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AB3ITRACT
This document discusses how the memory of a fifth generation
computer can be pade more "ceneral-purpese®™, to better meet

the information representation requirements of very high
level lanpugges and operating systems. Three important

pechanisms are examined: structured memory, addressing, and

the eommunication of dezta. The proposals ere for basing:
mepory on nested, variable-size memory cells; addressing on
a2 pontextuzl address space; and communiection of data on
both shared npepory and nessage passing. For these
mechanises both de=sign iszsues and doplenentations are
discussed.
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level progremming languepes end opereting =ystens, we find mueh copmonelity. In
these systems, menory is viewed g5 structured {(ex. variables, arrays, lists,
files, directeories, PEFES, serments); addressing is contextuzl {ex.
gesceripters); and data is comnunicated both by shazred nemory {ex. code, [ile
stere) and messapge passing (ex. parallel processes, input/output).

At the present time these system concepls nust be simulated in seftware on
tep of the von lNeumanrn computer mechanisms:
Demosy vector of fixed-sized menmory cells
sddressineg one-level address space
gopmurjestion shared menory
For the fifth renerstion compuler it is  clearly approprizte te imple;ment
structured nemory ecomcepts in  the fundenental herdware cechznisms of the
erchilecture. This will pive 2 direet representation of the information
siructures  enccded In hiph level lenfueges end will  trensfer many of the
nechanisms normally found in ocperating systems into the computer's arechitesture.
In turn this should lead to more efficient ropresenteztion and execution ef
progrems. We therefore propose the folleowing fifth generation computer
mechanisms:
GELCIY nested, variable-zize menmory cells
2dgre=ssine contertuzl address space

mounices shered memory <+ DCSSEge passing

The memory in such 2 computer zllows each memory cell to contzin a vector of

subzsidiary menory cclls. For instance, a vector of the nurberz 0 to 9 par be
represetited by one memory cell contedining the wector, and subsidiary cells
conteining the individusl numbers:
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while the siztement "a=(b+1)¥{b-c)" c&n be encoded as the instruction:

e e i it e e L T T T T ———

hddressing is bescd on each memory cell being considered =
subgidisry cell having & unigue "selector™ within this contert:

context and each
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Thus within the surrcunding context the address "3 may be used to access the
whole wvector of nuwbers while the address ™3/2" allows access to the cell
containing the nunzber ™IV,

Lastly there is compunicztion of data. In trediticnal computers two
operations may be performed on the contents of a memory cell; STORE and LOAD,
ZTORE overwrites the contents of the accessed cell, and LOAD takes 2 copy of the
cell's contents. This supports the shared memory semantics. To support message
paszing, and to integrate it with shered pemory, two edditionzl operations may
be performed on the contents of z memory cell: PUT and TAKED.

shired pepory DRASELE PRSSIDE
STONE addr PUT addr
i :
addr: | i - addr: |"empty"|
___?T_- -F'E---
LOAD addr TAIE addr

PUT may only =tere inte an "empty" memory cell and TAEKE may only remove a
ner—eopty contents, replacing it with "empty"., Peth cperstion may be viewed as
polling & mecory cell until the cell iz in the correct state. (Note STORE and
LOLAD operations are unaffected by the feppryr, )

Below we examine the design and implementation of the nemory, addressing
and communication mechanisms in more detail.
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HENORY

temory In the computer consists of 2 nest orranisation of veriagble-size
memory  oells. cush & nmenory could be implenanted by traditional LISF nodes;
however we believe that delimited strings represent 2 more ideslised
implementation. Teo justify this positien, it is necessary for us to examine the
copceptuel role of an eddress in & computer, which is to bring together an
operztion and operznd. UWhen an operztien and operznd are literal values (e.g.
+, 1) they zre placed physically adjacent, since this is the mnost efficient
representatien. Zimilarly the elements of a vector are vsually plaeced in
consecutive memory cells. However where zn operand (or &n operation iff it is a
functicen body) iz used in a number of places end it is not physically possible
to place the operend adjacent to gll ites operstions, then the &ddress of the
cperand  is uzed as a "place-holder". A% runtime the address pust be traversed,
incurring an additionzl overhezad.

In summary, LISP eells build 211 structures from addresses, whereas
delimited strings zllow nesting of structures and only use zddresses when
structures cannot be pleced physieally adjacent. Thus delimited strinp: provide
a npore direct representztion of information structures znd therefore should
provide a2 more efficient implementation.

