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PAL 0 ALTO RESEARCH CI‘NFFR
Learning Rescarch Group
October 6, 1979

Trem: .- Dan Ingalls _
Te: - -Virtual - Memory Interest

Subject: - Making Space for Smalltalk
Filed On:  MAXCINGALLS>Vmem Brave

During the coming vear, LRG will ‘be building a new virtial memory for Smallialk. Our plan is to
~spend aboul @ monih specifving design goals, two to three months completing a deszgn amd ahout -
- four months on implementlon.  This memo began as a talk with Alan, and i1s purpose is fo present
" ea set of goals as a largel for criticism and a stimulus to-contributions. during the first phase.

- Many Users -on Different Machines

Trom-the beginning, we want pmvuh, for many Lsers sh’mng the same arge cnvuonmsnt on

*geparate machines. We feel that the assumption of ethernet-like communication forces an
“appropriate mocdularity to the design. Moreover, we want Lo assume that the various Smalltalk

‘wsers may e running on different interpreters in machines of differing types. If done right, a
NotéTaker user should be able to execute a save command, and then resume that saved image
on a Dorado. Moreover, -t should be possible to spawn processes which could migrate (o any

Cmachine of - the “ether and continue their simulation, with the apparent effect of adding
~processing capability m the shared database, yet with no need to alter the real underlying -

database - server,

'%hdrad Archival Data dnd Woaimgqei Mdnagummt

The design issues fall into two fairly distinet groups: those’ that deal with’ the management (}f' a

_"}atgc shared archival database, and those that deal with management ¢f a small iocal imshared
~workgpace,  Rather than spend the next year trying to figure out how these fwo are the same,
- owe 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 tocal workspace issues, they should be able to

be handled at-a high level in. Smalltalk, and we may be spared the drain of separate

Cimplementations for differing target :machines.  Similarly the local workspace issucs may be

tailored to each machine - NoteTakers -which detach for remwote use, Dorados which have

'ha}“dWare_pdgmb SUpPOTt, and s¢ on. -

-"bmpmnw Beh‘mor
CTWe have learned from Sma]]talk 76 that - DbJCCi deppiﬁg real]y works - ever i the face of
© . significant’ performance byugs. However, besides removing those bugs, we would like the noxt

virtual memory to take advantage of the connectivity of typical workspaces. For instance, if an

" ohiect 15 to be purged, it makes sense that all other resident obiects that are only peinted to by
it besalso written out at the same time, and to the same place. - We should be able to take even
‘greater advantage of this docality of reference by incorporating stime of our earlior ideds into the

' stmc‘:u%_res of both the -local workingset and the archival data.

- Relationship  to Existing Systems ' _
- With the vast resources at-our disposal, it should bc s;mp?c to 1mpicmcnt outr own Juniper and
- design another Smalltalk interpreter from the ground up. . However, just to be on the %al"a, side, a
“figure of merit for our design will be its ability to work with .exactiy what is currently available
“Tfor archival data management and interpretation of Smalitalk.  Juniper and possibly an BFS-
- obased: Betree server are the most likely choices for the former, and the existing NoteTaker
S interpreter, with its carbon-copy Dorade and Alte brothers is the only chioice for the latter,




Food for Iheught : '
" Many issues, cach worthy “of PhD woxk spung 1mmedmteiy to mmd

How should the shared databasc be addressed?
What should be the structure of remote -objects? -

- How should both' the shared -and-local spaces be partitioned 10 ;i'i;oir.éde swép'ping-ﬁﬁits
which are neither too Jlarge not too. smali?

. Whon an external object is brought into a focal space, should it be cxpioded" {ie, 311 g
- parts relocated relative o i:hat space), ‘or should it contitute ;tq awn-"zong” asa \nrtual :
machine Withm the host? - :

“What does it mean to "reledse a new system” in ‘this context?

" How do-we ensiite that a failure of onie machine doés not compromise the integrity of
the entire -system?




-~ Messages from file: [PARC-MAXC]<ADELE>MESSAGE.TXT;1
-- MOMNDAY, OCTOBER 15, 1979 10:15:56-PDT --

Date: 12 Oct 1979 2:37 pm (Friday)

From: Marshall WB3ST

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.EQS, Goldstein.PA, ABel1.PA, Horn.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 Tocal 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 Tike to generalize this concept by dividing all
objects into the two sets "active" and "inactive". (Think of active objects in RAM
and 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

refct 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 "Smalitalk' 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 he made inactive
etc.

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

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.




o 'T Lany Tesler

I rom: Adele

R Vn‘m&l Mcmory and me.

E -'."Sorw for thc dean in repomng back but hcrc 13 a brzef‘ omhnc of some (}f my Smaﬁm‘kk-.’. S
'mformatlon sharmg nee:ds : e o :

N .-The mam apphcatmn I am warkmg on. right now 5. thc Leesburg ﬁeld study “Tn. the iong un. I ‘am
7 interested in implementing A managemeht envnonment for c@mpumr ~assisted Icammg {the Ideas

' System) Neil and I have writien several descnptwe memos’ about thie databasc for thé Iccsburg
prejcct and associated lessons; - the first memo outlines the Ideas sys‘{em as weil. - I have attached

' copn:s in case y(}u want to scanthem. ~Here T will simply ontline. the’ aspccts of the: apphcatmns‘

' _.pr{}grams that rcquue timely access to the shared mf‘ormatxon Fach mvolvcs muIt‘spIe usem M{}st T

gan’ ta‘ierate upd&{c pcuodmai}y,. exccpmons are noted

N 1 Creatmn and mamtczzance of a Xerox’ product and Xer(}x compcﬂt{}r S pmduuz dﬁtabase Data
Cacdess will be done’ (is “experimentally -now done) via browsers and forms of vanom kinds. - A

o pmduci descr;ptlon is i set of dictionaries plus some sets and. Strings;  we are gmng to be 1ev;smg SRR
_ 'this so;ncwlmt but the Hoint is the large number of lar e dictionaries. - Therefore, unlike p;wmus- :

- _databﬁse experiences 'LRG h&b had, each primary object: (msmucc of ‘class Product) s very l'zrge ' Ll
' beeause each field i 15 aﬁswned toa. large dictionary object. Wc: cxpeci to Jink in ;cfcmfm,s to magcs S

. -_Z-Gf‘ the ;deucts aa weﬂ bui curreﬁtlv search-a qeparate pzciure chcimnaw

o Thc currcnt bmwsmg methods use Fm{ht to locate tbc pr{}duct ;mtancc and then b;mg in Lhc fi‘ull '
g 'objcct description. This is 00 space ‘consuming and probably ci}sﬂy i tide for Ecsson applmtmns

o Wc p]an Smialftalk code for reading only the. désited parts (ﬁcﬂda} Dbt w0u1d pie.,f‘ei soma;z virtual L

: _'memory dsswt--snmethuw like the - foﬂowmg

'Wf; wm{c code o read thc datab'we find if, -and: read thc ehgcct in Only ;t comes in a3 a

' "c‘aummy, with' parts assigned identifers for the refrieval of the actual information.. “Orily whcn code - - i
" tries 10 uise the-patts does the actual ‘data come i, This behavior s recursive in that once a product” -
B B 1 retrieved, one of its dzcuemrles {parts) might be sent a message: bui {he wholé dl{,n(}nary shoutd = - -~
- niot be retrieved, only the entries that are referenced. 1 believe: this is thc Obvmu‘s cxtensmu 10 Doz.e- RS S

: _:and is alrcady pianncd by ‘the - wrmal mcmory desxgn team..

_Thzs storage ag dmtmnancs is gomg 10 ch'mgc dlamat;cally Wc expect to redundantly store the
- information about ;}r{}ciucts currently referred 1o as - “needs, featires, advantages-the redundant

Lo store will bea t{}pelogsaal onc miich like a semiantic net. ""l“ht, curricutism for each stadent will also -~ -

be represented in this way in order to describe plcmqu;sm and - pmctn:c links. " in both 'caée%'" the

topology {a netwmk) is to be stored separatciy ‘with references to the models {needs et-al or Ie%(}ns) -

: - because: tharc are several. pmssﬂ:ﬁc topologics for any sct of productx of lessons: Bill Finzer did a

'ﬁmt pass on this curriculum mapping probiem last summet. 1t is- harder’ than the- Jzoduct database
et replcsentﬁtmn bccausa Of thc dynam]c way in whmh it mlght f:hange {see #5) '




2. Lessons 'rtzadirig' the database aré described in both memos that I have"attaohed ~One of the B
" research issues we are dealing with s this use of o database” 10 generatc lessons by mcludmg._-s_”

 retrieval déscriptions in the: lesson -models (we call these "unit m(}dcls”) The databﬂse sharmg.-’ S

'-":'_'pmblems are ‘the samc as #1,. cnly with 1o updatc requifemcnts

" 3. Student history databasc maintained by output from. ihc icsmns ami read hy t'e’achér«;."' for .
" reporting. - A single user would update a histoiy (for that’ user) ‘but @ teacher might be biowsing R

student histories at the same time.  Since teachérs are curriculum deva’iopers at, say, Lcesbmg and
students, ultimately; will be at branch -offices (or; one day, at bome) thc dlffcrencc in: wmk h{)uis '
will pr{}babiy cause - this conflict. L ' '

4, Territory management game described in the first memo will require multiple ttser's;';:.;pdz;t_iﬁg a:
- model of a sales territory. “Thisis an examplé (similar to the ones 1 pointed Gzit'_t{)”l{i'chard Moore)
" of a fixed model whose "parameters” -are changed by multiple users; -each user might require.

