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A b s t r a c t  

Object-oriented databases are needed to support data- 
base objects with a wide variety of types and structures. 
A persistent memory system provides a storage architec- 
ture for long-term, reliable retention of objects with rich 
types and structures in the virtual memory itself. It is 
based on a uniform memory abstraction, which eliminates 
the distinction between transient objects (data structures) 
and persistent objects (files and databases), and therefore, 
allows the same set of powerful and flexible operations to 
be applied with equal efficiency on both transient and per- 
sistent objects from a programming language such as Lisp 
or Prolog. Because no separate file system is assumed for 
long-term, reliable storage of objects, the system requires a 
crash recovery scheme at the level of the virtual memory, 
which is a major contribution of the paper. It is expected 
that the persistent memory system will lead to significant 
simplifications in implementing applications such as object- 
oriented databases. 

1 I n t r o d u c t i o n  

Many new applications, such as computer-aided design 
(CAD) in engineering disciplines, multi-media information 
systems, and expert database systems require databases 
that can support objects of a wide variety of types with 
the ability to express complex relationships among objects 
[Hartzband85]. The type of an object refers to a tem- 
plate used for creating instances of that type. The struc- 
tures of objects reflect the relationships among objects. 
Object-oriented programming and object-oriented systems 
have much to offer to develop databases with an "object- 
oriented" view [OOS85,. Object-oriented databases can 
greatly benefit from object-oriented programming systems. 
such as the Flavors system on Lisp machines and the Small- 
talk system, widely used in the symbolic computing and 
artificial intelligence community. These systems provide 
sophisticated and rich abstraction mechanisms to define ab- 
stract types and to hide the implementation details of ob- 

jects. Objects have a well-defined operational interface to 
its users. Powerful inheritance mechanisms are available to 
build higher levels of abstractions, i.e., higher-level objects 
can inherit the properties of other objects. Large systems 

can be divided naturally into coherent parts, winch can be 
developed and maintained separately. Also, specifying re- 
dundant information can be eliminated. 

The advent of automatically managed, garbage-collected 
virtual memory was crucial to the development of today's 
object-oriented systems based on object-oriented program- 
ming languages. Such a storage architecture removes the 
burden of storage management (storage allocation and deal- 
location, garbage collection, compaction, paging) from the 
programmer. In addition the storage systems allow effÉcient 
representation and sharing of objects with a wide variety of 
types and structures via sophisticated pointer structures. 
No analogous storage organization has yet been developed 
in the domain of persistent objects managed by today's file 
or database systems. As a consequence, the programmer is 
forced to flatten rich structures of objects resident in virtual 
memory before the objects can be stored in a file system or 
conventional database. This task puts a great burden on 
the programmer and adversely affects system performance. 

We believe that the architecture of a storage system 
will play a crucial role in the ease and efficiency with which 
object-oriented database systems can be developed and used. 
The storage architecture required by persistent memory ties 
the notion of object persistence to the garbage collection 
process; an object persists independent of its type or the 
storage medium on which it resides, so long as it cannot 
be garbage collected. Thus, persistent memory extends the 
concept of automatically managed, garbage collected vir- 
tual memory to a storage architecture that  also includes 
database objects. In a persistent memory, both transient 
and persistent objects of a given type have identical repre- 
sentations. 

O u t l i n e  of  the  p a p e r :  Section 2 presents a critique of 
existing approaches to implementing object-oriented data- 
bases. Section 3 briefly describes our approach based on 
persistent memory. The persistent memory system is based 

on a uni]orm memory abstraction~ which eliminates the 
distinction between transient and persistent objects, and 
therefore allows the same set of powerful and flexible oper- 
ations to be applmd with equal efficiency on both transient 
and persistent objects from a programming language such 
as Lisp or Prolog, without requiring a special-purpose data- 
base language. The uniform memory abstraction is pre- 
sented in Section 4. The storage architecture, as presented 
by persistent memory, supports long-term, reliable reten- 
tion of richly structured objects in the virtual memory itself, 
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without resorting to a file system. Therefore, implementa- 
tion of the architecture requires a crash recovery scheme at 
the level of virtual memory. A crash recovery scheme for the 
persistent memory is presented in Section 5. It is based on 
an efficient checkpointing and roll back scheme. Resilient 
objects are persistent objects that survive system crashes 
and shutdowns, even if they are created or updated after 
the last checkpoint operation. Section 6 describes the man- 
agement of resilient objects. A persistent object manager 
is implemented on top of the persistent memory to name 
and manage persistent objects. Section 7 briefly describes 
the functions of such a manager. 

As the title of this paper reflects, the paper concentrates 
on the storage architecture for object-oriented databases, 
not on the database manager itself. It provides only a brief 
description of a database manager that can be implemented 
on top of the persistent memory. We are in the process of 
implementing a prototype of the persistent memory on a 
TI Explorer Lisp machine. Section 8 briefly describes the 
prototype. Our current work is focused on implementing 
the persistent memory on single workstations. We have ini- 
tiated a research effort to extend the concept of persistent 
memory in a network-based distributed computing envi- 
ronment so that multiple users can share persistent objects 
on multiple machines. Section 9 presents our research di- 
rection on this challenging research problem. Section 10 
concludes the paper. 

2 C r i t i q u e  of Exis t ing  Approaches  to 
O b j e c t - O r i e n t e d  D a t a b a s e s  

Conventional database systems (network, hierarchical. 
or relational models) are not adequate to support the needs 
of object-oriented databases because they do not have the 
necessary diversity and richness of types and structures of 
objects. Realizing these shortcomings of conventional data- 
bases, the research community has followed a number of dif- 
ferent approaches to develop databases to support a richer 
variety of object types and structures. These efforts can 
be classified into two broad classes and are briefly reviewed 
below. 

1. E x t e n s i o n  of  c o n v e n t i o n a l  d a t a b a s e  m ode l s :  
The database community has extended conventional data- 
base models with richer data types. The INGRES relational 
database has been extended to enhance its applicability to 
engineering problems ~.Stonebraker841. Support for picto- 
rial databases has been implemented on top of and b.v ex- 
tending relational and hierarchical databases in the SDMS 
[Herot80] and VGQF [McDonald81} systems. The MAPS 
system is a cartographic data manager with explicit sup- 
port for the display of spatial knowledge [McKewon84 . 

Although these systems have contributed to the under- 
standing of the problems associated with supporting a di- 
versity of data types~ they all have involved grafting addi- 
tional functionality on top of an existing model. Therefore. 
many capabilities, such as recursive procedures, or func- 
tions as true first-class objects rAbelson85'., are awkward. 

difficult, or inefficient (due to interpretive overhead) to im- 
plement in these extended databases. As a consequence. 
the applicability of the resultant systems has been limited 
IHartzband85]. 

2. P e r s i s t e n t  ob j ec t  s y s t e m s :  Recently many re- 
searchers [Atkinson83], [Atkinson84i. [Cockshott84:. 
[Mishkin84], [Butler86] have followed the approach of mak- 
ing objects created and manipulated by programs persis- 
tent. Butler has developed a scheme to make Lisp objects 
persistent on top of a conventional database (INGRES) 
[Butler86]. Tile programmer must declare that the value 

of a variable is persistent and all the fetching and updating 
is handled automatically. The low-level Lisp functions that 
manipulate lists (e.g. CAR, CDR . . . .  ) have been altered 
to examine their arguments to check for persistence. To 
partially overcome the retrieval costs of fetching persistent 
objects from the INGRES database, objects are buffered 
in virtual memory. Persistent Object Management system 
[Cockshott84] is an ongoing research effort to produce an 
extension of Algol that provides automatic access to a data- 
base system. Mishkin's OM system extends a dialect of Lisp 
to encompass persistent Lisp objects iMishkin841. 

