can invoke all the methods of the newly loaded class
existing code, however, can access only newly-loaded
virtual functions. or more information on the op-
erations performed by the ode oader and on adding
code to running C  systems, see [ ].
The organization of the containers of persistent ob-
jects is required to be space-efficient, see ection
ince there is no inherent limit on the length of lass
names, storing one in the fixed-size structure of each
eneral ile is unacceptable. Instead, each eneral on
tainer stores the names of the lasses of ersistent
ects that are associated with its eneral iles. This
has several advantages:

e the lass names can be efficiently stored in a sin-
gle buffer as null-terminated strings so there is
no need to impose an arbitrary limit on the length

of lass names |,

e if several eneral iles support the same lass,
then the name only needs to be stored once, and

e cach eneral ile needs to store only an index
which requires only 4 bytes into its con-
tainer s list of lass names.
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This section has discussed the activation of persis-
tent objects and the problems of dynamic code load-
ing. In Choices, typing is accomplished by storing the
name of the class of a persistent object in the container
in which the object is stored. Invocation of a construc-
tor for a new class of persistent object is achieved using
indirection. Objects of class lass represent the class
of a persistent object and have an instance constr ctor
method that may be used to initialize the persistent
object. Object-oriented techniques are used in Choices
to simplify the programming of these mechanisms.

tor n nt

The storage management issues for file systems
and persistent object stores differ significantly because
persistent objects can store references to other persis-
tent objects. In practice, our Choices implementation
required different garbage collection algorithms to be
used in containers for persistent objects and files. ev-
ertheless, the implementation allows all the different
algorithms to be incorporated within the same storage
organization framework. Each container is customized
to support specific file system or persistent object stor-
age management behavior.

Many file systems restrict inter-object references to
directories, and they further restrict directories so as
to disallow cyclic references. This avoidance of cyclic
persistent data structures allows traditional file con-
tainers to use reference-counting or even simpler stor-
age management techniques. An example of the use of
reference-counting for storage management is a con-
tainer of U I inodes| 6]. ontainers allow a
regular file to have many directory entries but restrict
a directory to have only one directory entry. The in-
ode for each file and directory has a link count, which
holds the number of directories that reference it. Ap-
plication programs can use the system call to
remove a file from a directory. This call decrements
the inode s link count. When the link count reaches
zero, the inode is deleted.

An example of the use of a simpler storage man-
agement technique is a container for M O files[ 2].

ontainers allow a file or a directory to have
only one directory entry. Therefore no reference count
is needed. Application programs can use the
system call to remove a file from a directory. In the
case of an ontainer, this call simply deletes
the file.

Unlike the restricted cases of U I and M O
containers, a eneral ontainer can contain objects
of different classes and must allow arbitrary inter-
object references. More sophisticated garbage collec-
tion techniques are needed for containers of persistent
objects. Persistent object containers can be consid-
ered as heap managers for the persistent objects they
contain. ince we chose to use the C [ ] model for
objects, we were not limited by the language to a spe-
cific kind of garbage collection. Instead, we can select
an appropriate garbage collection scheme depending
on the use of a particular container. Currently we
have experimented with two schemes: the first one
uses reference counting and the second is a variant of
mark and sweep.

Both garbage collection schemes are based on the
concept of reachable objects. A container of ersistent

ects keeps track of which objects belong to a set of
root objects. An object is defined to be reachable if it
is a root object or if there is a chain of references to it
from a root object. All objects that are not reachable
should have their storage reclaimed. The ersistent

ect class defines two operations that enable appli-
cations to control which objects belong to the root
set:

e persist, which adds the object to the set of root
objects if it was not already in the set, and

e desist, which removes the object from the set of
root objects if it was in the set.

Our first scheme, which was described in [6], sup-
ported applications that have references and persistent
objects which can be modeled by a directed acyclic
graph A . This restriction is reasonable for many
applications that avoid circular lists like our first ap-
plications. In general, however, the objects and ref-
erences of many applications cannot be modeled by a

A and the first scheme is too restrictive.

The second scheme uses a separate process that
periodically locates and removes unreachable objects.
This process resembles the U 1 program or the
M- O program. It differs from these pro-
grams in three ways:

e unreachable objects are considered garbage as op-
posed to being considered lost files that have
been found,

e the process must be run periodically instead of
being used to recover from error conditions, and

e the process must have access to the layout of all
classes of objects, not just the layout of directo-
ries.