- knowledge ef changes made by the other users, especially if cooperative: sales expenenccs are 10 be - -

-simulated.

5 The i'd'.ea's 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 _:m:a_i'l' is from- teacher to-student history inr - '

“order to modify the student curriculutn instructions, that is the curriculum topology (sce #1) (what -
- the student sees when he or she selects "map™).” This does not seem like a very unusual application;
__but mcludcs the transaction problems caused by student. acadmg whﬂc tedcher is: seﬁding an update s

6. The Tdeas System includes the notion of unit muodels ‘which représent femplates for lessons for

. which curriculum wiiters might search, edit, and archive as. new models or actuai ']'é_ssn-nsh “This s

~quite complex because a unit model.inc‘iﬂ&eé-an-Objerit% call a "guide” which links units. Asa -

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. Multzple users fnight be- searching the B
- unit model database - and -multiple student‘s might -be- ICtilOV%ﬂg ‘the.. samc lesson.

'_"_Usmg the Te}ephﬂne .

_Somc of the NoteTaker clients have database nccds that are ot unusu'ﬁ except for the mqulrement'

- to use-the mlcphone-to zain access to the network -and herce to the database, ~An example’is to
-develop -a database for an MRP (managing-resource  personnel, oi"smm'cthing like that). ~The
“information  stored is a simple record, but two fields can be 1cngthy commcntary, much like the

-annotated bibliography that Steve Weyer onée implemented,- Typmaﬁy retrievals would: E}Ut lequire o

the -entire record, only particular parts. - Giver: transmrsaxon over the' telephone lines aad constraints
" “'oi the NoteTaker memory size, we mlght censlder Icmevlng Oﬂl}’ th{: *mtx;al zccard cmr;es (much'_
" like the example  #1) ' ' ' -

S{Jy'in.'g on the - Carrent lfnp!cméntatiﬂﬂ :

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

- dictionary from the database represents. only a s:héiil.;jercénié_gejaf the execution time. Most of itis




“-in‘the fileserver interface and-the etherworld code and some gains here would be imuch appreciated. =~




. 'Slwrlﬂgfycmh: :

i

“Sharing OtherOhjects

" Inter-0ffice Memorandum

“To . Vmem Interest
“From - Diana Merry

Today’s Meeting - -

" ‘Date = November 7, 1979

Location -~ Palo Alto

'brgaﬁizatidn. " N
IRG

The meeting today included the restatement and discussion of goals.  Most of the -
- discussion was fotused around the issue of sharing. What follows is an attempi 1o
cduplicate what Temained on the board at the end of the meeting, - :

-Mechonisms
Sharing == howe
Nammg

‘Big address Spuce ~~
) Mesting - - address space

- iRy - Gfouging ~- Wworkset managemert
LAY Aeess e nand
o - EAYNehration scon fiematlon /s me rging
SAYPOEsd Thanges, trid execution
U D ferent ways of Lrying updares,
1) Natify/confirm with checkpaing
=tg) Reverse action
| EZYVersioning
) Severdl pivet paints
Y Synchronization by versicn

. Swapping
U \ rbage colleetion .-

Means

Locate common Bnits
in different aspects of vM

Versions
_ Sharing -

Commion w51 VM
tabers . Compatiic implemenlations

NoteTaker save/ Dorado load

- - nverse also
Natning :

Release of $Sraalttalk ahdsor apglisations
2 Wizard says this is it

Pragmatic - sharing all unczlierad sthff
"Package”™ relzasing .
- Progection ~- crash suividul -
~ Garbage

Anterface to SmeliTalk '78

Transactions arg 4 coarse grain on system. iwonld Ling
"Casting off* (4 NoteTaker
" Privaté objects
Provision for ascess

Interpreter "

Core

- Disk
Server

‘Beyond




Inter-Office Memorandum

To Virtual Memory Interest Group | . : Date April 23, 1880

' From ~ Ted Kaehler and Dan Ingalls Location  Palo Alto
- Subject  Lambda Scheme - Organization LRG

for the Large Object Oriented Memory

KEROX
Filed on: IVY<KachlerxL OOM.mmermo |

"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 Jambda scheme and is a

madification of the fully resolved pointer scheme. The virtual space is double word addressed by 31

hits, allowing a maximum size of eight billion bytes. The swapping unit is a single 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. Ifa field of an object in core does 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 lambda 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 poinier). Larry Tester 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 buffers.

Pointer Manipulation in Core

© A pointer ficld of an object in core contains 16 bits and is either a local pointer or a lambda. “A
‘Jocal pointer is an index into the OT. O7 entries are two words long and contain a reference count,
some status bits, and the core address of the body of the object. (See figure /). The header part of

. the object body carries the object’s 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 flelds. (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 Joaded 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.

Reclaimation 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
‘umber of fields in core that contain a local pointer to the object. The disk count plus the delia
count equals the number of disk format pointers (0 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

Jigure 2},

The OT count is the only one of the three that changes at high bandwidth. Afier 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 8
~zero.  The act of converting a Jambda (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 o 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 truely not referenced and the disk space may be reclaimed.

Fanlting

“The OT is a hash table with each object’s disk pointer as its hash key. Fach 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 object’s entry in the OT cannot be moved once it is assigned. (Local

" pointers index to that location). The OT is kept somewhat sparse so that the reprobe chain can be

ghort 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 ficld being loaded or stored over contains a lambda. The disk image of the
parent obiect 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. [f the parent’s page is no longer in the
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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
B,

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
i 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 buifer. Hash
the page buffer table {PBT)} with the page part of the disk address and install the new buffer.

Purging and Compaction

The creation of a leaf, expansion of a leaf to an obiect, and creation of a new object cach ask the -
allocator for a block of core. When no core is available, a purge throws out objects to gel 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 0 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 clean and disappears when the last local pointer o it s converted to a disk pointer. The
act of purging a normal object and leaving a leaf will evaporate other leaves as loval poiniers are converied 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 truly clean object. The strategy 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 obiects ecarly 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. Itis

. 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 guad pages to allow more objects {0 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
testhed for research on grouping techniques. Initially, the virtual memeory files wiil 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 writfen 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 causc entire pages to be clean at purge time. :

' Versions, Page Sharing, and Saling

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 cmrent 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 {ile. Versioning serves both as a means of releasing systems to other users and of

personal checkpoints. ALl 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 putdated 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 faniting. When the PRT becomes too

~fragmented, we will recopy cntire blocks of pages to the current file. Many runs in the most
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- fragmented part of the PRT will thus be replaced with a single run.

~ABell, Deutsch, Alan, Bebrow, Krasner, Hora, Althoff, Merry, Téslen Robson, Goldstein, Shoch,
Weyer, Kachler, Ingalls, Marshall WBST, Gifford, Lampson, Masinter, McCall, AHenderson,
(message toy McJones, MBrown, M Kay, Baldwin, Strolte, Fikes, DaveSmith, Lansford
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Filed oh: <’!'“;ésic'r'§¥1’vicm8ys'Re'q;p'réss e

o .}ntmductien

o Smalllklaterest - Dwe  November2g,1979 . .

' 'This inefmo siimmiarizes the g(}ais of the planncd Sralltalk-78 rnum{}ry systcm and requests feedback__-' o

from interested  parties on the requircments that sucha:memory’ systenn mmust-meet. The memory

« system- desigi group “especially invités comuments about the needs: of apphcam}ns pmgrams that G

' '--'_.‘reqmre shaumg of information’ between workstations.

. Smalltalk-78

iSmallmlk 78 is a 1e1mpiementaum ‘of- Sma!ll:alk—?é wn‘h the f‘o]’i()wmg dsfferenc:es

{1) No Oaze The Ooie (Dbject~c}rm11ted mned enwronmcnt) virtual mcm{}ry system hag
beerr Gmitted . _ . _ o

2y Fast objecf access, " A reference to an. ()bject i fhain memory from another objeat m'

L main - meniory is zmplemented by an index. into a resident ‘objéct table whmh i turdi pomts‘"_ B

at -the bi{)ck of storage occup;ed by -the" :referenced Object.

-'{?) Canizguously szarea‘ pmcesses The contexts f;hat f;ompr;sc ) process are; stored n- a'
' c:&nwuo\zs bi(}ck Df storage - managed as ((}r i;ke) a. hardware swck R

Inother m}rds Small{aik ?8 1s zmpicmented in a conventmna% way a8 A si:ar'kwonented byte code' .
" internreter: with dynamic allocation of resident objects. Implementatwm onthe Dorado, ‘Alto, and -

1 Notetaker are at’ various stages of near - completion. - Al available memory” can he usaci e

- Performance of remdent pmgmms is roughly ‘twice - as fast as m Smaﬂtaik»’?é

- Currcntly, the, c]ass Tibrary-of Smaiitalk 7‘8 is'a large Subset of that -of Srialltalk ?6 me now untﬂ"

the ‘end of 1980, LRG and frlends are rcwmmg the class hbrary to make Lt more conmse more -

--'_'conmstcnt and m()re Hcmble




’Smal’ltalk 'Methﬂry System  Requirements”

--_Vmudi Memory and Public Memary

L Weare cmrcntly désignifig a new memory: managcment systcm ﬁ}r Small&a&k 18, Among thc active -
gollaborators have -been: 1Dan - Ingalls {chairperson),. Dan Bobrow, Peter Deutsch, Ira Goldstein, -
 Austin -Henderson, Ted Kaehler, Alan Kay, Glenn Krasncr Diana Merry, Richard Moore, Dave_'j:

Robson, Larry Tesler, and. Steve Weyer: : '

. Dne'-go'aI of the System is to provide-a jr‘:zsr virfaa? MEmory: - Thé v%ftuaf m‘-emory'shﬁuid expand the
address space well beyond the bounds of main-memory. - However, unlike Qoze,; when ail needed
~objects are resident, programs shoukd run without virtual memory overhead. - Work;ng sct a:hanges
should be awomphshcd with far lIess thrashm:r than 111 Ooze : .