The designers of these systems rejected the use of con- 
ventional databases for their limited repertoire of data types 
and structures, and built new database systems to handle 
data types needed by their programming languages and ex- 
tended the heap facilities of their respective programming 
languages to provide access to heaps that reside in their 
databases. They also built new database primitives that 
are appropriate to operate on the data structures in per- 
sistent heaps. The advantage of this approach is that the 
system can provide only the facilities needed by the partic- 
ular language. Nooverhead  is paid for features not useful 
to the language. 

In all these persistent object schemes, persistent and 
transient objects reside in two different storage organiza- 
tions; transient objects reside in the virtual memory, and 
persistent objects in a general-purpose database IButler86. 
or in a special-purpose database EMishkin84 . :Atkinson84. 
[Cockshott84]. Therefore, operations on persistent objects 
are invariably slower than on transient objects. There is 
a large overhead to access persistent objects because their 
pointers must be dereferenced by software, taking several 
machine cycles. In addition, buffer managemem is neces- 
sary to reduce the cost of fetching persistent objects. 

3 O u r  A p p r o a c h  t o  P e r s i s t e n t  O b j e c t s  

Symbolic computers, such as the TI Explorer 1, Sym- 
bolics 3670. and Xerox 1108, are perhaps the best tools 
available today to implement applications that need a rich 
variety of object types and structures because of their sup- 
port for rich knowledge representation and inference tecL- 
niques, object-oriented programming languages, and inte- 
grated program development environments. In these com- 
puters, objects representing knowledge exhibit a structure 

149 



defined by pointers connecting objects. This structure is 
usually complex and dynamic, i.e., it changes rapidly. All 
processes and objects share a single virtual address space 
[TI85a]. Sharing of objects via pointer structures allows 
efficient and flexible representation of knowledge. The rep- 
resentation is also processed most efficiently by the ma- 
chine because it is defined in the machine architecture, and 
hence is directly interpreted by hardware or microcode. 
The pointers to objects serve as names that can be passed as 
procedure parameters, returned as procedure results, and 
stored in other objects as components. A high proportion of 
data is pointers to other data and structures. This storage 
model requires automatically garbage collected memory - 
a feature supported by Lisp machines. 

Our approach to object persistence in a symbolic com- 
puting environment is based on a fundamentally different 
paradigm [Thatte85], LThatte86:. We would like to make 
objects persistent in the virtual memory itself. The litera- 
ture on persistent 2 memory dates back to 1962. when Kil- 
burn IKilburn62] proposed single-level storage, in which all 
programs and data are named in a single context. Saltzer 
[Saltzer78] proposed a direct-access storage architecture. 
where there is only a single context to bind and interpret all 
objects. Traiger [Traiger82] proposed mapping databases 
into virtual address space. It seems that simple data mod- 
eling requirements of computer applications of that t ime 
discouraged productization of these proposals partly be- 

cause they are much more difficult to implement than the 
conventional virtual memory and database systems. We 
strongly believe that these proposals must be revived and 
adapted to the needs of object-oriented databases if we are 
to support their demanding requirements of data model- 
ing and long-term storage of objects with rich types and 
structures. 

The MIT MULTICS system IBensoussan69 i and the IBM 
System/38 {IBM38] have attempted to reduce the storage 
dichotomy. However, both have major shortcomings for 
symbolic computing. All persistent information is in files. 
A file mapped into the address space of a process cannot 
hold a machine pointer to a file mapped in the address 
space of a different process. Thus, sharing of informa- 
tion among different processes is more difficult than with 
Lisp machines. Furthermore, there is no automatic garbage 
collection, which is essential for supporting symbolic lan- 
guages. 

The persistent memory is based on a uniform memory 
abstraction. In this abstraction, an object persists as long 
as it can be prevented from being garbage collected. The 
abstraction is implemented on a single, large virtual ad- 
dress space to support large knowledge-based applications. 
The concept of persistent memory, however, does not de- 
pend on the address space size. A major contribution of 
this paper is a recovery scheme at the level of the virtual 
memory itself, i.e.. a recoverable virtual memory. A recov- 

1 Explorer is a trademark of Texas Instruments Incorporated. 

21n the literature, terms such as permanent, stable, direet-aeceas, or 
single-level storage are also used. 

erable virtual memory is essential because no separate file 
system is assumed for the purpose of recovering permanent 
data. The implementation of recoverable virtual memory is 
based on an efficient checkpointing scheme that  incremen- 
tally captures the entire state of the machine, and a roll 
back scheme that rolls back the machine state to the last 
checkpoint following a system crash. 

Our approach is illustrated in Figure 1. Successively 
more powerful abstractions are created on top of the phys- 
ical memory resources. The first layer of abstraction is 
a recoverable virtual memory. A garbage collector runs 
on top of it to reclaim space occupied by inaccessible or 
garbage objects. Discussion on garbage collection is out- 
side the scope of this paper. A good t reatment  can be 
found in [Moon84], fMcEntee86]. 

Persistent objects created after the last checkpoint will 
not survive a system crash. Similarly, the checkpointed 
state will not reflect changes made to persistent objects 
after the checkpoint but before the crash. We define a re- 
silient object as one which can not only survive beyond 
the lifetime of a program that  created it, but can also sur- 
vive system crashes. Resilient objects require the notion 
of atomic actions or transactions for their implementation. 
Thus, resilience is a stronger property than persistence. 
Not all applications require resilient objects. 

Thus, as shown in Figure 1, the persistent memory de- 
fines a storage architecture to support applications that 
combine the strengths of AI and database technologies. It 
should be mentioned that the proposed system is not in- 
tended to completely eliminate the need for a file system. 
A file system will be needed as an archival medium to store 
objects for which there is no space in persistent memory. A 
file system will also be needed to support dismountable or 
removable storage media. 

4 Uni form M e m o r y  Abs trac t ion  

The uniform memory abstraction is an abstraction of a 
persistent memory system, i.e., it defines the architecture 
of a storage system that manages both transient and per- 
sistent memory objects uniformly. As an abstraction it de- 
fines only what the external characteristics of the persistent 
memory should be. and not how to implement a system with 
these characteristics. As shown in Figure 2, in the uniform 
memory abstraction a processor views memory as a set of 
variable-sized blocks or objects interconnected by pointers. 
Each memory object consists of one or more memory words, 
which are stored in consecutive virtual addresses. Point- 
ers are typically implemented as virtual addresses. The 
notion of memory objects in the uniform memory abstrac- 
tion corresponds to objects used in high-level programming 
languages, such as numbers, booleans, characters, strings, 
Lisp CONS cells, arrays, vectors, records, procedures, or. 
environments. These language-level objects can be imple- 
mented Using one or more memory objects interconnected 
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KNOWLEDGE BASE SYSTEMS 

Complex and dynamic structures of 
objects in the computational storage 

Abstraction and inheritance mechanisms 
(object-oriented programming) 

Procedural objects 

Inferencing and deduction capabilities 
(logic programming) 

Constraint systems 

i f 

DATABASE SYSTEMS 

Permanent data in the 
long-term storage 

Recovery from crash, 
resiliency of data 

Concu rrent access, 
consistency checking, 
query capabilities 

I1  Combined 
~[ Advantages ~ 

APPLICATIONS ON PERSISTENT, RESILIENT OBJECTS 

• Object-oriented databases 
• Expert database systems 
• Active, persistent environments 

RESILIENT OBJECTS that 
su rvive system crashes 

PERSISTENT OBJECT MANAGER " ~  

UNIFORM MEMORY ABSTRACTION L 

f GARBAGE-COLLECTED RECOVERABLE VIRTUAL MEMORY 

RECOVERABLE VIRTUAL MEMORY 

F PHYSICAL MEMORIES: Main memory and disk 

L 
L ] 

Figure  1: Our  app roach  to ob jec t -o r i en ted  da tabases  

by poin ters .  Appl ica t ion- leve l  objects are cons t ruc ted  by 
combin ing  language- level  objects .  

