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XEROX
PALO ALTO RESEARCH CENTER

Learning Reseay-ch Group
October 6, 1979

From: Dan Ingalls
To: Virtual Memory Interest
Subject: + Making Space for Smalltalk
Filed On: MAXC<INGALLS>Vmem.Bravo

During the coming year, LRG will be building a new vinual memory for Smalltalk. Our plan is to
spend about a month specifying design goals, two to three months completing a design:. and about
four months on implemention. This memo began as a talk with.Alan, and its purpose is to present
a set of goals as a target for crulcism and a stimulus to contributions during the first phase.

Many Users on Different Machines
From the beginning, we want to provide for many users sharing the same large environment on
Separate machines. We feel that the assumption of ethernet-like communication forces an
appropriate modularity to the design. Moreover, we want to assume that the various Smalltalk
users may be running on different interpreters in inachines of differing types. If done right, a
NoteTaker user should be able to execute a save command, and then resume tliat saved image
on a Dorado. Moreover, it should be possible to spawn processes which could migrate to any
machine oil the ether and continue their simulation, with the apparent effect of adding
processing capability to the shared database, yet with ho need to alter the real underlying
database server.

Shared Archival Data and Workingset Management
The design issues fall into two fairly distinct groups: those that deal with the manageinent of a
large shared archival database, and those that deal with management of a small local unshared
workspace. Rather than spend the next year trying to figure out how/ these two are the same,
we shall accept this dichotomy and try to turn it to our advantage. To the extent that the
archival and sharing issues are independent of the local workspace issues, they should be able to
be handled at a high level in Smalltalk, and we may be spared the drain of separate
implementations for differing target machines. Similarly the local workspace issues may be
tailored to- each machine - NoteTakers which detach for remote use, Dorados which have
hardware paging support, and so on.

Swapping Behavior
We have learned from Smalltalk-76 that object swapping really works - even in the face of
significant performance byugs. However, besides removing those bugs, we would like the next
virtual memory to take advantage of the connectivity of typical workspaces. For instance, if an
object is to be purged, it makes sense that ali other resident objects that are only pointed to by
it be also written out at the same time, and to the same place. Wc should be able to take even
greater advantage of this locality of reference by incorporating some of our eartier ideas into the
structures of both the local workingset and the archival data.

Relationship to Existing Systems
With the vast resources at our disposal, it Should be simple to- implement our own Juniper and
design another Smalltalk interpreter from the ground up. However, just to be on the safe side, ·a
figure of merit for our design will be its ability to work with exactly what is currently available
for archival data management and interpretation of Smalltalk. Juniper and possibly an IFS-
based B-tree server are the most likely choices for the former, and the existing Note'Taker
interpreter, with its carbon-copy Dorado and Alto brothers is the only choice for the latter.
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Food for 7'hought
Many issues, each worthy of PhD work, spring immediately to mind:

How should the shared database be addressed?

What should be the structure of remote objects?

How should both the shared and local spaces be partitioned to provide swapping units
which are neither too large nor too small?

When an external object is brought into a local space,-should it be "exploded" (ie, all its
parts relocated relative to that space), or should it contitute its own "zone" as a virtual
machine within the host?

What does it mean to "release a new system" in this context?

How do we ensure that a failure of one machine does not compromise the integrity of
the entire system?



Messages from file: [PARC-MAXC]<ADELE>MESSAGE,TXT;1
-- MONDAY, OCIOBER 15, 1979 10:15:56-PDT

Date: 12 Oct 1979 2:37 pin (Friday)
From: Marshall.WBST
Subject: Re: Smalltalk Virtual Memory meeting
In-reply-to: Your message of 10 Oct 1979 12:25 pm (Wednesday)
To: Ingalls.PA
cc: MBrown.PA, McJones.PA, Lampson.PA, Masinter. PA, Kay.PA, Marshall,
Weyer.PA, McCall .PA, Adele.PA, Alan.PA, Baldwin.PA, Strollo,PA, Fikes.PA,
Robson.PA, Kaehler,PA, Krasner.PA, Tesler.PA, Bobrow.PA, DaveSmith.PA,
AHenderson.PA, Lansford.EOS, Goldstein.PA, ABell.PA, Ilorn.PA, Althoff.PA,
Deutsch.PA

Although I won't be at the virtual memory meeting I would like to contribute
the following ideas. I appologize for the length of this message.

The current Smalltalk-76 uses reference counts at all times - even when
accessing its local stack. The paper by Deutsch and Bobrow shows how to
eliminate reference counting stack references at the expense of a stack scan
when garbage collecting. I would like to generalize this concept by dividing all
objects into the two sets "active" and "inactive". (Think of active objects in RAM
anc inactive objects on disk although this doesn't have to be true.) Reference
counts would only count references of pointers in inactive objects. Pointers of
active objects would not be counted. If pointers are only changed in active
objects then no pointer manipulations would have any reference counting
overhead. Reference counts would only be modified when an object changed
from inactive to active or vice versa.

To keep track of reference counts a hash table can be kept. Inactive objects with
refet not equal to 1 and active objects with refct not equal to 0 must be included.
This hash table might be split into several tables [e.g., ZRT and MRT] for
efficiency.

To make an inactive object active one decrements the refct of all objects pointed
to by the object's pointers, To make an active object inactive one increments the
refct of all objects pointed to by the object's pointers.

Reclaimation is more difficult. Basically, a tracing garbage collector is needed for
active objects. Starting at 'Smalltalk' and the current context (or whatever) and
all active objects with nonzero refct objects are marked. Marking terminates on
inactive or marked objects. Any object that is not marked can be deleted (Since it
is active, no reference counts have to be changed). Any inactive objects that
have refct of 0 and were not touched during marking can also be reclaimed by
making it active (decrementing refcts and possibly providing more candidates for
reclaiming) and deleting it,

Quite a bit of information is around during reclaimation which could be used to
optimize the swapping strategy. Objects with refcts of 1 should be placed near
their owners, Objects with no active references could probably bo made inactive
etc.

The number of active objects should be small to speed up garbage collection and
large to minimize faulting.

Advantages:

No reference counting during normal processing.
Circular structures recovered if all active during GC.
Useful info available for purging and allocation strategies.

Disadvantages:

Size of refct tables needed for inactive objects may be too big.
Full core trace needed to reclaim objects (but not to purge).

Possible extension:

I have divided objects into active and inactive. Maybe they could be divided
into level-0, level-1. level-2 etc. with each level somewhat independent in its
storage management and reclaimation. Higher levels probably only have to worry
about changing levels of objects.



To: Larry Tester

From: Adele

Re: Virtual Memory and me

Sorry for the delay in reporting back, but here is a brief outline of some of my Smalltalk
information sharing needs.

The main application I am wofking on right now is the Leesburg field study. -In the long run I am
interested in implementing a management enviroiiment for computer-assisted learning {the Ideas
Systern).Neil and I have written several descriptive memos about the database for the Iweesburg
project and associated lessons; the first memo outlines the Ideas system as well. I have attached
copies in case you want to scan them. Here I will simply outline the aspects of the applications
programs that require timely access to the shared information. :Each involves multiple users. Most
can tolerate update periodically; exceptions are noted.

1. Creation and maintenance of a Xerox product and Xerox competitorls product database. Data
access will be done- (is experimentally -now done) via browsers and forms of various kinds. A
product description is a set of dictionaries plus some sets and strings: we are going:to be revising
this somewhat but the point is the large number of large dictionaries. Therefore, unlike previous
database experiences LRG has had, each primary object (instance of class Product) is very large,
because each field is assigned to a large dictionary object. We expect to link in references to images
of the products as well,- but currently search a separate picture dictionary.

The current browsing methods use Findit to locate the product instance and then-bring in-the-full
object description. This is too space consuming and probably costly ill time for lesson applications.
We plan Smalltalk code for reading only the desired parts (fields) but would prefer some virtual
memory assist--something like the following.

We write code to read the database, find it, and read the object in. Only it comes in as a
"dummy," with parts assigned identifers for the retrieval of the actual information. Only when code
tries to use the parts does the actual data come in. Tliis behavior is recursive in that once a product
is retrieved, one of its dictionaries (parts) might be sent a message; but tlie whole dictionary should
not be retrieved, only the entries that are referenced. I believe thi:s is the obvious extension to-Ooze
alid is already planned by the virtual memory design team.

This storage as dictionaries is going to change dramatically. We expect to redundantly store the
information about products currently referred to as r'needs, features, advantages"--the redundant
store will bea topological one. much like a semantic net. The curriculum for each student will also
be represented in this way in order to describe prerequisite and practice links- In both cases, the
topology (a network) is to be stored separately with references to the inodels (needs, et al or lessons)
because there are several possible topologies for any set of products or lessons. ..Bill Finzer -did a
first pass on this curriculum mapping problem last summer. It is harriet than'the product database
representation because of the dynamic way in which it might change (see #51

44::



2. Lessons reading the database are described in both memos that I have attached. One of the
research issues we are dealing with is this use of a database to generate lessons by including
retrieval descriptions in the lesson models (we call these "unit models"). The database sharing
problems are the same as # 1, only with no update requirements.