We wish to allow ijccts stored. outmdc main memory to resuie on both local disks and remote ﬁ!e
Cservers. 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 sup;}orr; the zcturn of changed- Ob;ects o those medla under - spcc1ﬁcd cfmd;twns :

LA “second g(}al of the system is"to plOVIdC a large pubhc memory, e, t{) allow sharmg of g
: :nﬁormatmn a:m{}ng workstations -and - servers. .

oo Athird goal is to allow detachinent of a work%tatif)n (espccmily a Notctakm} fmm the network: with -
- a piece of the private and/or public memory saved locally,-and to later reconnect (o the network.
' _and rcconcﬁc any. d:ffereaccs thiat have arisen between the Jocal and .rémote environrment.-

It may or may net he trae that the: virtual memm'y system- must bupport the public-memory system
~and/or the detachment capability. An alternative would be 1o support sharing at a higher level, in
gither case; there may be advantages: to making the swapping unit {page, segmett, o1 whatcver) be
“the same for both local swapping {d;qk <= main memory}-and reniote swappmg (public or piwate :

- remote - disk < > local disk or main memory}. . '

:Appllcaimns of Pr:vate Mcmory

' i{easons for hawng a prwatc memory larger than the: size of mait mern{}ry “are well’ known A
~reason. for allowing -parts -of that memory t0-exist on remote file servers-is-that Notetaker-like ™
'_machmes have  disks ‘unsuitable f{}r fast swapping of‘ large - &mounts {}f mf‘ormauon

Apphcatmns of Pubhe Mcmory
'..:"I’here “are scvcfat pesmble apphcauons h)r publlc memﬂry, zi’xchxdmb -

ijstem releaqe control -
" Program - library - qhanng _
‘Collaborative  document prepardtion-
- Mail - systems
‘Data base manage,mcnt
Distributed "mu ltiprocessing . '
Multiuser interaction with vicws of thc Same. changmg model

® K H ¥ % K %




' Smalltalk Memory-'Sj;%stem_ Requiremients © Ll g '
-Tmpieméntat'imz' Characteristics “of a - Public - Memory

Each type of application makes dlffcrent demarids on & pubhc mem(}ry system Below are: 11s1:ed a-
 number of - dimensions along - which m characterize & puhhc mcmﬂry sysﬁem

* Grain of transfer (field, object, page, - segment, wnrkmg set;: message ‘user: actmn s

expressxon relation, ..)
: Capacity {in umts} of main memory & (}f local dlsk
o © How much of a transferred unit”is. actually  utilized -
* . Speed .of tr'ansfer 'to!’fmm-'public" "mcmﬂry'__ :

* Transacmn _processing “host (Iecai or rem{&ie}
xe Speed of -communication’ between users - {bandmdth “and- delay)

DL * Ccsnsmtency txadeoff (conmstency with- earlier access by thzs host vs: c0n51stency wath :
Other hests that - are accessing - the: -same mf{)rmatmn} : : T
* Copies vs." originals o
' Versions (PIE - layers)
Update  delays - _
" Detached workstatmns o

E

) ¥ -Crash rccr}very
o * Gdrbage collection B - _
o Range of host “types: {N()tetaker D(Jrado etc:)

©* o Affect Df perfonnaﬁce c:haractemstms on pr{}grammmg style

An Tssue =

.There is-one hotly contested issue at th1s tirme, nameiy, how o provxde fﬂr & w:de range ()f deiays in

- returning information to the public. memory. For example; to. run TeleSillike applications, it is. T

_necessary to return information to the shared memiory as soon:as it chianges. ~ On the other hand, to
. share program libraries, .it is desirable to defer ‘the ‘return of a changed -version o the public -
“memory until it is completed and debugged {as long as there is-then a way 'to reconeile changes 10

the same programs by multiple users)... Similarly, after 3 Notetaker has been detached from the
- network, the information in it can not bé returned to the p‘ubho memory until it'is recomected' v

“One: theory holds that all apphcatmns in the fast-retirn- category are, Tike TeleSil, 1mp§ementable by e

sending. short model-update messages: directly to the otheér machines involved and bypassing the- file: |
servers entirely. Therefore, memory svstem designs may. agsurie that changeﬁ information need not '
be returned  rapidly - to the public memaory  excent in: tiazs spcmai way ; S

The opposing theory holds that some intereésting data base management systcms reqmre up- to date'
" views of overlapping -information by multiple workstations. ~Therefore, mcmory system: desxgns must -
~have . a way o mturn ;nformat;(}n rapzdiy to the  public memory.
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: --_Reqxscqt for - Information

If you have 1mpiem0‘atcd h{)pc to 1mp§emenn used o1 Hope to use a system with- shaseé memory,- R
_ if you have thought about the requirements of one or more applications of public memory,-
_pieasc et ihe design group know  (through me} . '

. * ' What is t,he application?
¥ “What is -the user’s perception of gharing‘? A

* - How rapidly must views of public data on multiple workstations ‘be reconeiled when

- changce oocur? How soon must changed data be retarned to the public memory? - Can all
cases where fast return is required -be handled by shoit messages to other. w()rkstamms
having active connections to this- one?

- What -grains of 'transfer might-be. suitable? -
~* . Where does the application -fall along the C{}mﬁt{mcy tradeoff’?

* . g it important to implement the ap{ﬁmatlon an a portable machme like Notetaker‘? Is ..
" detachability important? _ . .

- What crash recovery rcqulrements are thcre dﬂd whal: spemal 1eiaabﬂity pmbiems dnes |
: ﬁw apphcanon pose‘? ' .

* ~How is. gar‘mge produceé and how mlghf; 1t bc detectcd“'

*  “How -helpful ‘or unhelpful would be each of the following repreaeﬂtau@ns Gf the
“ shared data: .
* o Buee
- .- ‘Relational ~data base’

‘Individual objects
- Freée-structured mdepcndcnt ObjCCtS

- Graph-structured independent Dbjccts '

~Interrelated  objects
- Paged linear address space

" Zoned versions of any of the above .

© Mutltiple - host versions of -any- of the - above

¥ £ % £ ¥ X £ %

' _* s there' a natural naming -sysf:em for the objects in ﬁhe public memory? -

In what ways might the virtnal memory syst«,m pmhta‘nly sapport a00ess to pubhc
memery‘? S . _ _ : S AR

Any other helpful commerits are invited. -

o : Prmnpt replies are ez}couragcd even ;f they addrcss only some of the 188Ues.
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o Cpad/wrife MCHioTY, simmblc among ofie or more processors.. The smallest size Notetaker has the
o sametamount of iemory as 4 minimui-Alto; the Iargest has- twice as much as-a maximiim Alto In

. mcmory
- useful to you to know how: miuch memory LRG <~ the ‘Learning Reésearch: Group at PARC - s
. cordering for our many. Notetakers, and the reasons we are doing so. -{(LRG advised and assisted in -

' 'sybtem )

.;Hdrﬂﬁarc Optmn‘;

. ".'_'_Thc attached Memo - me SPG explamb the hardware optmns and their puces An zmportant fact: t(}
- note.dsithat if your maching s configured inthe sstandard way (including three memory boards of

'.m the aabmet are: uscd up,_and the pc}wer supply is stretched - its hmlt

..'fSGme users may. need 10 mscxt addlzmnal boards ﬁ)r homebrew hardware for more. processors or' .
SRRE e e releixch memc}ry There -are -thiee: ways -one can ‘free -up ‘card slots: remove -memory boards,
'acmove {}nc ef‘ thc gcnerat-pmpose processer baards “or remove Lhe Ethernet b{}dl‘d

ke Befoz*e d{:mdmg to refmove mcmory boasds note-that to run Smralltatk-73 requzres at least 256 KB

o and: pref‘emhiy 384 KB i Df main mcmory Mcmory reqmrcments are d1scusscd ﬁJrrher on ihc next o
page.s . . . _ e

""'.-_--Beforc dcczdmg to- Temave a. promsscr board Note that Smaﬁtalk ruis A httlc siower and muist

: ‘pause frequently t0 service the disk and other. I/O dcv;ccs WhCﬁ it must handle all ;ts s;asks w;th; s
coonlyoone gcnc[al purp{}sc pI‘OGE‘S‘im‘ bﬂard : . -

- ptinters, Altos, anid ‘other Notetakers: dcpends on. 1t Be sire yrmr commumcatmn rcqmrements cam
jbe friet by SHE HA mtc:f‘ace - - B e

_ DRAFT-DRAFT - Fairbairn, Ingalls, Goldberg, Jeffers

AL Notuake“r IT can have anywhcre fmm 128 KB (131, {}72 bytcs) ol MB (1 DfiS 576 bytcs) of fast oo
~addition, eauh pmccssor board in thc Noietaker hdS a f‘ew thousand byies of 1£s oWy very fast
IF you are’ buymg A N{}tcmkel you st dca;dc h{)w musﬁ Al HHEMOEY {0 01der it tnay be

S “the- devc]opms:*m of the" N(}tcta!(m hardwwé and is: dwe} oping . Smaiitaik 78, 1ts standard sﬁftwme'_- S

ST 128K B each, two genem& purpose processor boards, and an Ethernet board), then all the card slots e

e 'Bcfore cicmdmg to remove the Fthemct board, “note that fast commiunication | wzth ﬁle Servers,.