A delimited string (& varizble-size memory cell) consists of two clpbabeis
of characters, nemely (i) delimiting characters leflt brazcket "(" and right

bracket ")", and (ii) deta charzecters bipary "0" and "1". Thus the above array
of numbers {} to © is represented as:

( {ey (1) (2) (3) (4) (50 . . . (9))

In the computer this czn be igplemented using two bits per character:

chergcter kit pattern
{ 10
) 11
i} oo
i 01

Thus the arrey iz encoded as:

10 90 00 11 10 01 11 10 01 00 11 10 01 0% 11 10 01 00 OO 01 11 11
¢t o0 )y vy oy vy oY1y

and the physical meoory may be viewed as conszisting of two bit words.
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ADDEESSING

Ldéressing of information in the cooputer is based on contextual address
space in which each celinited string (i.e. menory cell) is considered =z
context, Felative to this context a related delimited strinmg is identified by a
selector. fn  address i= a s=eguence of sclecters specifying & path from the
point of reference in the structure to the terpet memory cell. For instance to
socess the whole of the zbove zrray freoo elsewhere in the surrcunding context
its selector, say "3", is used, whereas to access a subsidiary number "™100"  the
address "3/5" is used:

3:( 1:(0) 2:01) 3:(10) 4:(11) 5:(700) ... 10:(1001) )

3

(o) (1} £10) (11 (100) ... (1001)
3/5 = 100

We assume thet these zddress selectors are not explicitly represented in
the inforpation =tructure but are obtzined by counting delimited strings from
the left, BRasieglly three types of selector =re required for tCreverszing
econtexts [ }*, wvhich we refer te &s:

Ivpe LFefore After
direct 2 (f 10 ) 2:0) .. 1)y Oz )2=(0 1) ...)
superior 0 (120 Yy 2:00 1y .oy (L1sCy2:0) oo 1)

expressien (1) ([ 1:{2) 2:{ )} ... })} [ 1e(2) 22040 F) +o0 )

An zddress 1z encoded e & delimited strins, with each selecter being encoded as
2 subsidizry delimited string, for example "{{3)(5})" which is ™({11){1071))".
Fach selector moves the gddreszz from the current eontext to & now context. Tne
three types of sclector have the following meaning, "™Direct® is an integer such
as "3 gpeoifying direetly @ delimited strinp in the current context WzZ:( )"
counting from the left. "Supericr™ represented; for example by the selector
now, speeilfies the pew context a5 the one suerrcunding the courrent conterxt.
Lastly, the exact encoding of the "expresszion" seleclor depends on itz intended
pezning: an "indireet® selector might be distinpuished as "(...({1))...]}" and
define ™{1)" as the address of & nemory cell containing the reguired =selector,
whereas & selector computed by  an instruction could be encoded  as
meL LWl EI 102, 0" and defined os  reilurning 25 its  result the reguired
selector.
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COMTUNTCATION

Coanunication of data in the computer consists of both shared nenory and
pessape passing, the two fundamenial forps of commurniceatieon found in conpubing.
In the past, computer architectures have either supported only one of these
forms  oF have ipplemented them as disjoint mechanisms. llowever shared penory
and messafe  passing comnunicetions heve complementary advantafes and
disadvantages for the representztion and execution of programs. For instance
shered menary supperts program sharing and filestores, while mMess5age paszing
supports  synchrenised communication between processes and input/eutput. It is
our belief thet these forms of compunication =should be upified In 2 fifth
generetion computer.

As discessed zbove, shared memory and messafe passing compunicztion 18
supported by feour system-vide operstions:  STORE, LOAD, PUT, and TAZE. At
rresent the semantics of thesze operetions have neen kept purpeosely close to  the
penory operiztions of traditionzl computers:

shered pemory LeSSEre PRssing
STDTR addr PUT addr
|
addr: | : ) addr:( : )
LD&E addr TnKé addr

Yowever FUT and TAYE could be easily redefined to operate on a list, with PUT
appending to the list and TAIE removing the first elenent;

FUT addr

I

1
addr:{ ( ) () «ew (3 00}
L]
]
TAKE addr
llext, before we exenine the ipplementation af mpemory, addressing eond

communicction, we will briefly discuss the representation and execution aof
prograns.
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PROGRAMS

The econcepts of nested, varisble-size pemory cells and contextuzl
addressing can be ezzily used in conjunction with both lew-level and hiph-level
imstruectiion formats. For exanmple, traditional von levmann instructions may be
encoed 25:

{ {operater) {(modes) (operand) (cperand) ... )
]

F ]
i

1
+ etc.= =Y XY
shared memory x=0 =-}i|- ¥=0 literal data
message pessing x=1 - - ¥=1 address - data address