3. Student history database maintained by output from the lessons and read by "teachers" for
reporting. A single user would update a history (fur {liat user), but a teacher might be browsing
student histories at the same time. Since teachers are curriculum developers at, say, Lecsburg, and
students, ultimately, will be at branch offices (or, one day, at homel the- difference in work hours
will probably cause this conflict.

4. Territory management game described in the first memo will require niultiple users updating a
model of a sales territory. This is an example (similar to the ones 1 pointed out to Richard Moore)
of a fixed model whose "parameters" are changed by multiple users: each- user might require
knowledge of changes made by the other users, especially if cooperative sales experiences are to be
simulated.

5. The Ideas System includes a special use of a mail system in which a mail receiver is a machine
on which the student/teacher histories are stored. The mail is from teacher to student history in
order to modify the student curriculum instructions, that is the curriculum topology (see #1) (what
the student sees when he or she selects "map"). This does not seem like a very unusual application,
but includes the transaction problems caused by student reading while teacher is sending an update
request.

6. The Ideas System includes the notion of unit models which represent templates for lessons for
which curriculum writers might search, edit, and archive as new models or actual lessons. l'his is
quite complex because a unit model includes an object we call a "guide" which links units. As a
result, at the highest level of thinking about unit models, a unit is a curriculum for some subject
area. So individual units are themselves nodes in a network. Multiple users migh:t be searching the
unit model database and multiple students might be retrieving the same lesson.

Using the Telephone

Some of the NoteTaker dients have database needs that arc not unusual except for the requirement
to use the telephone to gain access to the network and hence to the database. An example-is to
develop a database for an MRP (managing resource personnel, or something like that). The
information stored is a siinple record, but two fields can be lengthy commentary, much like the
annotated bibliography that Steve Weyer once implemented. Typically retrievals wouldnot re4uire
the entire record, only particular parts. Given transmission over-the telephone lines and constraints

on the NoteTaker memory size, we might consider retrieving only the actual record entries (much
like the example - #1).

Swing on the Current Implementation

Right now the kinds of applications we have implemented show that the code to retrieve a

dictionary from the database represents only a small percentage of tlie execution time. Most of it is
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in the fileserver interface and the etherworld code and some gains here would be much appreciated.



Inter-Office Memorandum

To Vment Interest Date November 7, 1979

Front Diana Merry Location Palo Alto

Subject
Today's Meeting Organization

LRG

Tile meeting today included the restatement and discussion of goals. Most of the
discussion was focused around. the issue of sharing. What follows is an attempt to
·dupticate what remainect on the board or the end of the meeting.
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Inter=Office Memorandum

To Virtual Memory Interest Group Date April 23, 1980

Fmm Ted Kaehler and Dan Ingalls Location Palo Alto

Subject I ambda Scheme Organization LRG
for the Large Object Oriented Memory

XEROX

Filed on: IVY<Kaehler>LOOM.memo

This memo describes the winning design of the recent sweepstakes for the large Object Oriented
Memory (LOOM) to support Smalltalk 78. The design is called the lambda scheme and is a
modification of the fully resolved pointer scheme. The virtual space is double word addressed by 31
bits, allowing a maximum size of eight billion bytes. The swapping unit is asingle object (as in OOZE)
and objects are packed in core. Objects in core are accessed through an object table (OT) which is
indexed directly by 16 bit local object pointers. If a field of an object in core (toes not contain a local
pointer, it contains an exception value called lambda. In an object in core, if a field containing a lambda
is touched. the djsk image of the parent object must be consulted to find out what pointer larnbda stands
for. Storage reclaimation is handled with reference counts. This scheme is not tied to ahy specific
strategy for grouping objects to lower the rate of faulting. Grouping may be accomplished by arranging
objects on the disk into groups.

Credits

This design evolved as a true group creation. Jim Althoff and Steve Weyer turned our thinking to these
lines away from strongly grouped schemes. Peter Deutsch produced the first version of the fully
resolved pointer scheme. Dan, Glenn, and Ted worked out the reference counting scheme. Danny
Bobrow recommended against giving a local pointer to every field that points to an object which is not
in core. Dan and Ted explored the purging and file handling algorithms (while the scheme had two
words per pointer). Larry Tesler contributed the lambda idea for unresolved fields from Caravan. Ted
noticed that hints on the disk of which fields to resolve at fault time would greatly reduce the burden on
the page bu ffers.

Pointer Manipulation in Core

A pointer field of an object in core contains 16 bits and is either a local pointer or a lambda. A
local pointer is ati index into the OT. OT entries are two words long and contain a reference count,
some status bits, and the core address of the body of the object. (Seefigure /). The header part of
the object body carries the objeces own disk pointer, its length, another reference count, and more
control bits. A leaf is an object which has only its header in core and not its fields. (A leaf
represents an object whose fields were recently thrown out of core, or a newly touched object with
none of its fields yet touched). In a non-leaf, the fields follow the header. The pointer to the class
of the object is not treated specially; it is just another field.
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Lambda Scheme for·LOOM

Every field that is loaded is tested to see if it contains a lambda. If it does, the disk image of the
parent object is reread and a leaf is constructed to hold the full disk pointer from that field. The
new local pointer is stored back over the lambda. Thus the Smalltalk interpreter sees only local
pointers. If a lambda is stored over, it is first converted to a leaf as if it were being loaded.

Redaimation of Objects

Reference counts on objects determine when objects are no longer pointed to. There are three
types of reference count. If all pointers to an object are in disk pointer format then the disk
reference count of the object is its true count. This count never comes into core and lives in the
image of the object on the disk. The delta reference count is the difference between the disk count
and the number of disk format pointers which currently point to the object. Since the disk count is
frozen on the disk, the delta count keeps track of changes as they occur. The delta count exists
while the object is in core and is kept in the object header. The OT reference count is simply the
number of fields in core that contain a local pointer to the object. The disk count plus the delta
count equals the number of disk format pointers to the object. Since the OT count is the number
of local format pointers, the sum of all three counts is the true reference count of the object. (See
figure 23,

The OT count is the only one of the three that changes at high bandwidth. After a pointer has
been followed once and converted to a local pointer, all stores of it or over it change only the OT
count. When a fault brings an object in from the disk, its OT count is zero and its delta count is
zero, The act of converting a lambda (which stands for a disk pointer) into a local pointer
decrements its delta count and increments its OT count. The delta count is allowed to have

negative values. Storing a new copy of a local pointer to an object increments the OT count.

The OT entry and the object itself have separate and unrelated lifetimes. When an OT count goes
to zero, no more fields contain local pointers to the object. If the object does not have a disk
pointer assigned to it (in its header), then it must never have been on the disk. It was a temporary
object and may be reclaimed. If the object does have a home on the disk and its delta count is
zero, then the disk count is already correct Otherwise, the delta count must be added to the disk
count before the OT entry and core may be reclaimed. If the disk count is zero after the delta
count is added, then the object is trudy not referenced and the disk space may be reclaimed.

Faulting

The Or is a hash table with each object's disk pointer as its hash key. Each disk pointer key has a
reprobe chain. The reprobe chain must be followed to the end to verify that a given object is not
in core. This is because an objecCs entry in the OT cannot be moved once it is assigned. (Local
pointers index to that location). The 01 is kept somewhat sparse so that the reprobe chain can be
short without excluding too many combinations of keys. The reprobe search has found the proper
object when the current entry's disk pointer (from its header in core) equals the key.

A fault begins when a field being loaded or stored over contains a lambda. The disk image of the
parent object must be found and the field must be reread. The parent contains its own full disk
pointer and also contains a hint of which disk buffer it last occupied. The hint takes the form of an
index into the page buffer table (PBT) of pages in core. If the parent's page is no longer in the

1
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3Lambda Scheme for LOOM

buffer, a fault on the parent occurs using the disk address. The field is reread, and its value hashed
into the OT to see if the son is already in core. If not, a new OT entry and leaf are created for the
SoIl.

A second kind of fault occurs when a field is needed from an object which is currently only a leaf
in core. (Asking for the class of the object in order to send it a message is common case). Once
again, we use the page buffer hint in the object header to try to find the page in core. If the page
is not in core, fault on the object using the disk address from the header. When the image of the
object is in a page buffer, allocate enough core for the header and the fields. Each field on the disk
has a bit which is on if this field was used the last time this object was in core. If the bit is on,
create a leaf for that field. Put lambda in all the other fields.

A fault may need to find the page in secondary storage using the 31 bit disk address. A page
number is is extracted from the address. It is looked up in the page run table (PRT) to determine
which device, file, and page number it is. The page is brought in and given a page buffer. Hash
the page buffer table (PBT) with the page part of the disk address anti install the new buffer.