Haw Muiich Memoty for Your Notetaker? ~ oo g

o .szﬂlt‘ﬂk chmrcments

. .:-:.;Wc expcc{ m{)‘;t users of Notetaker 1o program- in thc Smaiitalk 78 3&nguage ‘Sm'ﬂ{talk 78 programs- :
can be fun interchangeably on Notetaker and Alto (and also Dotado). as long as they don’t depend

e ~on idicsynchratic 170 devices. - The system -in¢ludes an incremeéntal compilér; an automatic storage.

management system,-a simple text and program editor, and a substantial library of twols for pr{}gram

'_'dcvc]opment caleulation, text manipulation,  simulation, - and - graphics.

- 'Smalltalks extenswc mpabﬂmos require a lot (}f Meniory space. "’I'{;dav g vcrélon of Smantalk 78 o
occupies 231 KB of main methory, -inchiding a full-screen. bit map, leaving 25 KB for uger

- - programs. . This number will change between now and the system rc}casc planned for later thzs year. '

. _.I)an Ingatls and 1 @stimate that the space available for user progmms in a 256 KB machme w;ll be .

“between 16 KB and 48 KB, enough for between 20 and 100 pages of Smalltalk source code, less -

: - whatever space-is required for data. - In a 384 KB maching, we estimate that there will be ‘between
©0- 144 KB and 176 KB available for user programs, enouglt for between 300 and 400 pages of

~Smallaik, less data space. - Thus, the larger memory size will accomimodate programs at least four-
~times as large == and puossibly fifteen times a5 large — as will- the smaller size, for an exirg msi of a

I _few hzmdwd dt}llars

Itis poseab!e 1) devclop programs’ in-Smalltalk and then to gcnelatc an cxecutmn cmly version that- L
" takes - substantially 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-

= “Notetaker with extra memory.. LRG expects to configure some of our many Notetakers with 512 -
KB of memory for development work: and somie with 128 KB ﬁ)r execation-only use, but Wc cxpcct' :

' -most of our machmes m have 384 KB.

.-LRG s workmg ot a urtual memory system for Netctakex Smaﬂt’aik 78 that wﬂl use a network fite .

o oserver -as .a swapping store.  After the virtual memory system is finished and released, intermal - -

- meinory will be less of a constraint., -But remember, ong of the-_majm";"r:asons for using ]the’take;".is

1o be able to detach it from the network and carry it to-distant sites. - Even after virtual memory is
oavaiidble, 384 KB or more of internat memury will still havc an advaniagc for the ma;:iy applmatmns .

- that 1eqm:c pmtablhty

: -'-Recammenddtmn

Tt costs {miy a-few hundied dollars more to have 384 KB of main mcmmy than it does to have 256 o
KB Itis a real bargain. . If you don’ t m:cd spare card s?ms buy 384 KB. “You will be able 1o run
"much Iaxgcr programs. _ :

_ -If‘ you d{} need 4. %pare cat‘d slot ordcr 384 KB anyway, and ﬁrst try mmovmg a pmcessor boar{i S
“If the performance degrades too muc:h 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 ablé to get by with 256 KB. If you are planning to obtain software fiom another source, such as™ -

'IntcE and do not nesd Smaﬂtalk at all, then you may- be able. t0 get by wn;h 128 KB {)r 256 KB :

o "_-'If you need HOTe rhan 384 KB, “you can by an cxtra memory board and. rem{we a pmcessor board

L _._'ylcldmg 312 KB

I you need 768 KB or 1 MB ‘or if you need sever ral spare. casd s%ots contact Doug - [*atrbalrn o
“Dioug - Steveart about the possibility of obtaining memory boards stuffed with 64 Kilobit. chipsinstead-

" :-jaf '32'kilebit {:hips Thcy should” be -available -at 2 somewhat h;gh pmc }ate tins ycar

o If yc)u have furthe;" quest;ons do 1ot hesitate 1o cuntact me. My En{c}nct number is 8- 923—4355 :
; -:'_fr(}m thc local cali:;zg area: (415)-494-4355; electronic mailbox: Tcslm PA; mall stn- PARC 35- 2033
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ST Virwzﬂ Memory in&erest

'.'.'-.:...:._'.me Dan Ingalls, Ted haehier Yo

T Sdbject The GOZE Virtuai Memm'}'
S .}F:sed on:. <iNGAL¥.S>OQZE Beava

i -_Abszmm" Tius paper c!e&"r:nbes zhe GOEE v:rfuaf mefrc:ry. ffs cfueffeamres T
Ceivincluder - (I
oo ldrge: aa’dress 3pace ~-2:n ab}ecz‘s addressed wrf}z n bu‘s SRR
S dense workingset = only the active - abjeczs oecupy Care
o rreduced “disk activity = swapout is by zone
o further: savings = s{ruc{umf match with  SMALL TALK - :
o The descriprion presumes no lexpertise in virtual® memory, baz tt may be' TR
U confusing if you dre rot acquainted with: sacfz concepfs as: !6~b:t ward core_-_:;- e
-_-;_'..address, buffer imsh mbie ezc. _ o SR . :

o 'f Intmductmn tﬂ OGZF

ranlsate froma virtial addreéss 1o & core address where the datd is held, and:if not in core; thenw =

'_;GO?E {objec! anenfed zorecz’ em*:mrrrem) is-a virtual’ memory system Thls means th'u. lt w;ﬂ- T

it will arrange to make room. for the data and bring it into core as well. . OOZE's key f&atures'-. S

= .__"Fmr the purpﬂses c}f dlscus:;;on we mﬂ assume 1hat 15 -bit wmds are usad
A iypiéalllllllﬁl'bit'lpagin&"s#spm ‘;'ﬁ)u}'d"be'ab?fe 1o addres’s 65536 W’érds"'an'd addrés'ses'_." '
- program ‘accesses a given address, the page is looked up in a page map to find its base

; " page-is not in core, the page rap reveals where it'is on- iha dzsk as weli ‘as. what page-
'._-_'-fshouid be thmwn out 10 make room’ for the new ‘one: o R o

o avord, it provides both an obiect pommr and a word ‘of fset relative to the. object, each 16
- -bits: The' object pointer is 10%6{1 ap inca resident ohject table (ROT ) to find its base

-~ a place In“core is- allocaieé forths {}bjt{:t If available memory runs oul; then a sweep s
- made of _the ROT, to SW‘*;} _m_n__m_jems _whzch __haye not _heen reu,n_ﬁ_y _rc_:_f_ercnc_ﬁd- e

g_ums 1 mustmi{.;, the &.imctnm of O‘DZ,E Most m{eremnfr as;aecis t)f 00fi: w;il ansa by
ponénrlng U“Hb atruc[um in ihe i;ciz{ of %eveml ;}»rfonmnca cnterm SR &

“can:be: !Hustrated by ‘contrast with another well known vitual memory techmque., called pagmg-'-_'._:_.':""[ .'_._""

o would be treated as two S=bit fields calied the page and the offser; What-teal memory is | -
o avatlable would betréated as a pool of 256-word buffers for- hc%dmp pages; Whena - :

- address:in- core, and the offset is then added, yie Iding the final ‘memory address. If .the .

L A 16 bit OE)?E wmﬂd be able to address 65536 efyeczs and the address smce is dmded_} R
S into ecguat zones. Each zone-containg ffems of- eqm? size; and an c;b_:cc& pomter may be o
“-treated as fwo fields indicating the zone and item-number, . When a  program accesses'a o0

:"-_-._53-a{¥dress in core, and the’ offset is then ddded 1o get thie final memory address. - If “the o
- object i$ not in core, then' the disk address.is compt.t d from a zone index of pages and




. Access to resident data. While a-page map is-a-simply. m.dexed table, OOZE's ROT is"

. minimized by m;crocodmg the: ROT access and- it can be ehmmated thmuv‘h £he ise (‘:sf-
- i-bas& revtsters ' : - S

S Base remsters Ef data is accessed throufrh base registers, the hasiung need Om’y be d{)ng:".-_ .
" pnce to load the base ‘régister, after ‘which. the access time is the sum of the register

_hashed pawe map.

extent to.which {hxs 15 an advamava can be seen by ankmw at-the mean. number of words

f"._-".'_';advantaoe soimewhat, since it carries one mapping entry  per-object, rather than ote per
oo page. The representation of Ammediate data; ‘and :Ehe mean. resujent object s:ze are'-_'
"-"_-"-_:mportant 10 the anatysm of space utahzatmn : . : _

i -'_._immednte datm_ The- general striicture ef OGZE is smﬂar to cher segmented vmual
rmemories. The: cemrai difference’is the grain size ~ “QOZE handles every datum, dowi to

Caccessed by Kashing, and. consequently -the indirection -is ‘slower.  The delay ¢an be

. dccess, the offset add, and the final data reference. - The jinprovement actually’ reahzedf_“.-:-.'-:'_-.._
S Uwith hase: registers s obvmusly related 1o the” mean number of accesses made while a 7
- Tegister reémiains pomimg at one Qbﬁct “Paging can also-be assisted with base registers,
~but the gain-in speed is not S0 great: uniess the pagmg space 15 Earwe enouﬂh to. fcqmre a .