The  a b s t r a c t i o n  has  the  no t ion  of pers is tent  root, which 
is a d i s t i ngu i shed  object  located at  a fixed v i r tua l  address  
and  disk locat ion.  All objects  t h a t  are in the  transitive clo- 
sure of the  pe r s i s t en t  root ,  i.e., r eachab le  f rom the  persis- 
t en t  root  by following poin ters ,  are pe rs i s t en t .  The  pers is-  
t en t  root  surv ives  sys tem s h u t d o w n s  or crashes .  Typically. 
the  pe r s i s t en t  roo t  may  con ta in  a po in t e r  to a table  t h a t  
po in t s  to  o ther  t ab les  or struc.tures of pe r s i s t en t  objects and  
so on. Thus ,  the  pe rs i s t en t  root  anchors  all pers is tent  ob- 
jects.  Its role is s imi lar  to  the  root  of a d i rec tory  h ierarchy  
in a file system. 

The  pers i s tence  a t t r i b u t e  of an object  depends  solely on 
whe the r  t h a t  objec t  can be p reven ted  f rom being garbage  

collected even af ter  the  p r o g r a m  tha t  c rea ted  it has  termi-  
na ted ;  this  can be  easily a r r anged  by m a k i n g  t ha t  object a 

m e m b e r  of the  set  of objects  in the  t r a n s i t i v e  closure of the  
pe rs i s t en t  root .  Pers i s tence  based  solely o11 the  pers is tent  
root  r a t h e r  t h a n  the  proper t i es  of the  s to rage  med ium al- 
lows a comple te  sepa ra t ion  of the  pers i s tence  a t t r i bu t e  of 
an object  f rom its type  or re la t ionship  w i th  o ther  objects.  
Number s ,  cha rac te r s ,  lists, procedures ,  env i ronmen t s ,  etc.. 
can be  pe r s i s t en t  objects  while  they e x i s t  in v i r tua l  mem- 
ory. Therefore ,  a n  invoca t ion  of a p rocedure  as a pers is tent  
objec t  is as easy a n d  efficient as its invoca t ion  as a t r ans ien t  
object .  

The  processor  con ta ins  a n u m b e r  of "registers.  ''3 The  
processor  can access a m e m o r y  object ,  i.e.. read and  write 
its ind iv idua l  words ,  if any of its registers  holds  a po in te r  to 

3The word register is used in a generic sense; it may be a hardware 
register or a scratch-pad memory in the processor. 

151 



PROCESSOR 

I I 

I I 

I 

TRANSIENT ROOT 

r ~ - ~  MEMORY 

 7; oi II I 

TRANSIENT OBJECTS: 1,2,4 

GARBAGE OBJECTS: 8,9,10 

PERSISTENT OBJECTS: 3,6,7,5 

Figure  2: Uni form m e m o r y  abs t r ac t i on  

the  object .  The  processor  c an  access m e m o r y  objects only 
via logical addresses ;  a logical address  cons is t s  of a pair  (i. 
j),  where  "i" is t h e  id of a processor  regis ter ,  and  "j" indi- 
cates  the  j - t h  word  of an  objec t  being p o i n t e d  at  by proces- 
sor regis ter  "i." Each  m e m o r y  reference can  be checked for 
bounds ,  i.e., "j" in a logical address  (i, j)  shou ld  not  exceed 
the  size of the  objec t  p o i n t e d  to by processor  regis ter  "i.'" 
Regis ters  in the  processor  define the  transient root of the  
m e m o r y  sys tem.  They  do no t  surv ive  a sys tem s h u t d o w n  
or crash .  All objec ts  t ha t  are in the  t r ans i t i ve  c losure  of 
the  t r a n s i e n t  root ,  bu t  not in the  t r ans i t i ve  closure of the  
p e r s i s t e n t  root ,  are called t r ans i en t .  All the  r e m a i n i n g  ob- 
jects  are ga rbage  and  are rec la imed  by a garbage  collector.  
In F igure  2, objects  1, 2, a n d  4 are t r ans i en t :  objec ts  3. 5. 
6 a n d  7 are pe rs i s t en t ;  and  objec ts  8, 9 and  10 are ga rbage ,  

F r o m  the  m a c h i n e  po in t  of view. t r a n s i e n t  and  persis-  
t en t  objec ts  are ind i s t ingu i shab le .  F r o m  the  user po in t  of 
view. the re  is no need to t r e a t  t r ans i en t  and  pe r s i s t en t  ob- 
jec ts  different ly - hence,  t he  n a m e  uniform m e m o r y  ab- 
s t r ac t ion :  all t he  user needs  to know is t h a t  to m a k e  an  
objec t  pe r s i s t en t ,  he has to place it in the  t r ans i t i ve  clo- 
sure of the  pe r s i s t en t  root .  The  po in te r s  to objec ts  serve 
as names t h a t  can  be passed  as p rocedure  p a r a m e t e r s ,  re- 
t u r n e d  as p rocedure  resul ts ,  and  s tored  in o the r  ob jec ts  as 
componen t s .  T h e  un i fo rm m e m o r y  a b s t r a c t i o n  requires  au- 
t oma t i ca l ly  garbage collected m e m o r y  - a fea ture  s u p p o r t e d  
by Lisp mach ines .  Thus ,  the  a b s t r a c t i o n  provides  an  appro-  
p r i a t e  s torage  mode l  to s tore  b o t h  t r a n s i e n t  and  pe r s i s t en t  
objects .  

T h e  p e r s i s t e n t  object  m a n a g e r  is i m p l e m e n t e d  on the  
un i fo rm  m e m o r y  abs t r ac t i on .  T he  in ter face  be tween  the  
p e r s i s t e n t  objec t  m a n a g e r  a n d  the  un i f o r m  m e m o r y  ab- 
s t r ac t i on  defines how the  pe r s i s t en t  root  shou ld  be accessed,  
i.e.. b o t h  read  a n d  modif ied.  A wel l -control led  procedural 
interface to the  pe r s i s t en t  roo t  is des i red ins tead  of a n  inter-  
face t h a t  allows di rec t  m a n i p u l a t i o n  of the  pe r s i s t en t  root .  

because  acc iden ta l  or mal ic ious  de s t ruc t i on  of the  pe r s i s t en t  
root  can  des t roy  the  en t i re  pe r s i s t en t  m e m o r y  w h i c h  m a y  
be used  as a r epos i to ry  t h a t  can  be  s h a r e d  a m o n g  severa l  
processes  and  appl ica t ions .  P r o v i d i n g  app l i ca t ion  rou t i ne s  
wi th  d i rec t  access to the  pe r s i s t en t  roo t  would m a k e  the  
in te r face  at  too  low a level, s ince app l i ca t ions  would  be  in 
c o n t e n t i o n  for use of the  roo t  and  the re  would  be  no  way to 
keep t r ack  of pe r s i s t en t  objects ,  wh ich  are  of ten no t  r e l a t ed  
or user  readable .  

T h e  in teg r i ty  of the  s t r u c t u r e  of the  m e m o r y  s y s t e m  is 
essent ia l  to g u a r a n t e e  t h a t  a rol l -back process  following a 
sys tem crash  to the  last  checkpoin ted  s t a t e  would  be able 
to recover the  sys tem.  Otherwise ,  the  checkpo in t i ng  oper- 
a t ion  may  cap tu r e  a s ta te  whose in teg r i ty  has  a l ready been 
viola ted ,  and  no  recovery would be poss ib le  by roll ing back 
the  sys tem to the  co r rup t ed  checkpo in t ed  s t a t e  following a 
sys t em crash.  Tile not ion  of the  in teg r i ty  of m e m o r y  sys- 
t e m  refers to the  in tegr i ty  of the  structure of the  g raph  of 
m e m o r y  objects  in t e rconnec ted  by po in te r s .  