By zlloving the modes to qualify the operatien, e&s well as the operznds, it is
pezsible to have built-inm preprap ealling:

{ (modes) (operation) (operand) (operand) ... )

i
Xy xy 1 i
shered memory x=0 -)!- y=0 lit. |- operator!= data
nessapge passing %=1 - = ¥=1 addr. - code - data

addr. addr,

Lastly, by extending the opodes it is easy te cobtain 2 high level fermat with
nested instructions:

( (modes) (operztion) {cperand) (operznd) ... )
i ] 1
1 ] i
I

Y ORY
shared memory x=0 -!l- ¥=00 lit !- operater!- data
messapge passing x=1 - |- y=01 addr. |- code = data address
1

| addr, i

- ¥=11 instr - instr. = Instruction
{returns  (returns operand)
operation)

The reeder mey be interested to note, that =ince the conputer :Ccoesses bits frem
the left, if it is to perfor; bit-serizl arithmetie (which mey be the most
efficient), then the least sipnificent bit of & nurber rust be on the left,

Pext we will ecxanine inplementation of the general-purpose mencey.
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IMFLENENTATION

fin egsential concept in the implementation of the [peneral-purpose Deoory,
particularly in & nulti-conputcr crovirenment, is the direct funetionzl
correspondence {at the higher levels) between the phvsiczl syster and  the
logicel infermation structure of 2 Fifth generztion conputer systen:

t| = H:"C‘] ipre
1 2 3:
icopounicn fd==>!conmunicn | <~==> | copnunicn | {-=3
lprocesscer| iprocesaor) Iprocessor) . .o
et i N i == |
lnenory i imesory : loenary i
softusre
1:1 ) 2:( ) 3z ) . e .

In the system the memory of each computer is ar inplicit delimited string whose
sclector is Lhe explicit hardware selector of the computer. Ipside & memory,
delimited strings are explicitly represzented znd are dynamiezlly manipulated,
but the selectors are implicit. (Thus computers in & [ifth gencration system
are snalopous Lo traditionzl memory cells, and may be zlloczted and used 4in a
similar way.)

e will pow exanine Gthe inplementation of the [enerzl-purpose nenory
conceptz, initislly in terms of & szingle computer znd then in 2 pulti-competer
systen. In these ipplenntations the following zssuaptlong are made:

1. it is relatively easy to detect uruzed space beiween breckets
Mieaan{™ or "ix...x)"
. Lo ipnore uncsed cells
. to 2llocate unvsed cells
2. by stering leeczlly the physicel address of & delipited string
. Bcoesses peEn be optinised
« physiczl addresses can De remapped, when strinps are relocated

In & single cooputer the memory i= & vector c¢f Z-bit eccllz, each with =
unlgue physicel pddress, thet stores the delimited stiring information structore,
feccess to the information is via recisters thebl hold the physziczl address of the
corresponging  cell. then & lopiczl address is  processed  its seguence of
selectors iz translated into the physieal address of the cell containing the
ieft brachet of the delinited string:

cl.82.83... eaddreass

The pproprlete cell iz loccted by the memory controller zcenning Lhe delicited
string otructure Irom o tne lofi.
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The main difficulty in accessing & delinited string is that STORE and PUT
operations may cause 2 string to expand and henece require the remapping of the
mencry. A number of peossible strategies may be adopted, fer instance firstly
all enpbty space can be reloczted adjacent to the delimited string before it is
accessed, or secondly eopty =pace is sssumed Lo be adiacent to the zccessed
string (from the previous contents) and menory is only reloczted when this is no
longer the cese,

Ve will adopt the second streztegy bLeczuse it appears to be more efficient.
The initial task of the memory controller is to locate the terpet delimited
string and to create the string if it does not exist. Then the four pemory
operstions are inplemented z2s follows:

LOED - & copy of the contents of the delirmited string is taken

STOHS - the contents of the old string are deleted end then the
new contents zre inserted

ILEE - if the delimited string is empty then reject the reguest
otherwvize remove the contents, replacing it by
&n enpty =tring

DT - if the delinmited string is non-eppty then rejeot the
access otherwvise insert the new centents

Finally, we exanine the support of the general-purpose pemory in a
multi-compuoter environment, fg discvusszed szbove, each computer in the svsten
vehaves as a delinited string with a2 unigue sclector. {This is pzrticularly
importont  foer programcing since  each  eenputer systen may be progremmed zs 2
zingle conputer znd zeecessed using itz address 25 if it iz = single mepory
cell.} As in the single conputer, acoess to 2 momory is viz the loeal régisters,
& register being sllocated for the durztion of each access.

