
VI 
Object-Oriented Computer Architecture: 

- Concepts and Issues 
-The REKURSIV Object-Oriented Computer Architecture 

D. M. Harland 

Rapporteur: G. Dixon 





Object-Oriented Computer Architecture 

Two lectures for the International Seminar on Objecc-Oriemed Computing Systems 
Newcastle. September 6-9. 1988. 

To be presented ~Y : 
David M HDrland 

Technical Director. Linn Sman Computing ltd. Gla:<;gow G4S 
ami Professor of Computer Architecture, Stralhclyde University . 

(I). ()bjed-Orienled Computer Archi.~ture: Concepts and Is.'iues 

1llis lec rure will imroduce the relevant concepts and set out the architectural issues 
which arose during the design of me hardware developed by Linn for the object-oriented 
progcanuning paradigm. 

Issues covered will include: 

Stores : 

Object persistence 
Object swapping 
Object security (unique identifiers, range checking. symbolic activation) 

Processors : 

High level instructions (no scmamit gap. even higher ordered and recursive ) 
1bc: MIPS rate (clock. rates, caches, pipelines and prefelch units ) 

Ttchnolog, : 

Software? 
orr lhe shelf7 
Semi-custom? 
Full-custom? 

(2, The REKURSIV Object-Oriented Cumputer Architedure 
This lecrure will concentrale on the: praclicalilies of configuring the REKURSIV 10 a 
variety of differcm application domains and will discuss topics such as 

Microcodina; an object-based insuuclion scI, 
languale lnte&Ulion. 
Process convnunicllion, 
Garbage collection, . 

The furure (e .g. disttibuted object stores). 

Various examples wiJl be given. 

Demonstrations : 

A simulator for the microcoded architecture 10 run o n a Sun using X-windows will be 
available. as will a REKURSIV accelerator board for a Sun. 

R~fuenu : 

REKURSIV Object -Ori~fIf~d Compllfu Arc"iUClllr~. by 0 M Harland. published by Ell is 
Horwood Lid, August t 988, 

U .. " Smart C()nlPII ''''~ Ltd "_ I ... ' .. I' ,,'" 

REKURSN Slides 

OOPS Issues 

complexity 

multiple pondipI 

absaw:tioo mecIu!nisma 

typea 

poIymorphiIm 

expressiviry 

paralIeliIm 

verilUlbiliJy 

1_01)' 
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REKURSIV Slidn 

Storage Issues 

von Neumann sto .... e 

semi infemx meMOIl 

object~ 

peniIIence 

object swoppm, 

hiahlev.linIUuaiona 

securiIy 

'ypc procectioo 

,..,.. proooctioa 

LinnSmarrComplll'in, : T~I(#)416JJ 1481 S~pumber '88 

REKURSN Slid~s 

REKURSIV Technology 

40 bit lagged architectwe 

(Of ally object oriented 

32 bil word 

COmplCl represent_ions for 32 bit objects 

three microcodable ASICs 

1.3 micron CMOS 

5eaof lates 

IOMH. 

Logik 

sequencer for high level inmuction KU 

299 pins 

60 bit control word 

18 fields 

Objekt 

objea oriemed memory manqemcm 

299 pins 

32 bit conU'ol word 

II fields 

Nwnerik 

32 bit alu. band shifter. multiplier and register tile 

223 pins 

70 bit connol word 

17 r .. lds 
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REKURSN Slid" 

EXAMPLE - CONSing 

Slack has CAR above CDR; "'placed wi'" CONS. 

CONS: pqe.aIIoc .. or NOflITCH ldidx _ (2) Ididx 
d=KIx ldab ant>cpace4setaddrAldal>AinidlapAl_ NOfIITCH \ 

cjbr@GC MEMOFLO 
d=bron (CONS.TYPE) IdIb deap newesp idx2load1ddr 
d=esll: idxpul idx I loadIddr 
_II: idxpulldrb 
d-rd ldesll: 

Linn Smart Computing : T~I (44) 41631 1483 Septembu '88 

REKURSN Slid" 

EXAMPLE - CDRing 

Stack. has a CONS. replace with head of lhird link. 

(OEF CADOOR (x) (CAR (CDR (CDR (CDR x ) ) ) ) ) 

CADOOR:d=esll: pagebus 
d=vrr pagebus 
d=vrr Pllebus 
d=vrr pagebus 
idx2 loadaddr 
idxgct 
d=memout ldestk 

LiM Sma,rComputins: Tel (44) 4/63/ /483 September ' 88 
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REKURSIV Slid~s 

EXAMPLE· TREECOPYing 

Stack has il tree, replaced with copied au. 