The  key fea tures  of the  un i fo rm m e m o r y  abs t rac t ion ,  
which  forms the  founda t ion  for the  in tegr i ty  of the  memory  
sys tem,  are discussed below: 

1. M e m o r y  accesses only via logical addresses .  

2. Unforgeabi l i ty  of pointers .  

3. Bounds  checking.  

4. A u t o m a t i c  garbage  collection 

5. ,No run -away  m e m o r y  al locat ion 

It is a s sumed  t h a t  mos t  user  sof tware  will be  wr i t t en  
in a high-level  l anguage  (such as Lisp) and  not  in an as- 
sembly  language.  The  in tegr i ty  of the  m e m o r y  sys tem is 
preserved,  because  us ing a high-level  l anguage  it is impos-  
sible to forge a po in te r ,  no in fo rmat ion  outs ide  the  bounds  
of an  object  can be accessed, and  objec ts  are accessed only 
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via  logical addresses .  Therefore ,  the  g r a p h  of memory  ob- 
jec ts  undergoes  t r ans i t i on  only f rom one  cons i s ten t  s ta te  to 
ano the r ,  ensur ing  its s t ruc tu ra l  in tegr i ty  (unless there  is an 
u n d e t e c t e d  h a r d w a r e  fai lure t h a t  v iola tes  the  integr i ty) .  

In  addi t ion ,  the  in tegr i ty  of the  m e m o r y  sys tem requires 
t h a t  it shou ld  be  au tomat i ca l ly  ga rbage  collected, and  there  
is no " run-away"  memory  a l locat ion p rob lem.  Au tomat i c  
ga rbage  col lect ion is essential  to be able  to make  computa -  
t iona l  progress in a finite a m o u n t  of m e m o r y  space. With-  
ou t  the  r ec l ama t ion  and  reuse of m e m o r y  space occupied 
by an  object  p roven  to be garbage  (i.e., no ou t s t and ing  
po in te r s  to the  object  f rom n o n - g a r b a g e  objects) ,  the  sys- 
t e m  would even tua l ly  come to a ha l t  as it would run  out  of 
memory ,  and  at  this  po in t  it could be r e s t a r t e d  if and  only if 

more  m e m o r y  resource were m a d e  avai lable  via ga rbage  col- 
lection.  Similarly.  a r u n a w a y  process  t h a t  requests  m e m o r y  
b e y o n d  its ass igned q u o t a  m u s t  be ha l t ed  and  reset:  o th-  
erwise,  the  sys t em would even tua l ly  come to a ha l t  as it 
would  run  out  of memory.  

5 R e c o v e r a b l e  V ir tua l  M e m o r y  

T h e  un i fo rm m e m o r y  a b s t r a c t i o n  is i m p l e m e n t e d  on  top 
of t he  garbage-col lec ted v i r t u a l  m e m o r y  sys tem of a host  
c o m p u t e r .  In the  absence of sys tem crashes  and  s h u t d o w n s ,  
it is a s t r a i gh t fo rwa r d  m a t t e r  to  i m p l e m e n t  the abs t r ac t i on .  
However ,  in real  sys tems b o t h  events  do occur, and  some- 
t imes  r a t h e r  too f requent ly .  It  mus t  be  emphas ized  t ha t  
the  p rob lem will not  d i s a p p e a r  by  m a k i n g  the  processor ' s  
h a r d w a r e  and  memory  free of failures because  sof tware  fail- 
ures  may  still c rash  the  sys tem,  and  crashes  caused by soft- 
ware  failures are far more  c o m m o n  t h a n  ha rdware  failures.  
In t o d a y ' s  compute r s ,  the  s to rage  d i cho tomy comes  to the  
"rescue";  after  a sys tem crash ,  the  con ten t s  of v i r t ua l  mem-  
ory are a s sumed  to be  lost, and  the  sys tem is boo ted  f rom a 
file sys t em or a boo t  device. All the  pe rs i s t en t  i n fo rma t ion  
is usua l ly  safe in a file sys t em and  survives  sys te in  crashes.  

Therefore ,  the  mos t  cha l l eng ing  p rob lem in imp lemen t -  
ing the  s torage  a r ch i t ec tu re  of pe r s i s t en t  memory  is to de- 
ve lop  a c rash  recovery scheme  to m a i n t a i n  object  consis- 
t ency  in the  presence of s y s t e m  crashes.  In fact.  at  least 
one projec t  (Intel  iMAX-432  object  filing system) decided 
to live wi th  the  s torage d i c h o t o m y  due t o a  lack of crash 
recovery  schemes  IPollackSl].  Recovery  becomes even more  
cha l leng ing  in m e m o r y  sys t ems  of symbol ic  compute r s :  a 
page  may  con ta in  mul t ip le  objects ,  and  an object  m a y  span  
mu l t i p l e  pages.  An object  can  po in t  to  any o the r  object .  
a n d  o the r  objects  can  ho ld  po in te r s  to it. Wr i t ing  a single 
objec t  to  s tab le  s torage  c a n n o t  m a i n t a i n  object  cons is tency 
w i t h  respect  to o the r  objects ,  unless  the  ent i re  s y s t e m  s ta te  
is c a p t u r e d  on disk. 

Fa i lures  deal t  w i th  by  a recovery scheme can  be clas- 
sified as system crashes a n d  disk crashes. A s y s t e m  crash  
can  occur  due to power  fai lure,  h a r d w a r e  failure, or sof tware  
error.  It is s ignal led by  a power  failure in t e r rup t ,  or hard-  
ware checking circui ts ,  or sof tware  er ror  hand l ing  rou t ines  
when  they c a n n o t  h a n d l e  a sof tware  e r ror  or an except ion  
condi t ion.  The  r a t e  of sys tem crashes in a s ingle-user  ma-  

chine is expec ted  to be a few crashes  pe r  m o n t h ,  and  the  
recovery t ime  of several  m inu t e s  is acceptab le ,  a s suming  no 
p e r m a n e n t  h a r d w a r e  failures. Sys tem crashes  due to soft- 
ware errors  are expec ted  to be much  more  c o m m o n  t h a n  
those due to h a r d w a r e  failures. The  recover),  scheme for 
sys tem crashes is descr ibed first, followed by the  t r e a t m e n t  
of disk crashes.  

Our  recovery scheme is inspired f rom the  s tudy  of recov- 
ery schemes k n o w n  in the  conven t iona l  d a t a b a s e  commu-  
ni ty  [Lorie77i, Reu te r80  I. However.  t he  key difference be- 
tween our  recovery scheme and  d a t a b a s e  recovery schemes 
is t ha t  our  scheme  is a t  the  level of v i r t ua l  m e m o r y  itself. 
To our  knowledge  no exis t ing c o m p u t e r s  have  a recover?" 
capabi l i ty  at  th i s  level. Our  recovery scheme is based on 
an efficient checkpo in t ing  t echn ique  t h a t  cap tures  the  en- 
t ire sys tem s t a t e  and  stores it on disk in an incremental 
fashion. Changes  in the  m e m o r y  sys tem following the  last  
checkpoin t  are inc remen ta l ly  a c c u m u l a t e d  on disk in sibling 
pages. The  correc t  s ibl ing to be fetched on  a page faul t  and  
the  disk block on  which  it is to be w r i t t e n  are identif ied by 
means  of t i m e s t a m p s .  The  scheme keeps the  en t i re  mach ine  
s ta te  valid w i th in  the  last  few minu tes  on  disk. After  a sys- 
t em crash,  recovery  is achieved by rolling back the  sys tem 
s ta te  to the  last  checkpo in t ed  s ta te .  T h e  recovery scheme 
is application-independent and  user-transparent. 