: __.--_-_"“-Space utrhmtmn. One advantaca of COZE is. ihat it holds in: memory unly rlze oia_;ecfs
o Cwhich it really. needs. 1f only 3 words are weeded; ‘then 3 words are used, whereas the . -
‘paging system s forced to bring in’a full 256 wo;ds, of ‘whatever. the page size is. Thet

- referenced ina paging system: dunﬁa the ‘time ‘that pave is in core (and ‘this depends ~ ..
‘strongly on ‘the: way in which storage s allocated). " The ROT space counteracts this-. ...

'__.smg,ie word integers, in the system which it supports;. The ROT consists of one. 2-word

o entry foréach objact incore, bit one excéption: redices the: overhead ‘considerably. “1fan L

o ‘object has only one data ward (integer, 1--or 2-character siring of dtom) then that data
word is placed directly in the ROT where the core address would" have ‘been,” This

o integers be!ow}

o Me*m nhject size. A goal of. OOZE 5 to provide a !arge address space w:theut g{}:ng o
- -pointers larger than 16 bits. This is certainly achieved if the mean object ‘size is on the

~.order of 10 words, since the effer:{we address space is greater- than 'S00K words. ‘At the
“gameé time, such a statistic seemis to belie our claim of sienificant'savings from: rmnwdwte’-
- data, since there must ot be many: sriall objects. . Thisis nota. {ronfmd:cfmn‘ on'the one -

Iookmg at the: statlsncs of {he workm%et dynam:cally

:"--:_:,'-Ch‘mgmo ctmte‘v:t It is more chf‘ftc:;dt for OOZE to chanﬁe from one contaxt to amther'“

©oc.separatelys In: paomg, many of ‘the new objects get brought in fortuitausly ‘because they

oo orlie on the same page as other objects being mferencad COOZE includes a: paol of disk
e '-'buf‘f“ers so-that it too can €njoy thrs " newhborhegd phenomenc}n espema!!y m thc case
' -’nthat the faults refer to- ebjccts of‘ the same zone. - - . R

_...".-.:_:.'S‘;Y‘lg}p:ng, P{Jss;b!y L’he greatest obstacls to rmp]ementmo an’ object—onented memc}ry ab
“Cithe grain of single words s deciding what to throw out when new data has 16 be brought

fo3t] fmd wh;ch E‘:

- reduces the . overhead to-one word “in this 1mp0rant case: (seé atso aroms. 'md smaii-_:'_-’.-_“' e

‘hand we are looking at’ the who'le address space. stat;cai!y. and on the ether hand wéare . -

“than it is for ‘a simple paging system, since each new object ‘has to be brought in. . EER

“into the workingset. A scheme v'hu:h worLs for. hzrve obgects is to throw Gtst the. f:fst e




' 'zone purge smines the dls!\ scat[u pmbk, smce som"if "’fort is’ m'acie to croup Fories. on ihe B
gighe wlral aads enarmously-in recmdmn how rc,centl} data h’a Been touchr:d smce the-'_-_._._
: --OT P ’mt has a mar:fz !onve_ iusmry Lhcm jusi smce Ihe East S._ ¥ b L

i "'Remdeni dm Hﬂnaoement A {:emm amount of comp]exaty is mva[ved w;th handlmg a"_- Ra
- purge.The ROT entfies have to be deleted, and “the resident data area bas to be = 0 o o0

o compacted, with ailowanne made for ﬁbjacts mhzch have been Iocked t0 fxx then‘ core o
f.address..._j_--i-__.._.--_ . . Bt . _ R

o '-Centmmty of resxdent dqta._ Remdenr 0&;66:’5 are 31‘91"63' Cﬂf’?“gmﬂaf}z so that “G 133“3 i e

Ciicaused by Ob_]r.CT,S which. womd straddie page boundanes in-a paging’ system SThere s, 70

o However, an effective uppar-limit on the size of objécts: which can: “bé handled, since a| -

. few large objects-could -exhaust ‘the availabls resident data space.  OOZE provides far
L .Iockmg of tesident objects o guarantes thf:zr Core addre;ses &spﬁmaily ACTOSS purgesﬁ In R

-_.;thas way, txme cnmal system functmns can- bxpass the ROT mappmg ent;re!y

ODZE was (:Oncewed to serve’ {he needs Df a hwh Iewi programmmﬁr system SMALLTALK
"'Much of “this service would “be the same for. APL cor LISP; and. we {:over some. Gf the
-.'consxderatmns here as ATy mtroductmn 16 thezr ireatment m the next se«:uon S

Classes and- Tones. A SMALL’E‘ALE\ class s kae a data type and its mstances are_i_ i
o typically all the same tength. 1t therefore makes senise to alocate the instances all within

-z zone. I d-class has more instances, then it can have several constituent zones, A table,
“called the zohe map, reveals theimapping from zone nembsr toclass, and thus aiiows the

‘class of an object to be cc}mpmed indirectly from its obﬁ:ct pnmter In this WAy, there is .o
- no-need for an additional’ class-pointer (& 1-word: per ‘object: m*erhead} and yet flexible =
- allocation of the address space among ¢lasses (in blocks of 128} is. achieved,  The zone - 0
- map also carries a-field for instance size, 50 that the blocks of resident data dn not eqack
_-'-_-need a size field, and "It carries” Other mformauon such as whether thﬁ object isa

" -'--:':pomterwtype ob_gect or m::.L - R _ RIS

R -"Varmbie Eeﬂﬂth data. Ciasses wzth var;ab!e Itﬁcth :nsmnces notabiy vectors (!me’xr arrays Dol

o of 164bit Objffcf; pointers) and strings (lingéar arrays of 8=bit data bytes), have many zones . ¢
 “foreach of ‘the possible lengths. Thus the Jedsth of a d~character string is revealed by~

- ‘the ‘zone “part of 'its c;bgect pomter and- thus neednt ‘Be stored in the resident data;

: .’ﬁ-angther 1=word saving. Note especially that 1= and 2= character strings (and atoms} can’

' --__'__fat in-only. 1 wmd and thus quahfy funher fc::r the Immedlate data savmgs‘ T

G “The aﬂccatzcsn x:}f a zone (or mc;re} per lenazh wou!d be wastefu! f"r:)r a!l but the most Sy
o icommon lengths, so for lengths greater than 7, the zones cover octaves of data size (ie. .

oo 815, 16-31; etc} On the disk, a 73-word variable object wotld waste'7 words but when_'.. '
-'hmuoht mLo core it wauld occ:upy 23 wo:“ds preceded by a !entﬂh word

S ".Referersce ceanfmg. GO&E suppcrts reference cmmtmﬂ by pmv:dmg 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 freeing an object,”
©Cits entry in the zone map-reveals whether (it-isia pointer- 1ype- {mosr, SMAI LTALK oo
7 objects are); in which case the- re;‘“erenca counts of ai‘i 1ha Objaf:ts pmntcd o by ity o
B -subfla‘ids are decrememf:d a]sc). : - : .

-.'Represenfﬁtmn ef amms Amms are stﬂnfﬁ U‘Cﬁd for mme% and they have 4 other: S

--’_pmpcrites in this system: : e o S . g
1) They -are not referer:ce cmzmad

_ 2) Thcar Ob}ECE pam{u lS a umqu, funcz_mn {:uf thu




C . above the 'xmfns cand thuse 100, avo;d th& OVEIhead of reference count;ng Moreove
‘since the QbJeCE pmmer reveals: the: va!t!e these smaI! mtegf:rs reqmre ro reszdem _
' :Space nor 6ven an em‘ry it Ihe FOT’ : _ : _

S Cbechmnim _ En order tt} racover frcm d:sa‘szers our scheme uses a sunple mechamsm
cooofors checkgmmm E,nry so often, the entire core image of the: System s written as a© oo
Coheader at the beginning of ‘the: O0ZE. virtual -mmemory fa!e “Thereafter,: “until’ every zone'.'_ e
- has been purne{i again, SMALLTAL:( can be’ restarted by fesuming. that saved image. .
“The: feason’-is that every ‘thing which can get smashed onthe disk by subsequent purges. -
existsas a clean copy inthe saveé tmaoe Gnly after a second round t}f purgas starts do&s_ o
ot chackpomt become mva};d e S : g




: SUbJEGtExf(jEUtlDH Of OQZE : " [}r‘gamzatanR{} .