£ central problem in the desipn of the multi-computer svatem is the choice
of comuuniceticons mechanisms, mnade difficult by the varisble-size information
structures thal gust be passed, Two zets of decisions nust be made, Firstly
whether teo use chared buses or polni-to-point connections; and secondly whether
to pass an informatien struetire 22 zn atooic unit of contigucus pachets or as
packets interlecved with cther strictures.

£ chored bes (or buses) has the advantzpe of providing rapid connunieztion,
but the disadvantapes of cllocetion and extensibility in a decentralised system.
Point-te~-point connections have the edvantages of loczlised allocetion and
extensibility, but the disadvantares of slower communicetions. For the second
decision, of hew to pzszs en ipfermation structure, the atcopdic unit has  the
adventage of reducing the control infercation thet must be asnocizted witk &
siructure, but  the dizsdventare of poropelising the communicaticns. In
contrast, interleaving many  slructures  hes the advantape of distributing the
usage of the comnunicaticns, but harc the cisadvantape of reguiring edditiomel
centrol informetion in packets, sveh as source ond destination addrectes ih ezch
packet.

The zppreech we will investipzte is anzlofous to a token peszing  rinp;
point-te-point  connections on wvhich eatonic strectures are sent as contisuous
packets started =nd terninzted by espty peckets:
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lempty |l (destinztion){=zource)(operation) {opocrand) |lcopty!

_______________ —— —_————, ,, SE== - =

In such 2 system, egch connecticn consists of 5§ five wires:

request Cmmmm
zchnowledpe -—==» | rontrol
capty/deta omm= |}

charzcter oo ] deta
ex. ()01 Cmmmm !

The "request™ and Macknowledge" lines zre used to tranafer & packet Letween
adjacent computers, and the “epptiysdata" indicetes whether the packeft iz eopty

or conteing a chapsetep w(W, MinowgR g wqn, & ecopputer may trénsmoit  an
inforoation structure when it receives an enpty pacikzet, by delaving the stream
of pzcketz from its neirhbour computer. When & computer receives & non-emply

pecket, immedistely fellowing an empty packet, it must cheek the destinztion to
see if it pust szervies the pzoket.

Two éifficulties remazin., The first is to ensure thet the pattern of
pessages  cannot czuse the comnuniecztions to "deadloel™, as for exzmple when one
messace needs to over take another (but is  physiczlly uwnable te) =so that
execution may proceed. This should be achieveble by enzuring thet cnly cne
message mey be issued (and must be completed) at & time by an instruection. The
second 1= the hendling of rejected PUT and TARE zcecesses. This can be supporced
by roguiring an acknowledpenment feor every access,
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OPERATION

Te illustrate the operastion of the penercl=purpose menory sznd  the
comnunicziions, let wus consider & reguest frono cooputer "1M te TLOADM™ the
contents ef the subsidiary delimited string "S™ stored in an arrgy in cooputer
"3“:

Locputer 35
lorigs]
1: 2: 3: i 51 fie
toe )y Cr)yx 10 ) 1 1 )y (100 (
physicel

0: 1: 2y 3: H: 5: 6: 7: B: 9: 10: 11: 12: 13: 14: 15:
10 00 11 10 01 11 00 10 01 00 11 10 01 01 11 10 91 00 00 11 10 ...

To echieve this, computer 1 sends the following messape:

- e e ——— [ ——

T

rempty [ {({3)(5)) (1) (LOAD)!|empty!

= - —————— - —— =
! ] ]
] I

destinztien - source - ¢perztion

where the logicel address "((3)(5))" is translated into the physicel address
"15", held in 2 locel register. (lotice that physical loecztion 6" contesins an
enpty field "X" which iz ignored in leeazting the target delimited string.) Then
computer 3" acknowledges "ACK™ Lhe "LOAD™ by fenerzting the follewing reply for
computepr MiW;

o o e — - L [ L S — (R ——

- ow

empty L1((1)) (3) (ACK) (100)!lenpty]

- . e = - ——— i - s

[] ] [ ] I
L] 1 I i
destination - source | - operand

operation
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CORCLUSIONS

For = fifth reneration copputer to hetier oect the informeotion
representation reguiremcnts «f wery hiph level lanruzpges, we have erpued for
basing its memory on nested variable-size cells {i.e. delimited strings), its
addressing on a contextuel address SpaCe, and ils communicztion of data on both
shered nenory and pessepe passing.

althouph the structured memory cancepis SEER correct, their implementation
require signifieznt further investigetion. In particular managing thoc delimited
strings perory and the passing of delimited strings  over the comnunication
network reguires careful study and apalysis.