In brief, our studies of persistent object stores and
references indicate that garbage collection algorithms
for persistent object stores are different from those
for file systems. In Choices, every persistent object
is accessed from a container and this container can
be customized to support specific storage manage-
ment behavior. We have implemented three differ-
ent garbage collection techniques, one for files, one
for persistent objects that conform to a A  refer-
ence model, and one that scans storage for garbage.
The current Choices design for persistent objects ac-
commodates the different storage management tech-
niques within the same framework of classes. How-
ever, it remains to be seen whether improved storage
management techniques can be embedded within the
same framework. urthermore, we have not yet imple-
mented a scheme that would support garbage collec-
tion when inter-object references are allowed to span
container boundaries.

tor r ni tion
Many file systems are optimized to store many
small files and a few large files. or example, in



Container Object Minimum ize irectory
Type Overhead | of tored Object Overhead
Class- pecific size of object 4

eneral block 4
M- O 2 or 2 blocks
ar 44 size of object 6
ystem 64 or 2 blocks 6
B 4 2 or 2 blocks | key length
tar 4 2 block
Al 2 blocks | key length

Table : 1ile

U I , the implementation uses data blocks and indi-
rect blocks. However, file systems that are organized
to use one or more disk blocks for a file can only pro-
vide heavy-weight support for persistent objects and
perform better when the objects are one or more disk
blocks in size. To program consistently with persistent
objects, the size of the objects may range from a byte
to the size of a large file. Persistent object systems
must support smaller objects efficiently.

Choices supports a wide range of object sizes by
using nested, customizable ersistent tore ontainers.
A container divides a storage device into an indexed
collection of ersistent tores, which hold the data for
persistent objects. Containers are similar to the seg-
ments of the Comandos system[ | or the file objects
of the E O U system[ ], which both support the
clustering of persistent objects for efficiency. Contain-
ers differ in that they fit within a general file system
framework and they can be nested to an arbitrary
depth.  ight-weight persistent objects can be clus-
tered in containers that are nested within containers
for larger objects. The Choices class hierarchy see

igure 2 defines containers that can be tailored to suit
the objects they are intended to contain. A container
may contain objects that have temporal locality that
is, if one of the objects is accessed it is likely that they
all will be accessed. Alternatively, a container may
contain objects of the same class.

Table shows how the overhead and minimum stor-
age requirements vary for different persistent data
store implementations. The overhead and require-
ments shown depend only upon the requirements of
the particular storage technique. In order to be disk
format compatible with each storage technique, Choi-
ces imposes no additional storage requirements.

The least overhead is obtained for a container of
persistent objects that are all of the same class. Choi-
ces memory maps the persistent data in each persis-
tent object. Access is provided by the methods defined
for the class. The collection stores the class of the ob-
jects stored in the container and hence there is zero
extra storage overhead imposed per object. The size
of the persistent store is exactly the size of the persis-
tent object. The directory overhead to hold the logical
name of the object is four bytes.

A container that holds objects of different classes,

ystem Overhead

a general container, must store the size, location and
class of each object. This imposes an overhead of ten
extra bytes per object. ince each object may be of
a different size, it is convenient to store the object in
at least a block of a persistent store. The directory
overhead is not increased.

The M - O file system imposes the least over-
head per file and directory of the various stream-
oriented file systems we have implemented. The over-
head records the protection and size of the file and the
starting location of the file on disk. A non-empty file
requires at least one cluster one or two disk blocks
of persistent store where a block is the sector size of
the disk. The eleven bytes of directory information
contain a two-part symbolic name. ystem requires
an overhead of 64 bytes per persistent store in which
it stores inode information including protection and
size information and pointers to the direct and indirect
blocks that represent the file. It also uses at least one
block to store a non-empty file. The directory informa-
tion includes a fourteen character symbolic name and
a two byte reference to the inode information. The
Al  inode structure includes room for 4 bytes of
data, therefore a minimal, non-empty file could use
zero additional blocks of storage.

In this section, we have reviewed the requirements
for a persistent store to support persistent objects and
shown that most conventional file systems are inap-
propriate and impose too much overhead. However,
existing file system implementation techniques can be
used to provide storage for persistent objects. In Choi-
ces, we have exploited file system implementations by
building an object-oriented framework for persistent
storage that can be subclassed both to support effi-
cient conventional file systems and efficient persistent
objects.

1n
ersistent tores and ersistent  ects have both
logical and symbolic names. The logical names of
ersistent tores and ersistent  ects are unique iden-
tifiers, which are derived from the organization of
nested ersistent tore ontainers:

e The method of identifying a ersistent tore de-
pends on whether itisa is ora ile.



A is isidentified by a unique index within
a computer system.

A ile is identified by a pair comprising the
1dentifier of its container and the ile s index
within its container.

e A ersistent ect is identified by the identifier of
its underlying ersistent tore.

Within the torage Management ayers of the frame-
work, the file system identifies ersistent tores by their
logical names, whereas higher layers and application
programs identify ersistent tores by their symbolic
names.

While logical names are based on the organization
of nested ersistent tore ontainers, symbolic naming
is orthogonal to organization. Therefore, although
there is a single unique mapping of logical names to

ersistent tores in a computer system, multiple sym-
bolic name spaces can be mapped onto the set of logi-
cal names. Within each name space, multiple symbolic
names can map to a single ersistent tore.
ersistent tores can be grouped into and given sym-
bolic names by objects in both the Persistent Object
and Object Interface ayers. In the Persistent Ob-
ject ayer, ersistent tore ictionaries, which are col-
lections of symbolic-key, logical-name pairs, map
symbolic names to the logical names of ersistent
tores. Within any dictionary, the keys must be
unique, but several keys may map to the same logical
names. Using symbolic names, ersistent tores can be
opened from, created in, added to, and removed from
ersistent tore ictionaries.