 }1NTRGDUETION
'531nce the iast mermo ; I have changed my view Df OO?E and_zhe'current vaew. R e
Lo cisvoutlingd: below (stzli a very roﬁgh drdft} The traﬂSl{EOH follcwed rﬂughiy“:;g;"'
”.}the following path: - - . s T
' ~o e Butler said he" Was, unzmpressed by the 1dea of havlng
R *, resident and: v1rtua1 data; represpntatlons e 1den'1nai
cespecially sinte any . canver31en between: the twn
R Cwould be lost in the disk access: hxccup
S8 o With o that in m;nd it seemed to make ‘sense to zann the
R o resident data by class, to ailov a more cnmpact g
SRR repreqentat1on in-core: . B ’ : :
-*._At thEt pslnt it seemed s11£y nat to have th v1rtua1-f0rmat
. also he zened and ol PEVIVQd ihe painter format-
_ _'whleh 1-had ixgh{ly cou51dered last fall and nhxch__]
i e describod below. o
.-;QQfJThe1xn—core ?onlng looks: ugly ta maﬂage, S0 r631dent data
U - iV 1 zoned in “the sénse of being - Tocated: tﬂgethery-
Jjﬂbut the wew format’ does reveal ‘the Cl&%b of an objeet,
CUgerinsthat bense the fdctﬂrxng of c}ds ’nformatlou s jj; '
o st achzevad . : : SR
. The zoning leads. tﬂ B very nice (I thxﬁk) soiution tﬂ a ff i
L B probiém of ‘objects Zoriented virtual memory:: e
s~ hamely.a sirategy for d;scardlng oid ob;ects -;¥ ;”
-ﬁSee beiaw . S : e L

.{fAs von may gﬂther GDZE has becamc A 1ntegral par% ef SﬁALLTALK rather'“’f“}3;

_f_than soie general” purpase data- mapping utility. Severai important. 1ssuas ﬂ“"

e reinaint to be workeé aut Hust kmportant 15 manﬁgement Gf the rehldent
'ﬁ={staiage space : S - S SRR S

L _-"'-PUIN’I E 1 I‘URM&T

fTA psznter"xs a 16 b1t quantlty :pilt lﬁtO a 18 blt claqs nunber 1né a 8 b1t
Angtanée numbor “This des;gu allawq up to 1024 classes,_and AL 19ast 6
._.*polntcrs are allocated for-wach.ela The class numbez }ﬂﬁ”\bb ok cIa%s-_;'
“Cotable to pet the actual cia&s pulnter I aE cl&ss Brows 1o dncludermore. than“
s G4 instances anather class number oan: be que to refer zo that same ciaas :
= &ﬁus extendzng zts pnrtion of thc aﬁdresg space Do ERE :

s GD!b is’ thus cqpable of addzessxng rough1y GQK obJects _ .
s iislre 18100 words Celigtis half of amodel 31 disk, _or i@_timea the space T
'ﬁ_}ava11able 1n Lhe eurrent pagzng SMALLEALK : S R
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’ALLQCATIDM-Gg IN%TA%CLS  H_ f*JJ7:"'

m7H51ze ( T vO?ds} & fleld “hlch 901ﬂts tﬂ 7’ ilst_ :
instanses ol thls s}qss. and a field whzch QGJQES to a: hzttabie
g fthe free space 1u thlS class zone - af Lhe d1sk B SNt .

“j]fNaturaily, some c}aases w111 want. to bn allocated7zn a_d“fferent manner7
< uthers, for instance vectors which: are-nof fixed: length. Wh _ £y
~tHat o those tlasses dre inStances.of a Fferent class. class: It~1s really the
“oelass classiwhich points:to the- specx' __al%ecator tm'b'LuSedyby ' 'memberahi
“This organzzaalon already cbtains h 5p1r1t an: Dave Sj mplementatinn of -
ﬁ_mﬂLLTALK - sl : i sy : o

'ﬂﬁ”MAPPzNG

.}*vaxousiy, the 1nd1rect10n thrﬂugh class numb&r represents A CfltiﬁﬂI da!ay,__ﬂ
Cooand asking ‘the clags to map the Ilistance number (seems the cleanest i
jfcencaptualiy} wonld clearly failoaw perfﬂrmance Ther9§ore ar res1dent Ubjecb
oo table T(ROT) s prov&ded too a53031ate a b&se core address hlth any pﬂinter g
:g”whese lnstance 1n eare : : Sl PEER e

.._,:An entry in- the RDT 1nc1udes 16 bltq Of core p01n£er which: Iatates the raw“_

ff;dﬂta of the designated instances It aiso prwv:das G bits. of hash: ke'ﬁﬁ L
S yesidue; 1 bitoof cle&nlzness 1 blt of age- {godliness} A bxts of refefence B
””3_]ﬂeuﬂt (w1th escape to axi averflow tabl@) and sundry other flags as; needed

ﬂhaﬁ Ehe

ﬁepead1ng ﬂn statlszics “we may use one of the fi gs to: 1ndicate' :
”_the c@re

,J_.nstance 1y a one- wexd datum and is- iocated zmmed;ately zn p]dce
'f'dddresq ' : REEIRE . Al .

   TThe mappxﬂg throﬂgh th1s table W1li be doﬁe w1th m1crﬂcede and same base .ffﬁﬂnf'
-}aregzstcrs$_ ' : _ : e R B . :

31'?SWAPP1NG

'tﬂfOb]ect mrlented swapplng s A potentaal hazard £ perfermance Whén'the R
Coworkingset changes appreclably, there may be 300 new Instances o bring in,__rf’
Srather- than: 10 new pﬂges Toavoid: thra%hzﬁg i thlb situation, the disk”
"handler will have. many buffers to window the data on Hhedisk. Hopéfﬁiiy
Ctenoer less buffers wzll suffzce ¥est all -our core be w&stéd trylng;ta achieve
fﬂthe behav1or of @dgznw ' : : - : S ; S

.3_Sw&pplng gut i aiso A problem d$ 1t 15 not of much alue to _ BT i
S instance out -of core. nstead, many must be thrown out, and this lTeads t@ A

7T;d;1@mma s How: o chnose the many {heavy: aglng yreh!em) iand he evelﬂ : :
CUUWOTSe glohlem abu&t scattering disk writes, since rejects Sureiy don t gtoupf:
':nds well as demands (though there are: typ;caily fewez Df ihem)*ﬂ e _.._f'

w

;p,fflasses to: the 1escuc'. Purges of the rﬁsadpnt ﬂ&ta arc donc ot class by i :
Coleldss basiss That igy a sweep of “the ROT -is madc,'and ali znutancea of the:~i-z-u
_cﬁzrently purgxng elass which have: ot been: touched sinte thv last puzgﬁ Cafs
~wthistelass (that's whatothe age bit means) are written ut. This seems like
ClraTnicestoategy fnr partitioning “the. ros1dpﬁt dwxa tol %uap eut.t it has the
.,Q"SHBRderul feature that the disk access Wil be lncalazed btcaus& 1ustances fo”
'3]wa ciass are. faned to a’ grouy of d;sk yagas : Sl S i




© . MEMORY MANAGEMENT

' .care,,thus.so1?€ng half the problem of virtual code segments and other

' Some fufther ‘thought has to go inte the management of the resident data .
“@rea, -It's not hard to think up appropriate reservation and liberation
- algorithms, but the problem here is compaction, since the ROT must be fixed
“oap to-do a compaction. It would be nice to do this incrementally, natch.

" The desipgn of 007E ensures that all .instances are mapped into contiguous

'-simiiar'neéds surh as fonts and music timbres. The other half of the

Cproblem-is to allow for locking these structures into core, preferably with

" provision for moving them. This is another detail that remains to be worked
-put, . :

 IMPLEMENTATION

21 Wope to finmish the design of O0ZE by the end.of June, and do the |

Ccimplementation during July. Toward the end of July, there will be a
Fronkenstein party where legs of COZE will be grafted onte the body of
PDave's SMALLTALK. This operation will take longer than we estimate, but

“when we're done we will know whether CDZE is an existence proof, or just an
experiment. - '




farta, covw L[Emﬁﬂké A Couple

Qutline of V:rtucﬂ Mcmory /
0. Packing the U- Haul traﬂer
1. Why a virtual memory? What does it do?
2. Data flow maps, how to read them.
3. The Schemes:
Smalltalk 72
Paging Smalltalk
OOZE (Smalltalk 76 and Fastalk)
NoteTaker
4. What we have discovered!!

Standard interfaces
Collapse levels for speed
famous tricks

5. Large virtual memories (findit vs. ooze)

Designing Virtual Memories --- What I Learned From Packing a U-Haul Trailer ;

Everyone would like both more space and speed in the new zmplcmcrp'tatlon of their favonte
computer language. The limits of the hardware are usually etched in silicon before the dcmgn ever
starts, so the problem is to do the best with what you have. You start out with this cmpty trailer (the
machine) which you know is too small. You have a pile of boxes (services thevmen. 15 suppose to
provide; some of them must go fast), which are suppose to fit in the trailer. tan leave some of
them out if you get in a pinch, but the people who are 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 arc not usually near to each other. (To get from one good
solution to another, you usually have Lo take cverything out and move the biggest box!!) Just as in
packing, each decision you make influences the rest of the design. There are things you can do to
control these complicated interactions. You can decide to fill the trailer up to a flat level, then the
problem of filling the sccond half is scparate from the first half. (Each is simpler than the whole thing).

~T'his is ¢alled layc:mg«f The standard practice of scparating the paging virlual memory from the

operaling systcm and progmmmmg language turns the vmem into a scparate layer,

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

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

Virtual Mcmory

Smalltalk is an object oriented language. The ficlds of objects contain references (pointers) to other
ohjects. New objects may be created.  Each object is a member of some class. Each object has a certain
number of ficlds. The ficlds of an object are cither pointers Lo other objecls or just raw bils (whose
mctlnlng is knuwn only to thc_ Uhju,l 5 Ll m) N() cxpliul anUUn of the (h..uh Ul’ an i)b_[CC[ is made in

_,,

-

-l




T the dcfimtmn of‘ Smdlimlk Howcvcr bccausc of the ﬁmtc bmunds of' spacc objccts t,hat as‘c néver gomg

_to beused again must be recycled in some manmner.