Purging and Compaction

The creation of a leaf, expansion of a leaf to an object, and creation of a new object each ask the
allocator for a block of core. When no core is available, a purge throws out objects to get more
space. If, at the time an object is purged from core, its OT reference count is zero, it is simply
written to its disk page. At the time of the write, overwrite only those fields which have local
pointers. The fields which have lambdas in core remain unchanged on the disk. Convert local
pointers to disk pointers by looking in the headers of those objects.

If the OT count of the object being purged is not zero, the fields are written out and the disk count
changed to make the delta count be zero. The core occupied by the fields is freed and the object
becomes a leaf. The leaf is dean and disappears when the last local pointer to it is converted to a disk pointer. The
act of purging a normal object and leaving a leaf will evaporate other leaves as local pointers are converted to disk
pointers.

Each object contains a touched bit and a dirty bit. These are set to the touched and clean values
when the object is faulted on. Writing in the object dirties it. Not dirty and a delta count of zero
signal a tr·uly clean object. The st]-ategy for deciding which objects to purge is to sweep core and to
mark touched objects untouched. When an untouched object is encountered, it has remained
untouched for an entire sweep, and deserves to be purged.

The order of objects in core is from oldest to youngest. Each sweep starts at a randomly chosen
place in core and sweeps to the youngest object. Presumably old objects have gotten old by
continuing to be touched. They are likely to remain in use, To avoid long searches of core which
find no purgable objects, we sweep the old objects less often than the young ones. Young objects
have just been faulted on. Some of them will be used for a short time and then never used again.
We detect these objects early by sweeping their core often.

A sweep starts with an image of an object in core. The OT entry for that object is found by
hashing its disk pointer into the OT. After the touched bit is inspected, use the length from the
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object header to find the location of the next object in core.

Core is compacted by moving objects to new locations. Since the OT entry of any- object may be
found from its image in core, the core address of the object can be fixed up after it is moved. It is
never necessary to sweep the OT and invert its pointers to core. Compaction may be done during
the purge sweep to move objects up to fill holes. If compaction preserves the oldest to youngest
ordering of core, all free core stays in a single block at the end. The inspection and moving of a
single object during a sweep is a small atomic operation. Thus purging and compaction may be
done incrementally during other computation.

Grouping and Moving Objects on the Disk

Grouping is accomplished by moving objects that are faulted on together to the same page on the
disk. Perhaps we will fault on quad pages to allow more objects to come in on the same disk
access. Many different grouping strategies may be tried. This design imposes no specific grouping
strategy for objects. This is one of its prime advantages for our application, as it will be a surperb
testbed for research on grouping techniques. Initially, the virtual memory files will be grouped in a
depth first first traversal of the entire system. An offline utility program will staticly regroup the
files using our current best algorithm.

A simply way to regroup is to leave a touched and was-dirty bit on the disk for each object that was
used. A switch in Smalltalk will cause resident objects to be written regardless of whether they are
clean when purged. We will then run the system through its paces with the switch on and quit.
The grouping program will divide the depth first ordering into untouched, readonly, and read-write
areas. Segregating the untouched data will improve faulting buffer hits, and consolidating readonly
objects will cause entire pages to be clean at purge time.

Versions, Page Sharing, and Safing

All disk requests go through the page run table (PRT) which directs access to the files which
conmprise the history of this version of Smalltalk. These files include one current file which is
read/write and any number of readonly files. Attempts to write on the readonly files cause the
page in question to be written out on the current file instead. The PRT must be updated to show
the new location of this page. The process of releasing a Smalltalk consists merely of flushing core
to the current file, writing out the PRT, and closing the current file to further writes. From that
time on, many people can simultaineously run that version by copying that page map and opening
their own current file. Versioning serves both as a means of releasing systems to other users and of
personal checkpoints. At any time a person can resume from the state of an earlier release
operation. The cost is essentially the duplication of data dirtied between such releases. Automatic
checkpointing (known as safing in OOZE) will be provided by a ring of current files. A page in a
file belonging to an outdated checkpoint is recycled if it has been supersceded by a copy in a
younger file.

The PRT is run coded and may contain up to a million pages. If a system is composed of too
many layers of releases or pages or two layers are too heavily intermixed, the PRT will be gigantic.
We would like the PRT to remain in core to speed faulting. When the PRT becomes too
fragmented, we will recopy entire blocks of pages to the current file. Many runs in the most



5Lambda Scheme for LOOM

fragmented part of the PRT will thus be replaced with a single run

ABell, Deutsch, Alan, Bobrow, Krasner, Horn, Althoff, Merry, Tester, Robson, Goldstein, Shoch,
Weyer, Kachler, Ingalls, Marshall.WBST, Gifford, Lampson, Masinter, McCall, AHenderson,
(message to) McJones, MBrown, M Kay, Baldwin, Strollo, Fikes, DaveSmith, Lansford



Inter-Office Memorandum

To - - Smalltalk Interest - . Date November 29, 1979

From Ikarry Tester Ijocation Palo Alto

Subject Smalltalk Memory System Re*iirements Organization . PARC/SSL

IiXEROX

Filed on: <Tesier>MemSysReq.press

Introduction

This memo summarizes the goals of the planned Smalltalk-78 memory system and requests feedback
from interested parties on the requirements that such a memory system must meet. The memory
system design group especially invites comments about ttie. needs of applications programs that
require sharmg of inforniation between workstations.

Smalltalk-78

Smalltalk-78 is a reimplementation of Smalltalk-:76 with the following differences:

(1) No Ooze. The Ooze (object-oriented zoned environment) virtual memory system has
been omitted.

(2) Fasi object access. A reference to an object in main memory from another object in
main memory is implemented by an index into a resident object table which in turn points
at the block of storage occupied by the referenced object.

(3) Contiguously stored processes. The contexts that comprise a process are stored in a
contiguous block of storage managed as (or like) a hardware stack.

In other words, Smalltalk-78 is implemented in a conventional way as a stack-oriented byte code
interpreter with dynamic allocation of resident objects. Implementations on the Dorado, Alto: and
Notetaker are at various stages of near completion. All available memory can be used.
Performance of resident programs is roughly twice as fast as in Smalltalk-76.

Currently, the dass library of Smalitalk-78 is a large subset of that of Smalltalk-76. From now until
the end of 1980, LRG and friends are rewriting° the class library to make it more concise. more
consistent, and more flexible.

+ / 99
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Virtual Memory and Public Memory

We are currently designing a new memory management system for Smalltalk-78. Among the active
collaborators have been: Dan Ingalls (chairperson), Dan Bobrow, Peter Deutsch, Ira Goldstein,
Austin Henderson, Ted Kaehler, Alan Kay, Glenn Krasner, Diana Merry, Richard Moore, Dave
Robson, Larry Tesler, and Steve Weyer.

One goal of the system is to provide a Ast virtual memory. - The Virtual memory should expand the
address space well beyond the bounds of main memory. However, unlike Ooze, when all needed
objects are resident, programs should run without virtual niemory overhead. Working set changes
should be accoinplished with far less thrashing than in Ooze.

We wish to allow objects stored outside main memory to reside on both local disks and remote file
servers. The virtual memory system must support the addressing of objects on all such external
media, must support the transfer of Objects from those media to main memory when needed, and
must support the return of changed objects to those media under specified conditions.

A second goal of the system is to provide a large public memoot i.e., to allow sharing of
information among workstations and servers.

A third goal is to allow detachment of a workstation (especially a Notetaker) from the network with
a piece of the private and/or public memory saved locally, and to later reconnect to the network
and reconcile any differences that have arisen between the local and remote environment.

It may or may not be true that the virtual memory system must support the public memory system
and/or the detachment capability. An alternative would be to support sharing at a higher level In
either case, there may be advantages to making the swapping unit (page, segment, or whatever) be
the same for both local swapping (disk <=> main memory) and remote swapping (public or private
remote disk <=> local disk or main memory).

Applications of Private Memory

Reasons for having a private memory larger than the size of main memory are well known. A
reason for allowing parts of that memory to exist on remote file servers is that Notetaker-like
machines have disks unsuitable for fast swapping of large amounts of information.

Applications of Public Memory

There are several possible applications for public memory, including:

* System release control
* Program library sharing
* .-Collaborative document preparation
* Mail systems
* Data base management
* Distributed multiprocessing
* Multiuser interaction with views of the same changing model

1



Smalltalk Memory System Requirements 3

Implementation Characteristics of a Public Memory

Each type of application makes different demands on a public memory system. Below are listed a
number of dimensions along which to characterize a public memory system:

* Grain of transfer (field, object page, segment, working set, message, user action,
expression, relation, ...)