In the Object Interface ayer, ile ste nter aces
use a set of ersistent tore ictionaries to parse se-
quences of symbolic keys, called pathnames, and re-
solve them to logical names of ersistent  ects. ile

ste nter aces can use various policies and mech-
anisms to unify the symbolic name spaces provided
by ersistent tore ictionaries. We have implemented
a ile ste nter ace that provides the U I concept
of root and current directories, mount tables, and sym-
bolic links.

ince ersistent ects can refer to other ersistent

ects directly, there is no requirement that they have
symbolic names. It is advantageous for ersistent

ects that do not need to be identified by the users
of applications to be given no symbolic names. In con-
trast, applications should be able to assign symbolic
names to ersistent  ects both during and after their
creation.

To assign a name to a ersistent ect as it is
being created, applications can use the ile ste
nter ace create or ersistent tore ictionar create op-
erations. Both operations take two arguments, the
name of the object to be created and the lass to
which it should belong. They both check to see if
the object name already exists, and if it does not,
they invoke the ersistent tore ontainer create oper-
ation and store the object name in a ersistent tore

ictionar . The major difference between the two op-
erations is that ile ste nter aces use path names

while ersistent tore ictionaries use single-element file
names.

To assign a name to a ersistent  ect after it has
been created, applications can use the ile ste
nter ace add or ersistent tore ictionar add opera-
tions. Both operations take a ersistent  ect and an
object name as arguments and result in an entry being
added to a ersistent tore ictionar that contains the
object name and refers to the ersistent  ect.

This section discussed the naming of ersistent
tores and ersistent  ects. ames may be logical or
symbolic. ogical names are unique identifiers that are
based on the organization of the ersistent tore on
tainers. ymbolic names are independent of this orga-
nization and represent a user-oriented abstraction.

in rit nt ct

The utility of persistent objects is directly related
to how closely their usage resembles the usage of stan-
dard programming language objects. Many persistent
object systems extend the base language to allow the
almost seamless addition of persistence[ ,4, , ]. We
chose instead to use the inherent extensibility of C
and to use a set of support classes and programmer
conventions. ince we also use these classes and con-
ventions to manage standard heap objects within the
Choices kernel, programming with ersistent  ects is
nearly identical to programming with other C  ob-
jects in Choices.

The two classes that make programming with er

sistent  ects virtually transparent to application pro-
grammers are: ersistent  ect tar and  toload er
sistent  ect. ersistent ect tar and its subclasses

are part of a smart pointer hierarchy that mir-
rors the major class hierarchy of Choices, which is
rooted in class ect. The entire hierarchy of
ect tars provide a type-safe mechanism for managing
the garbage collection of heap objects. We originally
developed ect tars called  eferences in [6] for
our first persistent object implementation. We gener-
alized them to support all heap-allocated objects[ ],
because we found using them preferable to the explicit
programming of reference-counting methods. ect
tars provide a pointer-like syntax using the operator
overloading feature of C

The  toload ersistent ect class lets program-
mers develop persistent object classes without explic-
itly programming the storage and retrieval of persis-
tent data. When the ersistent tore as operation
is invoked, the ersistent tore checks to see if the re-
quested lass of persistent object is a subclass of
toload ersistent  ect. If it is, then the store loads the
data for the ersistent ect after calling its construc-
tor. When an  toload ersistent  ect is no longer
needed in primary memory, its no e ainin e erences
operation is automatically invoked and the object s
persistent data is written back to its ersistent tore
before the object is deactivated.

Because our framework supports the data format
of various existing file system standards, and be-
cause these formats are not amenable to being directly
memory-mapped, the default behavior for ersistent

ects is that it requires programmers to manually



implement the memory mapping. If one is design-
ing data structures using C  classes, then automatic
memory mapping is feasible, and this behavior can
be inherited from  toload ersistent ect. In either
case, the choice of whether a subclass of ersistent
ect implements or inherits the memory mapping is
transparent to users of instances of the class.

u r

In this paper we show that, although conventional
operating systems do not provide support for effi-
cient persistent object system implementations, one
can build both conventional file systems and persis-
tent object systems within the same persistent stor-
age framework. We also demonstrated how the differ-
ing requirements of file and object storage can be ac-
commodated as specializations of the abstract classes
within the framework.

Conventional storage organization, storage man-
agement, and typing are too inefficient, restrictive,
and in exible to be used as the basis for a general per-
sistent storage system. We have built a general persis-
tent storage framework that uses nested containers of
persistent data stores. The stores may be customized
for the types and sizes of persistent objects that they
contain. The framework permits the selection of var-
ious garbage collection schemes to match the allowed
sets of inter-object references. The types of the per-
sistent objects that can be stored in the system may
be dynamically extended.

We also discuss the naming and use of persistent
objects within the Choices operating system. Persis-
tent objects are not required to have symbolic names,
but applications can give objects symbolic names as
needed, both during and after creation. A set of
support classes and programmer conventions enables
nearly transparent usage of persistent objects. ur-
ther research is required to extend the framework to
support a persistent storage system that is resilient to
failure.
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