Our  recovery scheme is qui te  different  from the  Disk- 
save or Sysout  ope ra t ions  on today ' s  Lisp machines .  The  
disk-save o p e r a t i o n  is used to save the  en t i re  v i r tua l  ad- 
dress space of a T I  Explorer  Lisp m a c h i n e  into a disk b a n d  
ITI85e] by copying the  con ten t s  of the  en t i r e  address  space: 
s imilar ly the  Sysout  ope ra t ion  is used to copy the  ent i re  
v i r tua l  address  space  of a Xerox 1100 Lisp m a c h i n e  into a 
file IXerox83]. Consequent ly ,  these  opera t ions  are very slow 
(10 to 15 minu t e s )  on today ' s  mode ra t e  size address  spaces 
of a b o u t  100 M bytes .  The  p r imary  use of these  opera-  
t ions is to c rea te  a cus tomized  Lisp wor ld  by loading Lisp 
func t ions  f rom a file sys tem and  then  sav ing  the  Lisp world 
using the  disk-save or sysout  opera t ion .  T h e  user can boot  
the  mach ine  us ing  such a Lisp world.  These  opera t ions  are 
no t  adequa te  to c o n s t r u c t  a recoverable  v i r t u a l  m e m o r y  in 
the  sense p re sen ted  in th is  paper .  Moreover ,  these oper- 
a t ions  c a n n o t  be  scaled up  for the  fu tu re  bigger  address  
spaces of several  g igabytes  due to u n a c c e p t a b l e  t ime  and  
space overheads .  In con t ras t ,  our  recovery  scheme is based 
on an efficient checkpo in t i ng  opera t ion  t h a t  cap tu res  the  
s ta te  of mach ine  in few seconds in an i nc remen ta l  fashion 
wi th  modes t  disk space ove rhead  as exp la ined  below. For 
lack of space, the  p a p e r  p resen t s  onls, t he  high-level  sal ient  
fea tures  of the  recovery scheme.  Detai ls  can be found in 
[That te85: .  

P a g e  a n d  t i m e s t a m p  m a n a g e m e n t :  A v i r tua l  page 
is mate r ia l i zed  on  disk in e i ther  sibling or singleton form. In 
sibl ing form. two disk blocks are a l located to a v i r tua l  page. 
These  sibl ing blocks are only logical s ib l ings  and  need not  
be physical ly  ad j acen t  on disk. In s ing le ton  form. a single 

disk block is a l located.  A page is ma.terialized in s ibl ing 
form if it is expec ted  to con ta in  da ta  t h a t  is likely to be 
modif ied.  To reduce  the  disk space r equ i r emen t ,  a page is 
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mater ia l i zed  in s ingle ton  fo rm if it is unl ikely  to be modif ied 
in the  fu tu re  (for example ,  a page c o n t a i n i n g  ins t ruc t ions) .  
Pages  in s ibl ing fo rm m a y  be  conver ted  to s ingle ton form, 
wheneve r  app rop r i a t e ,  to  save  disk space as expla ined  later  
in th is  section.  However ,  as in a conven t iona l  v i r tua l  mem-  
ory sys tem,  a v i r t ua l  page occupies only a single page f rame 
when  res iden t  in m a i n  memory .  

W h e n  a page is w r i t t e n  to disk, a t i m e s t a m p  t h a t  records 
the  t ime  of the  disk wr i te  ope ra t i on  is genera ted .  The  page 
heade r  may  be  used  to record  the  t i m e s t a m p .  Al te rna-  
tively, the  page t a b l e  t h a t  m a p s  v i r tua l  addresses  to disk 
addresses  may  be  used to record  the  t i m e s t a m p s .  Time-  
s t a m p s  are der ived f rom a t imer  t h a t  r u n s  re l iably even in 
the  presence  of s y s t e m  s h u t d o w n s  and  crashes .  The  g ranu-  
lar i ty  of t i m e s t a m p s  need only  be m o d e r a t e l y  smal le r  t h a n  
the  t ime  for a disk wri te  ope ra t ion  because  pages c a n n o t  
be  w r i t t e n  fas ter  t h a n  the  disk wri te  speed.  W i t h  a 10 mil- 
l i s econds .g ranu la r i ty ,  a 64-b i t  t imer  can  genera te  un ique  

t i m e s t a m p s  for over  5.8 bil l ion years! Therefore ,  a 64-bit  
wide  field for t i m e s t a m p s  is more  t h a n  adequa te .  

W h e n  a page  is mate r ia l i zed  in s ib l ing  form,  its s ibl ings 
are ass igned in i t ia l  t i m e s t a m p s  of-1  a n d  -2, ind ica t ing  t h a t  
b o t h  are yet  to  be  wr i t t en .  4 W h e n  a page  is mate r ia l i zed  
in s ing le ton  form,  it is ass igned a t i m e s t a m p  of -1 .  Ail disk 
blocks t h a t  are  modif ied  since the i r  in i t ia l  ma te r i a l i za t ion  
on disk will h a v e  un ique  t i m e s t a m p s  w i t h i n  a mach ine .  

T h e  s ibl ings  are deno ted  as x and  x'.  T S  (x) a n d  T S  (x') 
deno te  the  t i m e s t a m p s  of x and  x',  respect ively.  As will 
soon  become  clear,  s ibl ings x and  x' m a y  exchange  the i r  
roles w h e n  t hey  are w r i t t e n  to disk. A s ing le ton  page is 
d e n o t e d  as s a n d  its t i m e s t a m p  as T S  (s). T he  t i m e  of the  
las t  checkpo in t  ope ra t i on  is deno ted  as Tchk. It is s tored  in 
a re l iable  fash ion  at  a known disk locat ion.  

For  a s ing le ton  page s, if T S  (s) < Tchk, t h e n  s be- 
longs to the  checkpo i n t ed  s ta te ;  if Tchk < T S  (s), s is out-  
side the  c h e c k p o i n t e d  s ta te .  For s ib l ing  pages x and  x',  if 
T S  (x) < T S  (x') < T~hk or T S  (x') < T S  (z) < T~hk, 
t he  s ibl ing w i t h  the  smal ler  t i m e s t a m p  con ta ins  o u t d a t e d  
in fo rmat ion ,  a n d  the  s ibl ing wi th  t he  la rger  t i m e s t a m p  be- 
longs to the  c h e e k p o i n t e d  s ta te ;  if T S  (x) < Tchk < T S  (x') 
or T S  (x') < Tchk < T S  (x),  the  s ib l ing  wi th  the  smal ler  
t i m e s t a m p  be longs  to the  checkpo in t ed  s ta te ,  a n d  the  sib- 
l ing wi th  the  la rger  t i m e s t a m p  is ou t s ide  the  checkpo in ted  
s ta te .  Because  of  t he  way the  t i m e s t a m p s  are in i t ia l ized and  
u p d a t e d ,  "T~k < T S ( x )  < TS(x ' ) "  or "T~hk < T S ( x ' )  < 
T S ( x ) "  case is no t  possible.  