Capacity (in units) of main memory & of local disk
* How much of a transferred -unit is actually utilized

Speed of transfer to/from public memory

* Transaction processing host (local or remote)

* Speed of communication between users (bandwidth -and--delay)

* Consistency tradeoff (consistency with earlier access by this host vs. consistency with
other hosts that are accessing the same information)

Copies vs. originals
* Versions (PIE layers)

Update delays
* Detached workstations

* Crash recovery

* Garbage collection

* Range of host types (Notetaker, Dorado, etc.)

* Affect of performance characteristics on programming style

An Issue

There is one hotIy contested issue at this time, namely, how to provide for a wide range of delays in
returning information to the public memory. For example, to run TeleSil&]ike applications, it is
necessary to return information to the shared memory as soon as it changes. On the other hand, to
share program libraries, it is desirable to defer the return of a changed version to the public
memory until it is completed and debugged (as long as there is then a way to reconcile changes to
the same prograrns by multiple users). Similarly. after a Notetaker has been detached from the
network, the information in it can not be returned to the public memory until it is reconnected.

One theory holds that all applications in the fast-return category are, like TeleSil, implementable by
sending short model-update messages directly to the other machines involved and bypassing the file
servers entirely. Therefore, memory system designs may assume that changed information need not
be returned rapidly to the public memory except in this special way.

The opposing theory holds that some interesting data base management systems require up-to-date
views of overlapping information by multiple workstations. Therefore, memory system designs must
have a way to return information rapidly to the public memory.
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Request for Information

If you have implemented, hope to implement, used, or hope to use a system with shared memory,
Le., if you have thought about the requirements of one or.more applications of public memory,
please let the design group know (through me):

* What is the application?

* What is the user's perception of sharing?

* How rapidly must views of public data on multiple workstations be reconciled when
changes oocur? How soon must changed data be returned to the public memory? Can all
cases where fast return is required be handled by short messages to other workstations
having active connections to this one?

* What grains of transfer might be suitable?

* Where does the application fall along the consistency tradeoff?

* Is it important to implement the application on a portable machine like Notetaker? Is
detachability important?

* What crash recovery requirements are there, and what special reliability problems does
the application pose?

* How is garbage produced and how might it be detected?

* How helpful or unhelpful would be each of the following representations of the
shared data:

* B.tree
* Relational data base
* Individual objects
* Treestructured independent objects

Graph-structured independent objects
Interrelated objects

* Paged linear address space
* Zoned versions of any of the above
* Multiple host versions of any of the above

* Is there a natural naming system for the objects in the :public memory?

* In what ways might the virtual memory systemfprofitably support access to public
memory?

Any other helpful comments are invited.

Prompt replies are encouraged, even if they address only some of die issues.

¥3



Inter·Omee Memorandum
DRAFT · DRAFT · Fairbairn, Ingalls, Goldberg, Jeffers

To- All Notetaker Buyers Date January 3, 1980

From Larry Tesler - . - - -Location Palo Alto

Subject How Much Memory for Your Notetaket? organization PARC/SSL

XEROX

Filed on: <Tester>NTMemAmt.memo

Introduction

A Notetaker H can -have anywhere from 128 KB (131,072 bytes) to 1 MB (1,048,576 bytes) of fast
read/write inernory, sharable among one or more processors. 'The sniallest size Notetaker has the
same amount of memory a$ a minimum Alto; the largest has twice as much as a maximum Alto. In
addition, each processor board in the Notetaker has a few thousand bytes of its own very fast
memory.

If you are buying a Notetaker. you must decide- how much main memory to order. It may be
useful-to you m know how much memory LRG -- the Learning Research- Group at PARC -- is
ordering for our many Notctakers, and the reasons we are doing so. (LRG advised and assisted in
the development of the Notetaker hardware, and is developing Smalltalk-78, its standard software
system.)

Hardware Options

The attached memo froin SPG explains the hardware options and their prices. An important fact to
note is that if your machine is- configured in the standard way (including th roe memory boards of
128 KB each, two general-purpose pfocessor boards, and an Ethernet board), then all the card slots
in -the cabinet are used up, and the power supply is stretched to its limit.

Some users may need to insert addidonal boards for homebrew hardwarei for more processors, or
for more memory. There afe three ways one can free up card slots: -remove memory boards,
remove one of the general-purpose processor boards, or remove the Ethernet board.

Before deciding to remove memory boards, note that to run Smalltalk-78 requires at least 256 KB --
and preferably 384 KB-- of mainmemory. Memory requirements are discussed further on the next
page.

Before -deciding to remove a processor board, note that Smalltalk runs a little slower and must
pause frequently to service the disk and other I/0 devices when it must handle all its tasks with.
only one general-purpose processor boari

Before deciding to remove the -Ethernet board, note that fast communication with file servers,
printers, Altos, and other Notetakers depends on it Be sure your communication requirements can
be met by- an EIA interface.

DRAFT - DRAFT - Fairbairn, Ingalls, Goldberg,-Jeffers
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Smalltalk Requirements

We expect most users of Notetaker to program in the Smantalk-78 language. Smalltalk-78 programs
can be run interchangeably on Notetaker and Alto (and also Dorado). as long as they don't depend
on idiosynchratic I/0 devices. The system includes an incremental compiler, an automatic storage
management system, a simple text and program editor, and a substantial library of tools for program
development, calculation, text manipulation, simulation, and graphics.

Smalltalk's extensive capabilities require -a lot of memory space. Today's version of Smalltalk-78
occupies 231 KB of main memory, including a full-screen bit map, leaving 25 KB for -user
programs. This number will change between now and the system release planned for later this year.

Dan Ingalls and I estimate that the space available for user programs in a 256 KB machine will be
between 16 KB and 48 KB, enough for between 20 and 100 pages of Smalltalk source codes less
whatever space is required for data. In a 384 KB machine, we estimate that there will be between
144 KB and 176 KB available for user programs, enough for between 300 and 400 pages of
Smalltalk, less data space. Thus, the larger memory size will accommodate programs at least four
times as large- and possibly fifteen times as large -- as will -the smaller size, for an extra cost of a
few -hundred dollars.

It is possible to develop programs in Smalltalk and then to generate an execution·only version that
takes substantiatIy less space. One use of this capability is to develop application programs for a
small Notetaker using a larger development machine, which could be an Alto, a Dorado, or a
Notctaker with extra memory. I.RG expects to configure some of our many Notetakers with 512
KB of memory for development work and some with 128 KB for execution-only use, but we expect
most of our machines to have 384 KB.

LRG is working on a virtual memory system for Notetaker Smalltalk-78 -that will use a network-fle
server as a swapping store. After the virtual memory system is finished and released, internal
memory will be less of a constraint. But remember, one of the major reasons for using Notetaker is
to be able to detach it from the network and carry it to distant sites. - Even after virtual memory is
available, 384 KB or more of internal memory will still have an advantage for the many applications
that require portability.

Recommendation

It costs only a few hundred dollars more to have 384 KB of main memory than it does to have 256
KB. It is a real bargain. lf you don't need spare card slots,-buy 384 KB. You will be able to run
much larger programs.

If you do need a spare card slot, order 384 KB anyway, and first try removing a processor board.
If the performance degrades too much, try removing memory instead. If the programs you plan for
the Notetaker are 20 pages or less of Smalltalk, and don't require much data space, then you may
be able to get by with 256 KB. -If you -are planning to obtain software from another source, such as
Intel,-and do not need Smalltalk at all, then you may be able to get by with 128 KB or 256 KB.

If you need more than 384 KB, you can buy an extra memory board ahd remove a processor board,
yielding 512 KB.

If you need 768 KB or 1 MB, or if you need several spare card slots, contact Doug Fairbairn or
Doug Stewart about the possibility of obtaining mernory boards stuffed with 64 kilobit chips instead
of 32 kilobit chips. They should be available at a somewhat high price late -this year.

If you have further questions, do not hesitate to contact me. My Intelnet number is 8-923-4355;
from the local calling area: (415) 494-4355; electronic mailbox: Tesler.PA; mail sm PARC 35-2033,



PALO ALTO RESEARCH CENTER
Learning Research Group

July-27, 1976

To: Virtual Memory Interest - 'r'-7 -d>(/

From: Dan Ingalls, Ted KaehIer 704*n
Subject The OOZE Virtual Memory

Fited on: <INGALLS>OOZE.Bravo

Abstract: This paper describes the OOZE ·virtual memory. Ils chief features
include:

large -address space - 2: n objects addressed with n bits
dense workingset - only the 'active objects occupy core
reduced disk activity - swapout ii by zone
further savings - structurd! match with SMALLTALK

The description presumes no expertise in virtual memory, but it..may be
confusing if you are not acquainted-with such concepts as 16-bli word, core
address. buffer; hash table, etc.

1. Introduction to OOZE

OOZE (object-oriented zoned enyfronment) is a virtual memory system. This means that it will
tranisate from.a virtual address to a core address where the data is held, and if not in core, then
it-will arrange-to make room for the data and bring it-into core as well.- OOZE's key features
can be illustrated by contrast -with another Well known vitual memory technique called paging.
For the purposes of discussion, we will assume that 16-·bit words are used.