In response 1o roquest 1o create’ a new object of a cortain clasq {he virtual m{:mory must pz{)wde 8

S “space for the number of Ficlds ini instances of that class. Pointers to ‘other” t}b_;cctﬁ stored in ihe ficlds -

- of a given-object must be produced on demand.- The number of ficlds in'an abject (cspg,
- length olyject) ‘must be ‘provided upon demand. -@bjects must be destroyed at the proper t

Iy a variable -

© st be preserved, so that those objects can actually be refefenced on demand. - The poin %ﬁliﬂ the class
¢ (sametime

afte,r the object can never be referenced again? Fxactly when is a-matérofioptimization),
AT mustbe done ona particular: ma(’fiﬁnc with a particular aml‘fﬁctﬁm and pnmmve mstmctmns. :

: The design of avirtual nrimory is-a sensitive function of the exact ma&hmc design; the size and speed -
e -anim:pﬁtcd for the ﬁmshed rnalltalk, and various specific details 6f what is. suppose to g0 fast or allowed -

o be big in the SmaIIt o 'e fciur vu'tual memory systems dctazlcd b;:zaw are 2 wide 5pectmm t:lf -

' "'.-des: 'ns

_ azaf Path Charts

The conversion af i celiectmn of bm to an address ifi'somie- addrcm 5pace iss0 auéornatzc in a

T camputer that we nmm*ﬁiy dQnt ﬁnnk about it. -Since much GE i v1r€ua1“mcmory duséiign depends UIl

the detaﬂs of‘ &e the conversmn of bits mto addresses itis. nnportant to show it explicztly Fagum 12 1.

: '5"-:sh0ws thc conversmn of a 16 bit word into a one-in-64K adérc,ss ‘Th rcctangle at the top is the 16 ’mt
oS R

o, Thc square wuh the dragonal line’ sxgmﬁes the conversson flot/the pmnt 0f vww of an address. e e

- _.'.';Flgure 12.2 shows a 15 E:ut quanuty dmded into-two ﬁeIds (G and‘} bzts w;dc} “This quantity addresses S

o “the even values of 4 64K space bec&usaa zero-is appcndcd at the: ng,ht {Lf:)w m‘der bits arc at E}m nght

g h;gh order- bits are at the Teft). On the aﬂdms side, the Spﬂsz is dmdcd mia ag*hlca fmm o to A (A s

: S0TNE vanabie} afree. spatc from A 10'B. and a'stack’ fmm B Eo 64}{ l‘hc armws sagmfy t}”nt the stack

o gmws dowii and the heap. BIOWS up. ‘The words every 2in the stack area meai that sotme sort of

'-bmundary cmsts ol even valaes, - The wmds some 2 in the- heap mcan that a boundary emsts on. some _i;" Es

: -evm va‘!ue acidmssas

Iﬂgure 12.3 shows an 8 bll vaiue orrmpcndmg toa: {) io 255 addms which mdc‘ﬁes i p;ecc ef‘

a5 physmai memory. - The addrcss 15" a wm’d adch"uss zmcl the’ mcmﬂry indexed smm at a locauan caﬂed

- Ttable” in physml mcmory (Thc 8 bit numbcr is ‘an mdex fo the: valuc tablc,) i“hc rcsult of a: Ic)okup

| ~in Lhc mcmory 15 shz)wn at the Teft.. l‘hc who}c wnrd is callcd ’ABC ll ES subdmdcd mto ﬁdds E F
__'and C} wh;ch are 8 4, and 4 bits wide. ' L S o SRR

- 'The diagrams shcw data flow. cmly “and not aigumhms I’Iinpnﬂﬂ:da Tiot h'av'é -dii‘écfibna"!itf : The. L

' :'-:.'address to bits ccarre%pondcnce ity be. trwcrsed cither way "l”hc cxccpuon is the 1mp0§51b11ty of

T -'dcducmg the: mcmory address from- the contenits of the mermory Ic}mtmn ﬂmccs ima,s and pam QE g

“dotied hncs show. cquwalcncc of dafﬁ,rcnt p*:rts m“ thc d;agram.










b fht v;rtual memnry bchmd Smat'itdik 76 s the Object (}mcnted ?{:xm,ci Enwronmcné (D‘O?E} i‘heﬁl g
s __-'-deqagn of 00z Was. dnven by ] set af cﬁn&ti‘amis Wc imd to fmd tha, mmplcst 1mpicmcnt3uan &h‘lt meiﬁ

' '._ali the constraints.

3 1L Oﬂzc must provldc for thc crcatmn Df objm:is of vamous classcs siﬂfmg Of 11%11‘ ﬁelﬁs rccycimg

- of the {)bjﬂ{:i when 1t is dﬂad ﬁndmg the ciass and’ }ength af‘ an ﬂbjeci (ﬂus 15 as usua}) '

_ '_ 2 The machme is the MEG wuh 1{11 bit words and 64,1{ of memory The ﬂlsiﬂ. isg Dxabla mc:rdel 31
rcmovabie pack with rotauon Ume nf 4(} s (g;ve th;s '1 mcycles*’ or m byw cade mmes?) an average

e ."_"'.seek time ‘of ?0 ms, and: 4872*256 wcrds capacats"

o "membﬁr of an ob_;ect neede{i in the' computatmn

o 3. We. waniﬂd to- acich‘e%s 641{ {}b}ects Sméﬂe ’the average iject sxze rs about 8 wards thzs ﬁt weil
' -'wnh 20*64K words on: the disk, . . S SR
4 Corc dcvozcd ‘to D'Q]Etct currenﬂy m u’}se mu*;t be packcd Every ward m tht: user cora must be a - FEERT

5 f‘i maximum of one dxsk seek per fault on an ob_;ect is aliowed

One way to sansfy constramt 5 is 3:0 keep a table in core: af‘ Lhe dmk lﬁcatmn of each abject 'I’hzs

"-.-'tablc however, wau‘[d ‘be consuiemtﬂy larger ‘than-core. Thus we wcre forced to orgamz:c t;hc disk If

i ! ..ijCCtS of the s*ame 1eng€h arc piaccd togethcr on the d!Sk ami if. t‘rmse obgects have s:onsccutwe mb;ect o

.__numbers thcn then' dls’k address may be cﬂculated from th;g ﬂbject number Notﬁ aIS(} that ot only - o

 - 5'.':-_-the digk" mcatmn of the iject s cncodcd in thc Obj{rct num%er Bbut also the iength af‘ thc abgect Smt:e T S

“all mstanccs taf‘ # c}ass havc ma samc ‘icngth why Aot alsy encade thc class mto t‘he ob}ect number by

'{m}y perm;ttmg mstances on one class m a smgic zZone 011 Ehe chsk
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- hiter-Office M&m{;l‘&ﬁ@“m _l '_

{ Ooze Interesty, ’  Dae © . April 29, 1977
" From © Ted Kaehler o Lesition Palo Alto
.Subjéct. Name Composting . - " Organization . - LRG

XEROX A biend of reference:caunting'ahd ‘garbage collection -'
Filed on: (Kaehier'}Cempost..ﬁiemo'

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 fiat 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 cijp,
-Everything gets space anew,

if only memory grew and grew,

But even that would overfiow,
~And collecting garbage goes soo sloww!

Cleaning core, [ can't complain,

‘But Til] the disk, and what a pain,
Between the pointing and the paste,

~A half an hour could go o waste,

I'm trying to take the best of each,
Perhaps there's speed within our reach ..

- in a viitual memory such as ooze, there are two ki'nds of -ijec:ts.,-s'!ﬂofilived abjects 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 destroved at a low rate.




- Name Composting

. The ideal garbage collector wau!d know. mst!gétwelv which objects were shortlived aﬂd '.
“which were longiived. ~ Garbage collection of only shortlived objécts would ‘be ‘very
~profitable, since they represent most of the ru,launab e space (if they are even slightly -old,

then they are probably dead and may be resy{:led} I the garbage coliecmr 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 yﬁu%h The magm:ty of them are -
dead shortlived objects and a few are live voung Img lived obijects. This group is an ideal
group upon which to do a quick garbage collect. All 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 2roup,

" 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 inaccessable on the
disk, one suddenly wishes one had refemece counts for the group of young objects. But
now is an excelient time to creats reference counts for them. All references are guaranteed
“to lie among the recently touched objects (in core). There will be no costly traffic in
- reference counts since we will recursivly free all dead objects and then forget completely
about reference counting.

Here is the formula for freeing the dead objects among a group of suspected dead objects.
Sweep over all of core constructing reference counts for all objeéts 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. pass 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 Coze, 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 coilector.) '

The time consuming part of this garbage collection is determining if a pointer fourd in the
“sweep is a member. of the suspected group, At worst every poinfer in core conducls a
‘binary search of the suspected objects to see if 1t is among them. This is much too slow.
Suppose that each new object created received a pointer that was time stamped in-its high
order bits. Al 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 poinders within the

range. When the sweep of core finds a pointer within the range, it haslies 1o get the object
and bumps the reference count,
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©‘Name Composting

A pointer: now has this form: <Time created> <other irifo>. Since most new objects are
'-s;hortiivéd, the time part of the .poilnter must run circularly and be used over and over. -But
-~ what about the few new objects that survive to become longiived? How do we know not to
use their pointers again when time has gone a fuli circle? Keeping and consulting a Tist of
all tonglived objects 1s too costly. '

If new pointers are created in a postion of ‘the addréss space reserved entirely for new

objects, then the survivors that become longlived objects must be repamed. To rename an

‘obiect, we must find évery 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:

L VVVY | PP | THIVE | SSS 1 = 16 bits

VVVV = Volume number of permanent pointers. NMew pointers are 017. Thus one sixteenth
~of the address space is reserved Tor shortlived objects.