Four  cases ar ise  on a page faul t  d e p e n d i n g  on whe the r  
the  page is in s ib l ing  or s ingle ton  fo rm and  its t i m e s t a m p  

C a s e  1. P a g e  faul t  on  a s ibl ing page ,  a n d  T S  (x) < 
T S  (x') < T~hk or T S  (x') < T S  (x) < T~hk: " T S  (x) < 
T S  (x') < T~hk" case is descr ibed here.  T h e  t r e a t m e n t  
of " T S  (x') < T S  (x) < T~hk" is ana logous .  T h e  sibl ing 
w i t h  the  la rger  t i m e s t a m p ,  x', is kep t  in m a i n  memory ,  
a n d  the  o the r  s ibl ing,  x, is d iscarded.  W h e n  t he  page is 
w r i t t e n  to disk,  it is w r i t t en  over t h e  disk space of the  
d i sca rded  s ib l ing  x, because  x con ta ins  useless in format ion .  

4This initialization scheme is not unique. Other schemes are possible. 

Disk space of x '  mus t  not  be  wr i t t en  over  because  it would 
des t roy  the  checkpo in t ed  s ta te .  The  t i m e s t a m p  re la t ionship  
now becomes  T S  (x') < Tc~k < T S  (x),  i.e., case 2 below. 
T h u s ,  x and  x' exchange  the i r  roles. 

C a s e  2. Page  faul t  on  a s ibl ing page ,  and  T S  (x) < 
Tchk < T S  (x') or T S  (x') < Tchk < T S  (x): " T S  (z) < 
Tchk < T S  (xr) " case is descr ibed  here.  T h e  t r e a t m e n t  of 
" T S  (x') < T~hk < T S  (x)" is ana logous .  The  s ibl ing wi th  
the  larger  t i m e s t a m p ,  x t, is kep t  in m a i n  memory ,  and  the  
o the r  sibl ing,  x, is d iscarded.  Unlike case 1, however ,  the  
page  is w r i t t e n  over  its own disk space,  i.e., over  disk space 
of x',  because  x ' is not pa r t  of the  las t  checkpo in t ed  s ta te  
and  can be w r i t t e n  over,  whi le  disk space  of x belongs  to 
the  checkpo in t ed  s t a t e  and  m u s t  no t  be  des t royed.  The  
t i m e s t a m p  re l a t ionsh ip  r ema ins  T S  (x) < Tchk < T S  (x'), 
i.e., case 2. 

C a s e  3. Page  faul t  on a s ing le ton  page and  T S  (s) < 
T~hk: If the  s ing le ton  page is modif ied ,  at  page-out  t ime 
it m u s t  be c o n v e r t e d  to a s ibl ing fo rm because  the  check- 
po in t ed  s t a t e  m u s t  not  be  ove rwr i t t en .  Sibl ing x re ta ins  
t he  con ten t s  a n d  t i m e s t a m p  of the  or ig ina l  s ingle ton,  and  
s ibl ing x' c o n t a i n s  the  modif ied c o n t e n t s  and  the  t i m e s t a m p  
of page-ou t  t ime.  The  t i m e s t a m p  r e l a t i onsh ip  becomes 
T S  (x) < Tchk < T S  (x'),  i.e.. case 2. The  disk space 
for s is rec la imed.  

C a s e  4. P a g e  faul t  on a s ing le ton  page and  T~hk < 
T S  (s): At  page  ou t  t ime.  no conve r s ion  to s ibl ing form is 
needed  because  s ingle ton  s does no t  be long  to the  check- 
po in t ed  s t a t e  a n d  can  be wr i t t en  over  its own disk space. 
T h e  t i m e s t a m p  re la t ionsh ip  r ema ins  T~k < T S  (s), i.e., 
case 4. 

S i b l i n g  t o  s i n g l e t o n  c o n v e r s i o n :  To reduce  the  disk 
space  r e q u i r e m e n t ,  a s ibl ing page m a y  be  c o n v e r t e d  back to 
s ing le ton  fo rm w h e n  b o t h  s ibl ings  r e m a i n  inac t ive  for a long 
per iod ,  def ined by a threshold p a r a m e t e r .  The  disk space 
m a n a g e r  h u n t s  for such  inac t ive  s ib l ing  pages;  if T S  (x) < 
T S  (x') < Tchk and  Tchk -- T S  (x') < threshold ,  t hen  the  
disk space for b o t h  s ibl ings x a n d  x' is r ec la imed  by  conver t -  
ing t h e m  into  s ing le ton  form.  Singletor~ s con t a in s  the  origi- 
nal  con t en t s  a n d  t i m e s t a m p  of s ib l ing x'.  T h e  t r e a t m e n t  for 

" T S  (x') < T S  (x) < Tchk and  TchA. -- T S  (x) < threshold" 
is analogous .  

C h e c k p o i n t  p r o c e s s :  The  c h e c k p o i n t  process may  be 
in i t i a t ed  by  an  app l i ca t ion  or the  sys tem.  At  checkpoint  
t ime,  the  c h e c k p o i n t  process  saves all processor  registers,  
i.e.. t he  t r a n s i e n t  roo~ in to  a snapshot object .  The  snap-  
sho t  objec t  is p a r t  of v i r t ua l  memory .  The  page conta in ing  
t he  s n a p s h o t  objec t  is w r i t t e n  to disk. The  snapsho t  object  
m a y  be  i nco rpo ra t ed  in the  t r a n s i t i v e  closure of the per- 
s i s t en t  root  to  make  it pe rs i s ten t .  All d i r ty  pages in ma in  
m e m o r y  are t h e n  wr i t t en  to disk. Final ly ,  T~hk is upda t ed  
on disk to the  cu r r en t  t ime,  comple t i ng  the  checkpoin t  pro- 
cess. This  u p d a t e  ope ra t i on  mus t  be  imp lemen ted  as an 
atomic opera t ion ;  Tchk is e i ther  successful ly u p d a t e d  or it 
does not  c h a n g e  at all. R igh t  af ter  the  checkpoin t  com- 
p le t ion ,  for all s ibl ing pages,  T S  (x) < T S  (x') < Tchk 
or T S  (x') < T S  (x) < T~hk, and for all s ingle ton pages,  
T S  (s) < T~E. 
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P o s t - c r a s h  r e c o v e r y :  It is a s s u m e d  tha t  after  a sys- 
t e m  crash  d iagnos t ics  are run  to de tec t  p e r m a n e n t  hard-  
ware  failures and  faul ty  ha rdware ,  if any. is a l ready re- 
placed.  F igure  3 indica tes  the  pos t - c r a sh  recovery process 
descr ibed  below. 

1. Rol lback  the  sys tem to the  last  checkpo in ted  s ta te  by 
re s to r ing  the  processor  regis ters  f rom the  snapshot  
object  on  disk. 

2. Reconcile  wi th  the  ex te rna l  wor ld .  P a r t  of the  re- 
s tored checkpo in ted  s ta te  is r e l a t ed  to the  sys tem 
conf igura t ion  and  I / O  interfaces  specific to  the  check- 
po in t  t ime.  This  s t a t e  mus t  now be reconciled wi th  
the  c u r r e n t  t ime  and  conf igura t ion .  ~ 

3. Resume  the  n o r m a l  sys tem opera t ion .  

D i s k  c r a s h e s :  Disk crashes  arise f rom disk head  crashes,  
de t e r io ra t ion  of the  magne t i c  med ia  itself, or bugs  in the  

disk dr iver  software.  On a s ingle-user  works ta t ion ,  the  disk 
crash ra te  is expected to be a few failures per  year.  wi th  the  
recovery t ime  of a few hours.  Disk crashes are t rea ted  dif- 
ferent ly f rom sys tem crashes  because  they m a y  cor rup t  the  
checkpo in ted  s t a t e  on disk; therefore ,  the rol l-back tech-  
nique used for recovery f rom sys t em crash m ay  not  work.  
To deal w i th  disk crashes,  the  las t  checkpoin ted  s ta te  on 
disk needs  to be a rch ived  on a n o t h e r  media ,  such as a 
s t r eaming  tape .  This  opera t ion  is expected  to be pe r fo rmed  
a few t imes  a week, preferably as an overn igh t  ope ra t ion  - 
a scenario cons i s ten t  wi th  the  expec ted  disk crash ra te  of 
feb" failures per  year,  w i th  the  recovery t ime of a fen, hours .  
After  a disk crash,  a failed disk needs  to be replaced w i th  
a new one, which  is then  ini t ia l ized from the  last  a rch ived  
checkpoin ted  state .  