A typical 16-bit paging system would -be able- -to address 65536 words, and addresses
would be treated as two 8-bit fields calIed the page and the ojifset. What real memory is
available would be treated as a--pool -of 256-word buffers for holding pages.t When a
program accesses a given address, the page is: looked up in a page map to fi.nd its base
address in core, and the offset is then added.-yielding the final memory address. if the
page- is not in core, the page map reveals whereit is on the-disk, as well as what-page
should -be thrown out to make room for the new one.

A 16-bit OOZE would be able to address 65536 objects, and the address space is divided
into equal zona Each zone contains items of equal size, and -an object pointer maybe
treated as two fields indicating the zone and item-immber. When a program accesses a
word, it provides both an object pointer and a word offset relative to the object, each 16
bits. The object pointer is looked up in a -resident objectiable (ROT) to findvits base
address in core, and the offset is then added to get the final memory address. if the
object is-not in core, then the disk address is computed -from-a zone index-of pog:es, and
a place in core is allocated'for tile object. Ff available memory runs-out, then a sweep is
made of the ROT, to swap out objects which have not been -receritly referenced.

Figuirs 1 illustrates tlie structure of OOZE. Most-interesting aspects of 007.E will arise by -
pondering this structure in the light of several perfoimance cri:teria.

XEROX



Access to resident data. While a page map is a simply-indexed table, OOZETs ROT is
accessed by hashing, and consequently the indirection is slower. The delay can be
minimized by microcoding the ROT access, and it ta-n be eliminated through the use of
base registers.

Base registers. If data is accessed through base registers. the hashing need only be done
once lo load the base register. after which the access time is--the'sum of the register
access, the offset add, and the final data reference. The improvement. actually realized
with base registers - is obviously related to the mean number of accesses made while a
register remains pointing at one object. Paging can also be assisted with base registers,
but the gain in speed is not so great unless the paging space is large enough to require a
hashed page map.

Space utilization. One advantage of OOZE is that it holds in memory only-the objects
which U really needs. - If only -3 words are needed, then 3 words- are used, whereas-the
paging system is forced to bring in a full 256 words, or whatever the page size- is. The
extent to which this is an advantage can be seen by looking at the mean number of words
referenced in a paging system during the time- that page is in core (and this depends
strongly on the way-in which storage is allocated). The ROT space counteracts this
advantage somewhat since it carries onemapping entry per object, rather than one per
page. The representation of immediate data. and the mean resident object -s,ze are
important to the anatysis of space utilization.

Immediate data. The general structure of OOZE is similar to other segmented virtual
memories. The central difference is the grain size -OOZE.handles every datum, down to*
single- word integers, in the system which it supports. The ROT consists of one 2-word
entry for each fobject in core, but otte exception reduces the overhead considerably. -lf an
object has only one data word (integer, 1--or 2-character string or atom) -then 'that data
word is placed directly-in thet ROT where-the core address would have been.' This
reduces the overhead to-one word in this imporant case (see also atoms and small
integers below).

Mean object size. A goal of OOZE is to provide a large address space without going to
pointers larger than 16 bits. This-is certainly achieved if the mean object size is on the
order of 10 words, since the effective add ress space is greater than 500K words. At the
same time, such a statistic seems to belie our claim of significant savings from immediate
data, since there must not be marty sniall objects:' Thts is no; a contradiction; oh the one
hand we are looking at the whole address space statically, and-on the other hand we are
looking at the statistics of the workingset dynamically.

Changing context. it is more difficult for OOZE to change from-one context to another
than it is for a simple paging system, since each new object has to be brought in
separately. In paging, many of the new objects get brought in fortuitously because they
lie on the'sante page as other objects being referenced. OOZE includes acpool --of- disk
buffers so that it too can enjoy this "neighborhood" phenomenon, especially in the case
that the faults refer to objects of tlie same zone.

Swapping. Possibly the greatest obstacle to implementing an object=onented memory at
the grain of single words is deciding what to throw out when-new data has to be brought
in to the workingset. A scheme which works for large-objects is to throw out the first
thing you find which has not been referenced since the last swapout. At imal I 'grain,
tllot:gli,.it; m:ay:r takep,:inore ,than 50 sceittered .writes to.ihe: <dist before enough, room .
bedbmes avaijable. 0022's solution is{idlwap en the babs *f zones. Whenever gue€ is°
needed, a new zone is purged, meaning that all resident objectsin that zone which. are old
gel: sw:jppe<Ljout;i;tfo,ithisge.nd:.i¢®hii©juali·nj: theg,kOI.<«Iics:4#older-th:int purse (OTP)
bitwhich.,telisdiCTIFIi:fi.:noffbein LFIEfdfic«IsijikE Ilielibffii*34 tone vas purged.f Thef .
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zone purge solves the disk scatter proble, since some effort isfin.ade to groiip zones on the
disk, -It alscraids enormously in recording how recently'data has been touched, since the
01['P bit·has-a much longer history than just since the ·last_swap.

Resident datt management. -A certain amount of complexity is involved with handling a
purge. The ROT entries -have -10 -be deleted, and the resident data area has -to be
compacted,-with allowance made for-objects which have been locked to fix their core
address.

Contiguity of resident data.- Resident objects are stored contiguously, so that no pain is
caused by objects which- would -str. f lie page boundaries in a paging system., -There is,
however, an effective upper limit on the size of objects which can be handled,-since a
few large owects could exhaust the available resident data space. OOZE provides-for
locking of resident objects- to guarantee their core addresses, especially across purges. In
this way, time-critical system f unctions can bypass the ROT mappi ng entirely.

OOZE was conceived to serve the needs of a high-level programming system, SMALLTALK.
Much of this service Would be the same,-for ARL, or-LISP. and we cover some of the
considerations here as -an introduction -to their treatment in the next section.

Classes and zones. A SMALLTALK class is -like a data type, :and its instances are
typically all·the same length. It therefore makes sense to allocate the instances al] within
a zone. If a class has'more instances, then it can have several constituent zones. A table,
called the zone map, reveals the-mapping-from zone number to class, and thus allows the
class of an object to-be computedindirectly from its object pointer. In this way, there is
no need for an additional class-pointer (a 1-word per':object overhead), and yet flexiblei
allocation of the address space among classes fin blocks-of 128) is achieved. The zone
map also carries a field for instance-size, so that the blocks of resident data do not each
need a size field, and it carries other information such as whether the object is a
pointer-type object or not

Variable length data. Classes with variable length instances, notably vectors (linear arrays
of 16-bit object pointers) and strings (linear arrays of 8-bit data bytes), have many zones
for each of the possible lengths. Thus the tength-of a 4-characterstringis revealed by
the zonepart of its object pointer, and thus needn't be stored in the resident data.
another 1-word saving. Note- especially that 1- and 2- character strings-(and atoms) can
fit in only 1 word, and thus qualify further for the immediate data savings!

The allocation of a zone-(or more) per length -would be wasteful for all but-the most
common lengths. -so for lengths greater than 7,-the zones cover octaves ofdata size (le.
8-15,16-31, etc.). On the disk, 3-23*word variable object would waste 7 words but. when
brought into core, it would occupy 23 words preceded by a length word.

Reference counting. - OOZE supports reference-counting by:providing 4-bits in the ROT
for a reference count. Counts which excede 15 are handled in a separate hash table, and
objects on the disk have'a-full word for their reference counts.: When- freei ng an object,
its entry in the -zone map reveals whether it is a pointer-type (most SMALLTALK
objects are), in which case the reference counts-of all the -objects- pointed to; by its
subfields are decremented also.

Representation: of atoms. Atoms are strings used for names, and they have 4 other
properties in this system:

1) They are not reference counted
2) Their object pointer is a tmique function of theircharacters
3) They dit:inot be Writtenfinto, oticetcidated·Ff-
4) Only explicit reference to their characters requires residence

le T|16 -OOZE address -spatze is allogated -with als}ms: :growing doum ..from.lite top, and
/ 79,74.= . ' . :. 1 ' 1

r:', everything e15%4fowijjitip fto-01 *ieittful41410.Ithi»Way,04 pointer Fani be discoverediloy-
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Sniaff Rintegers. Intefiers in the range Of--1000 to +1000 arehiso al!064ted at the top, '
above the atoms, and -these, too, avoid the overhead of reference counting. Moreover,
since the object pointer reveals the value, these small integers requite-no resident data
space nor even an entry in tile ROT!

Checkpointing. 1 n order to recover from--disasters, our scheme uses a simple mechanism
for checkpointing.- Every so often, the entire core image- of the system is written as a
header at the beginning of the OOZE-virtual 'memory file.- Thereafter. until every zone
has been,purged again,'SMALLTALK can be restarted by resuming that saved image.
The reason is that everything-which can get smashed on the disk by subsequent purges
exists as a clean copy in the saved image. -Only after a second round of purges starts does
the checkpoint become invalid.