PP = Phase of time. Four phases allow creation in the first phase, aging for two and

" tecovery during the fourth. {Fach phase starts its group of names through this process).

555 = Size info {a part.of the pseudo class number). Eight gradations of size provide some- |

information for finding an object on the disk.
CHIF = 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 Tourth
" 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 itself?? Here aré some numbers [ would like to know:

1. Buppose the cost of reference counting in the -¢arrent Qoze were magically reduced to |

zero. How much working core space could Ooze lose and still preform betler 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 overbead cost of




4

" Name Composting
 sweeping core. The relative cost of the sweep overhead determines How ‘often core 'fﬁﬁy' he -
~ swept and how few objects wait for recovery.

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

- Tields. Thus we would like to know the ratio of pointer stores to cbject creations.
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7o SMALLTALKERS - - pate - May 13,1975
o eom fiban.ingails R location .~ Palo Alto
._ Subaect DUEE ST L _.:._Q.r"ga'nizéi"i'bn LRG . .

:':é"XER.X

“This is an 1ncompiete dncument ‘but here it is, in-case you have suggestions
for how it should be completed - : : . : _

 CONCEPT

DOZE is an obJect oriented virtual environment. This means .that a pointer in. -
‘O0ZE designates an object, mot an. address. . A qpecificjimplemEﬂtation-with

. 16-bit pointers can therefore handle 65536 ob3ects 1f the mean size of an

- ohject is 20 words, this amounts to addressing -an ent1re model 31 disk '

-.'Flgure 1 illustrates the- orgaﬂ1zazlﬂn of 00ZE. ‘References to data are made.
indirectly through the master object table (MQT} ‘This achieves expansion of =~ .
" the- address space and flexibility of data management at the - expense Gf -an extra B
“level of indirection on all. references . S

. Emtries in the MOT must at least locate'zhe;data.(disk:pégei7wnrd-uffsét);“but_
‘may inclﬂde'0ther=mere'descriptive eleménts such as size and'reference_count,

PThe chlef d951gn issues 1nw01veé in an Implementatlon ATE?
 Choice of descrlptor (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 O0ZE will be as the. féﬁndatlons.ef the new

- SMALLTALK system. . This slightly ‘complicates the final: debugglng _ :
- cenvironment, but provxdes the most interesting test conditions [ can 1magxne.

" “USER ‘INTERFACE

'f'GBJ - CREATE(LENGTH) will &Elecate an ﬂbject w1th TODW fﬂr LEVGTH words Gf
- data. .
- RTFI(DBJ} will increment the reference Count of OBJ. TR R
"REFD{OBJ} will decrement the reference count of OBJ. If the résultant count.
is zero, the.associated storage will be freed o .




VAL + LGAD(GBJ ﬁORD) retu*ns the'WGRD th word of OBJ

.'HH;STORE{DBJ WORD, VAL} stores VAL into the WORD-th word of GBJ

.:'PTR e LDCK(GBJ} returns the core address where OBJ is stored &né prevents
S OBRJ from being moved thereafter. :
Q-UNLOCK(OBJ) undoes the restriction imposed by LOCK and Jnvaildates PTR

" The flrst fxve of these are needed . to support the SMALLTALK znterpreter and o _
-~ ~the last two will be necessary for: certazn strﬂctures such as fonts, tambres, T
~ether buffers‘ : : :

_FDRHAT OF THE MOT- ENTRIES

U pisk adéress 14 bits are sufflcleﬂt to address all of & Model 44 disk.
‘Word offset on page: 6 .bits are sufficient here, a8 allocation will ‘be in chunks of
four words., . : '

" The MOT entries will be 1.5 words each w1th the extra bits remalnlng )
available for such flags 45 may prove useful in the application.  Favorite

-candidates so far are: menltﬂr, lock, and poznter(meanzng this nh;ect ig all  ”
pointers}. : :

-FGRMAT OF DATA -

”-Data bloéks are aliecated in-units .of faur words on the dlsk Thé'first-wgtﬁ‘cfz.

f-_every block contains an 8-bit reference count and an 8-bit lemgth. If ‘ever the .- =
refect or 1ength overflows, then their full value is found by reférence to an

~ escape tdble. A reference count of zero denotes a free Wlock, and such a black
Cwill carry. forward and hackward tinks for aliecat1nn (and poss1b1y a size
extension). . S _ : .

In favor Gf'lucating lerigth-and. refet With'datalis the in-¢ore situation where
the disk pointers will be thrown away, but the length and refct are still

o7 needed with.the data. Also,. the attractive boundary-tag allocation scheme
owantsoa leﬂgth field and free tag in every reserved bloek.

" MAINTENANCE OF DATA

The reservation and Jliberation of data blocks will follow Knuth vol 1 ex .

o0 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 scvanning along the freeilst should be possible 1n the shadaw of
Wchaaned disk- readzng . . : _

' -fATOMS AND SMALL - INTEGERS

o Atoms and 5mail integers w111 be- recognzzed as hav:ng anect nnmbers w1th1n
" g certain range, say atoms 0-3777, small integers 4000-4777. - Atoms being

~.othug recopnized, may simply point to their pname strings in the data fiie.

“'meaII integers betray-value as well as. Class by ihelr iject number ., and hence

" need no- entry in- the MOT or DATA files.




:'*fAtoms do not carry reference ‘counts - garbage CU1}8€tlﬁn of the atom tabie isal
. slow and painful pracess = Po it overnlgﬁt along wzth detect1en of c1rcuiar-"- B

'strnctures

-3 RESIDE¥T GBJECT TABLE (RUT)

" The ROT will be a hash table of about 1000-2000 entries. It must store the -
- gore address-of ‘each resident object, and also the obJect number key residue, &

. lock bit for objects which must not move, a dirty bit, a vacant bit and a

- reallocate bit. (see below)' and -some aglng 1niermat10n _It looks like a two
T word. entry. ' .

.Z.-One nght be 1nc11ned to save the dzsk polater i the ROT, but th;s is a high

- -space penalty.” ‘Moreover, it will only be’ of use for data which becomes dirty
and has to be written oiit; probably only 10 percent. or less aof the .- . i
transactions, . This fignre may. seem-a low estimaté, but remember that we .

.P] only need to worry about those Objects which really become dirty, not all

- those which happen to be on’ the same page a8 another . which happens to get
d}rty 8 . .

,MAINTENANCE’oFﬂRESIBENT_éBJECTS.

© - Resident cbjects find themselves in just the right format for an in-core

B version of the same allocation scheme as is used on the disk, except that’ the - _f
free c¢hain llnks w111 be core pointers: instead ef disk pcznters‘

-f'fThere should be a mechanism for marking a resident object "vacant".lf it

“'has -been freed, but has not vet been written out -onto the disk as. free; _This

o would allow both its object number and resident storage to be reused_withOutv.r' .f'""
“eore shuffling or disk allecation. To this end, the ROT entries must -include a

Uvacant" bit and 4 "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. =~ . ' . CL

S The realiacate bzt should allow for trivial data file- compactlon orie” 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 approprzate place), and the .. - '
-'MOT wxll he duly upéated . -

'VU_The recursive réferefice . cognt}ng whith assures fre31ng of substructures all -

“takes place in the resident space. - Freeing of objects on the disk will be
.Qsimple-freeingq _ " . : . ]

. PECISIONS SO FAR

Empieméﬁtétion'plan above

o User Interface as above .

~Data will be allocated in ‘4-word chunks. :
~Length -and . reference count reside in the data blocks . _ B T
~‘Master object table entries are 1.5 words = <&1Sk addr, word 0ffset,'fiags>;




LUNS?ECiFIED A8 YET

' fSwapplng algarlthms'“'a Jﬁgglzng act of reference cauntzng, ma;ntalnlng dlrty .
_ ~bits,. and incorporating the 'vacant’ object concept.

gSwappzng strategies to prevent many seeks to same page when deallng wzth

: grnuped data ' .

o '_ REAL QUANDRI Es

;-Just how much should GGZE know about the data 1t stores? Ii'seéms'tha{_it
will. have to know whether an.object is.composed of ‘pointers’ in order to _
maintain reference counts. -~ Should it alsn try to- flgure out size 1nformat10n

ofrom the class pﬂlnter?

 Andsh glmunh should the 1nterpreter know about 00ZE? Atoms and smail

'3  ‘zntegers are iwo-examples where saparatzon breaks down.

.(In order that SMALLTALK str1ﬁgs ‘and vectors {etc) be stored with reasonable
efficiency, it would be nice if, For ‘instance, the addiftional 3 bits which .

:' f'spec1fy byte length {(finer than biock lerdgth)” could be encoded into:the c}ass.“ “:

pointer, say. by having 8 flavors of class strlng ‘This is not necessary at the

outset, but ifi not .done, two bytes of string is all that will fit in-a four word —

“Block of disk space {not cauntlng MOT. entry}l - It would he p0331h}e to

" convert to the mormal form {length word-$ollows ¢lass pointer) at the time- a _""&H

_string isibrought  into core, and vice-versa, but it's another case: of the_.
t-bottom level routines need1ng h1gher ltevel smarts IR
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