6 Resilient Objects 

If checkpoin t s  are t aken  f requent ly ,  say every ten min-  
utes,  the  user  m a y  lose at  mos t  t he  last  ten  m i nu t e s  of work 

due to a sys t em crash.  This  m a y  be qui te  acceptable  for 
in te rac t ive  p rog ram deve lopmen t  and  m a n y  appl ica t ions  on  
a persona l  machine .  However,  for some appl ica t ions ,  such 
as graphics  or t ex t  edi t ing,  loss of work may  be an i r r i t a t ing  
annoyance ,  if no t  a calamity.  W h a t  these  appl ica t ions  need 
is object  resilience. 

A pe r s i s t en t  memory  sys tem can s u p p o r t  resi l ient  ob- 
jects  wi th  the  help of a t r a n s a c t i o n  6 m a n a g e m e n t  package.  
For the  sake of concreteness ,  it is a s sumed  t h a t  the  t r ans -  
act ion package is imp lemen ted  us ing  undo and  redo logs to 
advance  the  s t a t e  of the  m a c h i n e  beyond  the  last  check- 
point .  As an  a l t e rna t ive  scheme,  a t r an sac t i on  package can  
be i m p l e m e n t e d  by wr i t ing  objec ts  changed  by a commi t -  
ted  t r a n s a c t i o n  to a s tab le  s torage.  W h e n  a cl ient  process  
in i t ia tes  a t r ansac t ion ,  the  t r a n s a c t i o n  m a n a g e r  executes  
it by  following a protocol  s imi lar  to the  two-phase  locking 
protocol  [Eswaran76] to allow c o n c u r r e n t  t r ansac t ions .  A 
t r a n s a c t i o n  m a n a g e m e n t  sys tem i m p l e m e n t e d  direct ly on  

top  of pe r s i s t en t  m e m o r y  is briefly descr ibed  below. T h e  
undo  and  redo logs are pe r s i s t en t  objects .  

1. Acqui re  all locks on the  requ i red  objects  f rom the  lock 
manage r .  

2. For every write opera t ion ,  c rea te  app rop r i a t e  en t r i es  
in the  undo  and  redo logs for the  t r ansac t ion .  Apply  
cons is tency  checks to decide w h e t h e r  the  t r an sac t i on  
shou ld  be c o m m i t t e d  or abo r t ed .  If it is to be com- 
m i t t e d ,  go to s tep 3. If it is to be  abor ted ,  use t he  
u n d o  log to u n d o  changes ;  release all locks: d i scard  
the  undo  and  redo logs, and  exit.  

3. Wr i t e  in fo rmat ion  in the  redo  log in pe rs i s t en t  m e m -  
ory to the  external redo log kept  on  disk outside vir-  
tua l  memory.  7 The  redo log in pers i s ten t  m e m o r y  
may  non, be  discarded.  

4. Noti~" the  c l ient  process of successful comple t ion  of 
the  t r ansac t ion ,  and  release all locks acquired in s tep  
1. T h e  undo  log in pe r s i s t en t  m e m o r y  may nob" be  
d iscarded.  

Checkpoint 

1- 1. Rollback 

System crash 

v 

2. Reconcile I 3. Resume normal operation 

Time 
(computational 

progress) 

Figure  3: Pos t - c r a sh  recovery 

5For example, part of the restored checkpointed state may contain a 
timer variable~ which reflects the time of the last checkpoint. The 
timer variable must be adjusted to reflect the current time. The 
state of I/O device registers and device control blocks may need to be 
adjusted so that the I/O devices become ready for normal operation. 

6The notion of transactions is due to Eswaran et. al. [Eswaran76]. 

7This operation is necessary for the survival of the redo information of 
committed transactions from system crashes. The external redo log 
survives system crashes because it is kept outside virtual memory. 
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The post-crash recovery process for resilient objects con- 
sists of the  following addit ional  steps after step 2 of Fig- 
ure 3. These steps re-establish appl icat ions to a state con- 
sistent wi th  commi t t ed  t ransact ions.  

• Apply  the undo log found in the cheekpointed s ta te  
in the  reverse t ime order. If a checkpointed state con- 
tains changes made  by an uncommi t t ed  t ransact ion.  
it will also conta in  the corresponding undo log entries 
required to undo the changes.  

• Apply  the external  redo log main ta ined  outside vir- 
tual  memory  in the forward t ime order. Now the nor- 
mal  system opera t ion  can be resumed.  

Da tabase  systems can be cons t ruc ted  as applications 
on top of resilient objects.  Since the persis tent  memory  

can support  complex object types and s t ructures ,  resilient 
objects also enjoy the same benefits. Therefore.  a database 
object can contain pointers  to arbi t rary objects,  such as 
procedures,  lists, and other  arbi t rary  s tructures .  Complex 
s tructures  of objects including cyclical st ructures ,  which are 
quite common in symbolic comput ing,  can be suppor ted.  

Our approach of const ruct ing a database sys tem on top 
of resilient objects has great  flexibility and representat ional  
power,  and it should be contras ted with the  current  ap- 
proach of implement ing  resilient objects on top of a con- 
vent ional  file system or database.  The current  approach is 
quite rigid; it can suppor t  neither arb i t rary  types of ob- 
jects nor complex s t ructures .  In addition, our approach 
is expected to be easier to implement  than  convent ional  
database systems: No file or database buffers or explicit 
I / O  operat ions are needed. If the t ransact ion commits  be- 
fore a crash, then as presented above, its redo information 
is already wri t ten to the external  redo log and the undo 
information is discarded. Therefore.  there is no need to 
main ta in  an external  undo log. 

7 Pers i s tent  Object  Manager  

As shown in Figure  4, the persistent  object manager  
provides client applicat ion programs with an interface to 
persis tent  memory.  The  client interface provides two main 
services to client applications:  the first service is a names- 
pace service which suppor ts  operat ions for creat ing and 
managing  a namespace of mappings  of user-supplied names 
into Lisp objects: and the second service provides the undo 
and redo log pr imit ives  for implement ing a tomic transac- 
tions required for resilient objects, as described in Section 6. 
The  persistent  object manager  does not i tself implement  
any existing database  data  model ,  such as the  relat ional  
da ta  model;  instead, it provides one step above the persis- 
tent  memory  on which to interface to appl icat ion programs 
directly or to suppor t  higher level da ta  managers .  

It is desirable to provide a namespace facility in the 
persis tent  object manager .  The  idea of providing a names- 
pace facility is not new in itself. The  Xerox Clear inghouse 

iOppen81] provides a namespace  for naming and locat ing 
various objects, such as machines ,  workstat ions,  file users, 
and people in a dis t r ibuted envi ronment .  The namespace  
facility planned within the pers is tent  object  manager  pro- 
vides a mapping  of user-supplied names into pers is tent  ob- 
jects  wi thin  a single machine.  What  is new is t ha t  the 
namespace  names and their  related objects are themselves  
pers is tent  since they are accessible from the sys tem's  per- 
s is tent  root.  Namespace names  are intended to serve as 
application-specific pers is tent  roots available to appl icat ions 
as needed and providing access patfis to persistent Lisp ob- 
jects.  Deleting a name-objec t  association from a namespace  
deletes an access path  to an object and does not necessarily 
affect the object itself. 