1p-r o ; 1 9 2 / t 4.+Ni <1·beiN m 0, )96 'k.iP 61*»'**K4<%J



Inter-Office Memorandum

los 00ZE followers Date June 9, 1976

ti - -From Dan Ingalls ' ' ·· 'Location Palo Alto
Subject Evolution of OOZE- - , organization'LRO

XEROX

INTRODUCTION

Since -the dast memos -I have changed my view of OOZE. and'the surrent view
is 6utlined below (still a very rough draft).,- The transition followed roughly.
the following path:

1. - Butler said he was unimpressed by -the idea of having
resident and virtual data representations be identical,
especially since atiy conversion between the- two
would -be lost- in-tlie disk access hiccup.

2. With that. ill'mt-nd,/ it-seeined to Dial¢e sense to zone the
rea i denti dathf -by class, to allow a more compact
representation-in core.

3. Af that p:oint it seenied silly not tohave the--virtual format
also be -zoned, and so I revived the poiilter forniat
which I had lightly conside-red last fall,and which
is deteribed below,

4. The in-core-zoning looks ugly to·-manage,-so residen-t data
-is not zoned in the sense of being located together,
but the new -format does reveal Jthe class of a:n object,
so iii -that sense the factoring of el.ass information is
s-t-ill achieved.

5. The zoning leads to a very nice(I think) solution to a
big- problein of objectrori-ented virtu:al -memory
--namely a strategy:for discarding-old-.objects.
See below.

As you may gather, 00ZE has become an.integral part'of SMALLTALK rather
than some general purpose data mapping utility. ·.Several important issues
remain to be worked out, Most intportant- i-5- management of--the resident
storage space.

POINTER -FORMAT

A pointer is a 16-'bit quantity, split'.into a 10-bit class number- And a 6-bi-1
instance number. This design-allows up to- 1024 classes, and at least 64
pointers are -all-ocated- for each class. The -class- number indexes a class
table to get the actual class pointer. -If a class grows to include more than
64 instances, another class number call be -made to refer to- that same class,
thus extending its portion of the address space.

OOZE is-thus capable of addres-sing roughly GOK objects. If -the mean/object
size is 10 words, this ischalf of ·a model 31 disk, or-.10 titnes the space
available in the current- paging SMALLTALK.
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ALLOCATION OF INSTANCES

Each class holds information relevant to the allocation of -itsinstances. For
instance, a class of x-y coordinate pairs wolild have a field for- its instance
size (=2 words), a field which points to a li-st of-disk pages which fhold the
instances-of this class, and a field which po-ints- to a bittable forfmanaging
the free space in,this -class zone of theudisk.

Nat:urally, some classes will want -to be allocated inta-different Ininner from
others, for--instance vectors which are not fixed leng-th.- 1/What this means 1 S
that -ttiose classes are instances of -a -different class class. Itt,-ifs really the
class class whicil points-to the specific allocator to be 'used by its members.
This organizati-on already obtains in spirit in Davels-implementatiort of
SMALLTALK.

MAPPING

Obviously, the indirection
and asking the. class· .to map
conceptually) would clearly
table (ROT) is provided-to
Wiiose instance is in core.

through class number represeilts a critical delay,
the in'stance number (seems the cleanest
fail in performance. Therefore a resident object

associate a base core address with any porn-ter

An entry in the -ROT includes -16 bits of core pointer which-locates the raw
data of the designated- instance. It also provides 6 bits of hash key
residue, 1 bit of cleanliness. 1 bit- of-age (godliness), 4 -bits of reference
count (with escape to an overflow table), and sundry other flags as needed.

Depend-ing on statistics, -we may use one of the flags to indicate that the
inst-ance is a.-one-word datum, and is located immediately in place of the cor-e
address,

The mapping through this table will be done with 1microcode and- some base
registers.

SWAPPING

Object-oriented swapping is a potential hazard to performance, 1-When the
workingset changes appreciably,- there may be 300 new instances-'to' bring--in,
rather- than 10 new pages. To avoid thrashing in this situation, tile- disk
handler wil-1 have many buffers to window the data on the disk. Hopefullyf
ten-or--less buf-fers will suffice.- lost all our -core be wasted trying to achieve
the -behavior of paging.

Swapping out is also a problem, as it is not- of much-value to-throw any -one
instance out- of core. Instead, -many must be thrown out, and thi-s leads to a
dilemma in how to choose -the many (heavy aging problem), and an -even
worse problem about scattering disk writes,-since rejects s-u:rely don't group
as well as demands (though there are typically fewer -of them).

Classes to therescue! Purges of the resident- data are-done on--a class by
c-lass -basis. That is, a swee:p of the ROT is- made,- -and all instances of the
currently parking class which have not been touched since the last purge of
iliis class (that's what the age bit means) are written out. This seems like
a nice strategy for partitioning the residelit data to swap out. It has the
wonderful feature that the-disk access will be localized because ins-tances of

1-ass are zoned to a group- of disk pages.a €



MEMORY MANAGEMENT

Some further thought has to go into the management of the resident data
area. It's not hard to think up appropriate reservation and liberation
algorithms. but the problem here is compaction, since the ROT must be fixed
up to do a compaction. It would be nice to do this incrementally, natch.

The design of OOZE ensures that all instances are mapped into contiguous
core, thus solving half the problem of virtual code segments and other
similar needs such as fonts and music timbres. The other half of the
problem is to allow for locking these structures into cores preferably with
provision for moving them. This is another detail that remains to be worked
out.

IMPLEMENTATION

I hope to fin-ish the design of OOZE by the end of June. and do the
implementation during July. Toward the end of July, there will be a
Frankenstein party where legs of OOZE will be grafted onto the body of
Dave's SMALLTALK. This operation will take longer than we estimate, but
when we're done we will know whether OOZE is an existence proof, or just an
experiment.

:k
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Designing Virtual Memories - What I Learned From Packing a U-Haul Trailer. 1
9 1

Everyone would like both more space and speed iii the new impleme*tation of their favorite
computer language. The limits of the hardware are usually etched in silicon before the design ever
starts, so the problem is to do the best with what you have. You start oul with this empty trailer (the
machine) which you know is too small. You have a pile of boxes (services thovmem-is suppose to
provide; some of them must go fast), which are suppose to fit in the trailer. ¥eu can leave some of
them out if you get in a pinch, but the people who arc attached to them will be very unhappy. Success

, is when all the boxes fit into the trailer and the door closes.
Form follows function in virtual memory design. There may be several different solutions to the

packing problem and the different solutions are not usually near to each other. (To get from one good
solution to another, you usually have to take everything out and move the biggest box!!) Just as in
packing, each decision you make influences the rest of the design. There arc things you can do to
conlrol these complicated interactions. You can decide to fill the trailer up to a flat level, then the
problem of filling the second half is separate from the first halt'. (Each is simpler than the whole thing).
7his is called layering. · The standard practice of separating the paging virlital memory from the
operating system and programming language turns the vIncm into a separate layer.

The problem with layers is that they cost time (and space). (Many computeis use special paging
hardware to eliminate this time). l'he trick is to mix Up several layers in order to take shortcuts without
compromising the function of the top layer. lf there is a way in which the boxes fit perfectly into the
trailer, then you win and everything works- 1 f no matter how you juggle things, there arc three small
spaces and one big box len over al the end, then layering might have been a better idea.

This chapter tells about four difftrent ways we loaded the trailer and what we learned from it.

Virtual Memory

Smalltilk is an object oriented language. The fields of objects contain references (pointers) to other
objecls. New objecls may be created. Each object is a member of sonic class. Each object has a certain
number of fields. 'lhe fields of an object are either pointers to other objects or jusl raw bits (whose
me:ming is known only to the objecis chiss). No explicit mention of the death of alii object is inadc in

r

0£ I ' ct to clunic 3 13 :
4*t i Pn +C.,6

n
Vf./.
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the definition of Smalltalk. However, because of the finite bounds of space, objects that are never going
to be used again must be recycled iii some manner.

In response to a request to create a ncw object of a certain class, the virtual memory must provide
space for the number of fields in instances of that class. Pointers to other objects stored-in the fields
must be preserved, so that those objects can actually be refer·enced on dernand. The poinwt to the class
of a given object must be produced on demand. ilic number Officlds in an objectiespe#flly a variable
length object) must be provided upon demand. Objects must bet destroyed at the proper thne (sometime
after tile object can never be referenced again: Axactly when is a matter<94optimization).All this must be done on a particular ma/ne with a particular :ar¢1*ct,hre :tnd primilive instructions
The design of a virtual memory is a sensitive function of the exact mia·mli design, the size and speed
anticipated for the finished *ialltalk, and various specific details of what is suppose to go fast or allowed
to be big in the Smalltalk>the four virtual memory systems detailed b¢low are a wide spectrum of
designs. 61>

Data Path Charts

The conversion of a collection of bits to an address in some address space is so aumatic in a
computer that w>normally don't titink about it. Since much of a virtilat>memory desdign depends on
the details of A the conversion of bits into addresses. it is important to show it explicitly. Figure 12.1
shows the conversion of a 16 bit word into a one-in-64K address. The rectangleat the top is the 16 bit

/#mMiM.I. --2''M0«* 4Mlk . . I.
word. The square with the diagonal line signifies the conversionot)the point of view of an address.
Figure 12.2 shows a 15 bit quantity divided into two fields 0 and 9 bits wide). This quantity addresses
the even values of a 64K space beeauka zero is appended at the tight. F (Low order bits are at the right,

high order bits are at the left). On the address side, the space is divided into a lieapf from 0 to A (A is
some variable)„a free space from A to B and a 'stack' from B to 64K. The arrows signify that the stack

grows down and the heap grows up. The words eveo 2 in the stack area mean that some sort of

boundary exists on even values. The words some 2 in the heap mean that'a boundary exists on sonic

even value addresses

Figure 12.3 shows an 8 bit value coiresponding to a 0 to 255 address which indexes a piece of

physical memory. The address isa word address and the memory indexed starts at a location called

'table' in physical memory. (The 8 bit number is an index off the value 'tableD. The result of a lookup

in the memory is shown at the left. The whole word is called 'ABC'. It is subdivided into fields E, K

and G which are 8,4, and 4 bits wide.

The diagrams show data flow only, and not algorithms. -The paths do not have directionality. The

address :to bits coricspbndence may be traversed either way. The exception is the impossiblity of

deducing the memory address from the contents of the memory location. Braces, lines, and-pairs of

dotted lines show equivalence of different p:arts of the diagram.

The four designs

10
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The virtuat memory behind Smalltalk 76 is the Object Oriented Zoned Environment (OOZE). The

design of 99ze,was driven by a set of constraints. We tried to find the simplest implementation that met
alt the fconstraints.

1. Ooze must provide for the creation of objects of various classes, storing of their fields, recycling

ff of the object-when it is dead, finding the class and length of an object (this is as usual).
2. The machine is the Alto with 16 bit words and 64* of memory. The disk is a Diablo model 31

removable pack with rotation time of 40 ms (give this inrmicrocycles? or in byte code times?), an average
seek time of 70 ins, and 4872*256 words capacity..

3. We wanted to address 64K objects. Sitice the average object size is about 8 words, this fit well
4 1 * p? .» v,»4'A g-tv>0*-$2*;

with 20*64K words on the disk. 'i*0.2 i J

4. Core devoted to 6bject currently in A must be packed. Every word in the user core must be a
member of an object needed in the computation. it·«>: k

5. A maximum of one disk seek per fault on an object is allowed.

One way to satisfy constraint 5 is to keep a table in core of the disk location of each object. This
table however, would be considerably larger than core. Thus we were forced to organize the disk. If
objects of the same length arc placed together on the dist,-atil if those objects have consecutive object
numbers, then their disk address maybe calculated frorn 4 Object number. Note also tliat not only

3%12 I
the disk location of the object is encoded in the object number, but also the length of the object Since
all instances of a class-have the same length, why not also encode the class into the object number by
only permitting instances on one class in a single zone on the disk.

The object number is called an OOP (Ooze Object Pointer). The-oop is divided into two fields, the
Pclass and the Pinst. A pclass consists of 128 consecutive oops. : All objdbts in a pclass are members of
the same class (a class may own as many pclasses as it needs). All members of a pctass are the same
length and reside in the :same zone on the disk. Figure 12.4a shows how the oop is decoded into a

:»4 1. f.

Pclass Map (PM) entry and how it encodes the class, Figure{12.4d *ows how the PM entry and the
Pinst delennine tile disk address. Note that clases are objecthlk€lny other, but that they are
segregated to the low oops.

By constraint 4 objects arc packed in core. The ROT or Resident Object Table holds the current
core address of the object. 11me :ROT is a hashLIAblewith multiple reprobes. Since finding a field of an
object given its oop is athigh bandwidth operation, the}msh function isin microcode. Figure 12.4b
shows the path from an oop to the fields of the object in core. -Note that object with only one word of
data are -stored in the word in the ROT that is usually the core address.

Some classes have variable lengths of instances. We allow this by giving-the class many pelasses Of
differdilt 16ngttik. The c{jinmollishort kngthl {rfo Ecwick bv2w fiassof-thi« owni Tliclonge¢fkng,thS

01«1

4

W



are covered by octaves. A single pclass (of length 16 on the disk) covers lengths 9 to 16. Likewise there

is a pclass for each power of two of length. Members of octave pclasses have a length word for each

instance to tell its true length. (Witen the object is in cores it occupies only as much space as it needs).
See Figure 12.44 core formats of objects.

Compaction,-purging, aging.-some obj not refct why fault of object just to change its refct.

Additional constraints:

6. Checkpointing.

7. Small integers,

8. Dirty Bits. (how interact with re fet)

9. Locking.

the rest of the Figures.

12.48 Refernece counts, The core allocator,locking of objects.

12.4f Physical core, Small integers.

NoteTaker Smalltalk (figures)

12.5a Physical core, oops, integers, normal objects

123b reference counts, class of an object (class table)

12.50 Formats of an Object

12.5d Format of a class.

What we learned FIG 11-6
Design tradeoffs in virtual memory (discuss the chart showing this. currently a stack of note cards).

€Notes to myself:

1. draw pics for smalltalk 72, paging smalltalk.

2. compare the above with ooze memos from 1975.

3. dream - three level dead object recovery. Name composting (stack pooling),fref count, global
garbage collection

4. dream -- unified very large address space vmem (findit> shells of name spaces, each kept track
of by one outside it,

5. draw a good picture of the design tradeoffs as we know them,

6. statistics - back up certain decisions we made??
j
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Inter-Office MeMorandum

i o < Ooze interest

/

Date April 29, 1977

From Ted Kaehler . Location Palo Alto

Subject

XEROX
Name Composting O,ganization LRG

A blend of reference counting and garbage collection

Filed on: <Kaehler>Compost.memo

Of space we have a fixed amount,

To get it back, we reference count,

On every store we do it twice,

Which spreads the work all flat and nice,
It uses all the time save half,

So mention speed and we'll all laugh.

The other scheme speeds storing up,

But gobbles core down by the cup,

Everything gets space anew,
If only memory grew and grew,

But even that would overflow,

And collecting garbage goes soo sloww!

Cleaning core. I can't complain,

But fill the disk, and what a pain,

Between the pointing and the paste,

A half an hour could go to waste,

I'm trying to take the best of each,

Perhaps there's speed within our reach ...

In a virtual memory such as ooze, there are two kinds of objects, shortlived objects and
longlived objects. Shortlived ones are created and destroyed at a tremendous rate. Each one

lives but a short time, At any one time shortlived objects make up only a small fraction of
the entire virtual memory. Longlived objects comprise the bulk of virtual memory. They

are created and destroyed at a low rate.

I
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The ideal garbage coltector would know· ins*tively which objects were shortlived and
which were longlived. Garbage collection of only shortlived objects would be very
profitable, since they represent most of the reciaimable space (if they are even slightly old,
then they are probably dead and may be recycled). If the garbage collector searched only the
shortlived objects and any objects that point to them, it would return a large amount of
space in a short time.

Consider a group of objects that have just passed out of youth. The majority' of them are
dead shortlived objects and a few are live young 1*iglived objects. This group is an ideal
group upon which to do a quick garbage co] lect. Atl references to this group of suspected
dead objects comes from objects that were touched in the recent past (they were touched
when the reference was stored into them). Thus a garbage collection of the young group,
need only search the recently touched objects for references to members of the group.

A normal garbage collection recursively walks the entire tree of objects, marking them 'in
use' as it goes. Since most of the entire tree of objects lies painfully i naccessable on the
disk, one suddenly wishes one had referneke counts for the group of young objects. But
now is an excellent time to create reference counts for them. All references are guaranteed
to lie among the recently touched objects (in core). There will be no costly traff ic in
reference counts since we will recursivly free all dead objects and then forget corn pletely
about reference counting.

Here is the formula for freeing the dead objects among a group of suspected dead objects.
Sweep over atl of core constructing reference counts for all objects in the suspect group.
(For each pointer to an object, check if it is within the group of suspected objects. If it is,
bump that object's reference count). Then pas over all suspect objects looking for

reference counts that are still zero. Start a recursive freeing with each object whose count is
zero. The young objects that survive are still in use, and are by definition, long lived! (As
in the current Ooze, freed objects keep their name and core in anticipation of being used
again. The purging routine kills them when they get old. The long lived objects migrate to
the disk and are recovered by an overnight garbage col lector.)