Names in a namespace provide convenient  hooks for 
associat ing with an object application-specific da ta  type 
informat ion,  impor t -expor t  functions for archiving or re- 

q 
Client Applications | Client interface: 

I / - provides primitives for 
- CAD systems I / atomic transactions 
- Multi-media systems | / - supports namespac~ view 
- Expert databases I / o~ persisten~ memory 

- ~ ~ System interface 
Persistent Object Manager I / - provides access to the 

| /  persistent root 
~ - -  ~---[ - provides checkpoint and 

I Persistent Memory recovery procedures 

l 
Figure 4: Persistent object manager  and its interfaces 
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t r ieving an object in the file system, archiving reasons,  
protect ion and locking informat ion,  usage statistics (date 
last used. "by whom" informat ion,  etc.), version or t ime- 
s t amp  information,  and human-  or machine-readable  doc- 
umenta t ion .  Namespace  names  divide the persis tent  space 
into shared or disjoint pers is tent  spaces. An access control  
scheme (using passwords, for instance) can be bui l t  that  
gives users access to only par t  of the namespaee,  making  it 
possible to guarantee  that  t rans i t ive  closures of some roots 
are disjoint f rom transi t ive  closures of others. 

8 Pers is tent  M e m o r y  Pro to type  on 
Explorer 

We are in the process of implement ing  a persis tent  mem- 
ory p ro to type  using the TI  Explorer  Lisp machine.  The  
goals of the pro to type  are to demonst ra te  the persis tent  
memory  and a persis tent  object  manager  in symbolic com- 
put ing  environment ,  invest igate  the interactions among the 
v i r tua l  memory  management ,  recovery, and garbage collec- 
tion, evaluate  the robustness of the recovery scheme~ and 
unders tand  the uti l i ty of pers is tent  memory  for some real 

applications,  such as a VLSI CAD system. An Explorer  
suppor ts  up to 128 M bytes of vir tual  address space TTI85a:. 
Since the pro to type  will be l imited by the  128 M bytes of 
address space, it will not be able to store a large amount  
(exceeding 128 M bytes) of persistent object information. 
However,  we believe that  inspire of the address space limi- 
tat ions,  the pro to type  will help obtain significant insights, 
which come only with  a real implementat ion.  

Disk bands for vir tual  memory  on Explorer  are orga- 
nized as 16-page clusters. A cluster consists of 16 consec- 
ut ive vir tual  pages. The vir tual  memory  manager  uses the 
Disk Page Map Table (DPMT) - a memory-res ident  data 
s t ruc ture  - to map  a vir tual  address to disk address after a 
page fault. The D P M T  contains mapping information for 
the clusters. For the persistent  memory  prototype,  D P M T  
is modified to keep t ime-s tamp related information.  On a 
page fault,  this information is used to decide which sibling 
to fetch from the paging band on disk. Siblings are only 
logical siblings, i.e., they need not be physically adjacent on 
disk. 

It is highly desirable to reduce the t ime required for the 
checkpoint  operat ion so that  the user processes are not  sus- 
pended too long. This  is achieved by keeping the fraction of 
dir ty pages in main memory  at the checkpoint  t ime reason- 
ably small with a background write process that  continually 
cleans up dirty pages between successive checkpoints.  Nor- 
mally this process is scheduled as a low-priority process so 
tha t  user processes are not adversely affected. When the 
checkpoint  operat ion is initiated, the pr ior i ty  of this process 
is increased to complete  the cleaning of all the remaining 
dir ty pages wi thout  any preemption by the scheduler. 

Dir ty  page clean-up requires disk bandwidth  in addit ion 
to tha t  needed for the normal paging activity. Our calcula- 
tions show that  for typical processors (speed: 1 to 4 million 
instructions per second), typical disk systems (access time: 

30 to 50 milliseconds), and a modera te  page fault  rate (page 
fault  period: 500K to 1 M machine inst ruct ions  per page 
fault),  50% to 80~0 disk bandwidth  is available to clean-up 
dir ty pages, and conver t  siblings to singletons and single- 
tons to siblings. This  bandwidth  is judged  to be adequate  to 
support  a recoverable vir tual  memory  on an Explorer .  The 
scat ter-gather  feature  of the Explorer disk system is used 
to wri te  out dir ty pages in as few disk accesses as possible. 
With  a vigorous background write process and use of the 
scat ter-gather  capabil i ty,  we expect tha t  the checkpoint ing 
operat ion should be over in few seconds. 

For the persis tent  memory  pro to type ,  the  garbage col- 
lector also needs to be modified; the garbage  collector re- 
claims the disk space for a cluster if all its 16 pages con- 
tain garbage. In the persis tent  memory,  the underlying 
disk space for a garbage cluster cannot  be immediate ly  
reclaimed if any of its vir tual  page belongs to the check- 
pointed state.  If the disk space were to be reclaimed,  it will 
disturb the checkpointed state.  For the persistent  memory,  
reclamation of the disk space for a garbage cluster is post- 
poned until the  next  checkpoint:  after the complet ion of 
the next  checkpoint ,  the disk space corresponding to the 
garbage clusters does not  belong to the checkpointed  state,  
and can be safely reclaimed. Note that  it is the disk space of 
garbage clusters whose reclamation needs to be postponed,  
and not the virtual pages of garbage clusters.  The  vir tual  
pages can be reclaimed and made available to the memory  
allocator immediately.  

9 F u t u r e  W o r k  

We are invest igat ing the extensions of persis tent  mem- 
ory in a network-based dis t r ibuted system. The mot ivat ion 
of this effort is to be able to share objects in a dis t r ibuted 
environment .  Similar  research efforts are underway at other 
manufacturers  of Lisp machines; the M O B Y  address space 
project at the Lisp Machine Inc. is an example  of such 
efforts /Greenblatt851. 

The  dis t r ibuted comput ing  env i ronment  envisioned con- 
sists of several symbolic  workstat ions connected  among them- 
selves and with one or more file servers via a local-area 
network. Each works ta t ion ' s  vir tual  address space is di- 
vided into persistent areas. An area is the  unit  of garbage 
collection like Bishop 's  areas iBishop77]. It is called "per- 
sistent" area because it is also a unit of recovery, and per- 
sists across system crashes. Our approach is expected to 
solve the two very difficult problems in this type of comput-  
ing envi ronment ,  viz.. network-wide garbage collection, and 
network-wide recovery. Since a persistent area is the unit 
of garbage collection as well as recovery, it can be garbage- 
collected independent  of any other  areas. Similarly, it can 
be independent ly  recovered from crashes. There is neither 
any dependence on nor any cooperat ion required f rom other 
worksta t ions  to complete garbage collection or recovery of 
an area. 
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10 C o n c l u s i o n  

We strongly believe that the storage dichotomy in to- 
day's computers will b e a  serious impediment in the de- 
velopment of object-oriented database systems. The stor- 
age dichotomy puts a heavy burden of storage management 
on the programmer, and causes a space and time penalty 
due to the translation and transfer of information between 
virtual memory and databases. Our approach to object- 
oriented databases is based on persistent memory that elim- 
inates the distinction between transient and persistent ob- 
jects. Implementation of persistent memory requires a re- 
covery capability at the level of virtual memory itself. Our 
recovery scheme is based on timestamp and sibling page 
techniques, and has low space and time overheads. Re- 
silient objects can be implemented on top of a persistent 
memory. Many applications that include CAD systems, 
multi-media systems, expert database systems, and object- 
oriented databases are expected to be implemented with 
greater ease, flexibility and performance on persistent, re- 
silient objects than on a file system or on a conventional 
database. 
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