The time consuming part of this garbage collection is determining if a pointer found in the
sweep is a member of the suspected group. At worst every pointer in core conducts a
binary search of the suspected objects to see if it is among them. This is much too slow.
Suppose that each new object created received a pointer that was time stamped ill its high
order bits. All objects created in a certain time interval have pointers within a specific
range. A fast piece of microcode can search all fields in core for pointers within the
range. When the sweep of core finds a pointer within the range, it hashes to get the object

and bumps the reference count,
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A pointer now has this form: <Time created>,<other info>. Since most new objects are
shortlived, the time part of the pointer must run circularly and be used over and over. - But
what about the few new objects that survive to become longlived? How do we know not to
use their pointers again when time has gone a full circle? Keeping and consulting a list of
all longlived objects is too costly.

If new pointers are created in a portion of the address space reserved entirely for new
objects, then the survivors that become longlived objects must be renamed. To rename an
object, we must find every reference to the object and change it. Fortunately, the sweep of
core to create reference counts finds all references to new objects. The sweep can replace
every temporary new pointer with its permanent.name.

A pointer looks like this:
I VVYV I PP 1 mIHI I SSS I = 16 bits

vVVY = Volume number of permanent pointers. New pointers are 017. Thus one sixteenth
of the address space is reserved for shortlived objects.

PP = Phase of time. Four phases allow creation in the first phase, aging for -two and
recovery during the fourth. (Each phase starts its group of names through this process).

SSS = Size info (a part of the pseudo class number). Eight gradations of size provide some
information for finding an object on the disk.

Ilifill = Instance number. Only 128 objects of a given size may be created during one phase.

How do we assign permanent pointers to those new objects which survive after the fourth
phase? We have complete freedom in assigning an pointer except that the size field must
remain the same. Each of the eight sizes simply uses up names in order and keeps track of
the latest pointer used.

Will name composting pay for itaelf?? Here are some numbers I would like to know:

1. Suppose the cost of reference counting in the current Ooze were magically reduced to
zero. How much working core space could Ooze lose and still preform better than now.

The space would go for objects waiting to be recovered.

2. The cost of recovering a dead new object can be divided into two parts. One cost is
associated with the creating and freeing of the object, Another is the overhead cost of
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sweeping core. The relative coht of the sweep overhead determines how often core'may be

swept and how few objects wait for recovery.

3. The number of reference counts is proportional to the numberof stores in pointer

fields. Thus we would ] ike to know the ratio of pointer stores to object creations.
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**• DRAFT ***
This is an incomplete document, but here it is, in case you have suggestions
for how it shouldbe completed

CONCEPT

00ZE is an object oriented virtual environment. -This means that a pointer in
OOZE designates an object, not an address. A specific implementation with
16-bit pointers can therefore handle -65536 objects. If the mean size of an
object -is 20 words, this amounts to addressing an entire model 31 disk.

Figure 1 illustrates the organization of OOZE. References to data are made
indirectly through the master object table (MOT). This achieves expansion of
the address space and flexibility of data management at the expense of an extra
level of indirection on all references.

Entries in the MOT must at least locate the data (disk page, word offset), but
may include other more descriptive elements-such as size and reference count.

The chief design issues involved in an implementation are:
Choice of descriptor (MOT entry) format
Management of MOT and DATA
Resident form of MOT and DATA
Management of resident objects
Swapping structures and methods

FIRST IMPLEMENTATION

The first implementation of OOZE will be as the foundations of the new
SMALLTALK system. This slightly complicates the final debugging
environment, but provides the most interesting test conditions I can imagine.

USER INTERFACE

OBJ + CREATE(LENGTH) will allocate an object with room for LENGTH words of
data.

REFI(OBJ) will increment the reference count of OBJ.
REFD(OBJ) will decrement the reference count of OBJ. If the resultant count

is zero, the associated storage will be freed.



VAL + LOAD(OBJ,WORD) returns the WORD-th word of OBJ
STORE(OBJ,WORD,VAL) stores VAL into the WORD-th word of OBJ.

PTR + LOCK(OBJ) returns the core address where OBJ is stored, and prevents
OBJ from being moved thereafter.

UNLOCK(OBJ) undoes the restriction imposed by LOCK, and invalidates PTR.

The first five of these -are needed to support the SMALLTALK interpreter. and
the last two will be necessary for certain structures such as fonts. timbres.
ether buffers.

FORMAT OF THE MOT ENTRIES

Disk address: 14 bits are sufficient to address all of a Model 44 disk.
Word offset on page: 6 bits are sufficient here, as allocation will be in chunks of

four words.

The MOT entries will be 1.5 words each, with the extra bits remaining
available for such flags as may prove useful in the application. Favorite
candidates so far are: monitors lock,- and pointer(meaning this object- is all
pointers).

FORMAT OF DATA

Data blo-cks are allocated in units of four words on the disk. The first word of
every block contains an 8-bit reference count and an 8-bit length. If ever the
refct or length overflows, then their full value is found by reference to an
escape table. A reference count of zero denotes a free block, and such a block
will carry forward and backward links for allocation (and possibly a size
extension).

In favor of locating length and refet with data is the in-core situation where
the disk pointers will be thrown away, but the length and refct are still
needed with the data. Also, the attractive boundary-tag allocation scheme
wants a length field and free tag in every reserved block.

MAINTENANCE OF DATA

The reservation and liberation of data blocks will follow Knuth vol 1 ex
2.5.19, However, a workingset effect might be encouraged by trying to pick
up the free list near a recently referenced or allocated object. Scanning to find
the freelist and :scanning along the freelist should be possible in the shadow of
chained disk reading.

ATOMS AND SMALL INTEGERS

Atoms and small integers will be recognized as having object numbers within
a certain range, say atoms 0-3777, small integers 4000-4777, Atoms being
thus recognized, may simply point to their pname strings in the data file.
Small integers betray value as well as class by their object number, and hence
need no entry in the MOT or DATA files.



Atoms do -not carry reference counts - garbage collection of the atom table is a
slow and painful process. --Do it overnight-along with detection of -circular
structures.

RESIDENT OBJECT TABLE (ROT)

The ROT will be
core address of
lock bit for ob.
reallocate bit 1
word entry.

a hash table of about 1000-2000 entries. It must store the
each resident objects and also the object number key residue, a

jects which must not move, a dirty bit, a vacant bit and a
see below). and -some aging information. It looks like a two

One might be inclined to save-the disk pointer in the ROT, but this is a high
space penalty. Moreover, it will only be of use for data which becomes dirty
and has to be written out, probably only 10 percent or less of the
transactions. This figure may seem a low estimate, but remember that we
only need to worry about those objects which really become dirty, not all
those which happen to be on ·the same page as another which happens to get
dirty.

MAINTENANCE OF RESIDENT OBJECTS

Resident Objects find themselves in just the right format for an in-core
version of the same allocation scheme as is used on the disk, except that the
free chain links will be core pointers instead of disk pointers!

There should be a mechanism for marking a resident object "vacant" if it
has been freed, but has not yet been written out onto the disk as free. This
would allow both its- object number and resident storage to be reused without
core shuffling or disk allocation. To this end, the ROT entries must include a
"vacant" bit and a "reallocate" bit. The latter means that, since this
object number has switched to designate a block of a different size, the
previously designated block of the DATA file must be freed, and one of the
new-size located and installed in the MOT.

The reallocate bit should allow for trivial data file compaction: one-simply
reads in an object and turns on its reallocate bit. It will then have its old self
freed, a new copy allocated (presumably in a more appropriate place), and the
MOT will be duly updated.

The recursive reference counting which assures freeing of substructures all
takes place in the resident space. Freeing of objects on the disk will be
simple freeing.

DECISIONS SO FAR

Implementation plan above
User Interface as above
Data will be allocated in 4-Word chunks.
Length and reference count reside in the data blocks
Master object table entries are 1.5 words = <disk addr, word offset, flags>



UNSPECIFIED AS YET

Swapping algorithms - a juggling act of reference counting, maintaining dirty
bit"se, and incorporating the 'vacant' object concept.

Swapping strategies to prevent many seeks to same page when dealing with
grouped data.

REAL QUANDRIES·

Just how much should OOZE know about the data it stores? It seems that it
will have to know whether an object is composed ofpointers{in order to
maintain reference counts. Should it also try'· to figure out. -size information
from the class pointer?

And>h*.much should the interpreter know about OOZE? Atoms and small
integers are two examples where separation breaks down.

(In order that SMALLTALK sttrings and vectors (etc) be stored with reasonable
effici'ency, it would be nice if, for instance, the additional 3 bits which
specify byte length (finer than block length:):itould be encoded into the class
pointers say by having 8 flavors of class string. This is not necessary at the
outset, but if not done, two bytes of string is all that will fit in a four word
block of disk space (not counting MOT entry)!It would be possible to
convert to the )normal form (leng€'h word::follows iclass pointer) at the time a
string is brought -into core, and vice-versa, but it's another case -of the
bottom level routines needing higher-level smarts. )
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