(DEF COPY11!EE (x) 
(COND «ATOM x) x) 

(T (CONS (11lEECOPY (CDR x» 
(11lI!ECQPY (CAR x» 

lllEECOPY: _* pl&ebus 
_ (CONS_TYPE) ldaym 

cjupcor !IS_SYM dzvtt 
incsp newesp inccsp 
jbr@11lI!ECOPY 1_ d-vrr puahupco< 
u"'"P (I) usubbrdl neweap 
r .. d .. * 
_*_bus 
ida2100daddr 
ida.., irIcIp_ 
jbr@11lI!ECOPY cIamcmout Idoak 
jlw@CONS 

Linn Smarr Comp.nng: T<I (44) 4J 6JJ J48J S~pr~mbtr '88 

REKURSN Slides 

Copy tree Benchmark 

(DEF COPITREE (ITEM) 
(COND ((ATOM ITEM) ITEM) 

(T (CONS (COPITREE (CDR ITEM)) (COPITREE (CAR ITEM)))))) 

RATIO 

Xerox 1186 171 
111!xplorer S7 
Telaronix 4406 28 
Symbolics 367S 18 
MIPS MOOO (RlSC) 1.2 
RIlKURSIV IOMHz 1.0 

Linn SmarrCompuring: Ttl (44) 41631 141B 
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REKURSIV Slid" 

EXAMPLE - Creating An Object 

Slack has size . above type. above initial values for components; replace with object. 

CREATE: page_allocator decsp newesp NOFETCH 
d .... tk Idsb grabspace ..... toddr ... ldabotinilflapotldnb Ididlt deesp newesp \ 

ejbr@GCMEMOFLO 
d_tk Idtb ejbr@emp<y IDX-o loadoddr readestk 

newnwlr. _ decsp newesp idxpu. cldtb 
ejm IDXOK deem loadoddr readestk 

incsp newesp 
daref ldeldt 

empey: incsp ...... sp _h (NIL) Idtb 
darefldadt 

LiM Smar' Comp.nng: Td1U1416311483 September ' 88 

REKURSIV Slid" 

Creating An Object 

Assuming thai the Slack has been loaded with the size, type and initialising values for 
each compooenc: 

allocate new object identifier and check for exhawlion 

page the new identifier to align pager tables. test for a cluh at 

that !lot and if necessary squeeze ttw object out 10 backing 
store 

at that set of table slots. and their ourput registers, 

put the identifier into the object nwnber table 

put the object's size imo the size table 

put the object pointer into the address table 

put the address of the tint component into the memory 
address register 

se.theNEWO., 

dear the MOD n., and ... Oag 

put the rype into the type table 

step up the object pointer .0 the end of the object and 
ched: !hot the object pointer hu no< advan=l off the 
end of memory; call the aubaae collector if necessary 

initialiJe each component from the stack 

tqlioce the size. type and initialisinc vllues 00 the SlId< by the 
new object ideruiflU 

On the REKURSIV this sequence takes 5+2·N cycles. for N c~nts. ;md il runs II 

IOMH. (later 16MHz). 

LiM Smar,Co"'PUling: Td lUI 41631 1483 September ' 88 
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REKURSrv Slidts 

EXAMPLE· Linear Scanning 

Slack has object above symbol , tq)lace wdh value or nil. 

LSCAN: deQp ncwesp 

-I : 

-2: 

d=esll: paceboLt relde.stl: 
dooesll: Idsym idx 1 loodaddr 

cjbr @'l !IDXOK idx, .. 
cjbr@'1 !NJLSYM _lOUt idxupl l_ 

cjbr@'llS_NlLdecidx 1_ dooo ... u .... 
idx ... 
ci-memou. ldesdt 

_ (NIL) 1_ ,. no< found . , 

LiM Smor,CompUlin, : Ttl (44) 416311483 S~pltmbtr . 88 

REKURSrv Slidts 

EXAMPLE· Hashed Scanning 

Slack has object. above symbol. above initial hashed index; replace with value or nil. 

HSCAN: decsp newesp 

-I; 

-2: 

d:=estk pagebus readem decsp newesp 
d=esll: Idsym readesll: 
d=esll: ldidx loadaddr Idreg 

newrnatt. mget 
cjbr@'1 N1LSYM ~. incids loodaddr 
jrp@'lIDXDONE idxnc.,loodaddr 

cjbr @·llS_NlL~. idsg .. 
damemou. ldesdt 

_ (NIL) 1_ ,. no< found ., 

LiM Smart CompUlin,: Ttl ( 44) 41631 1483 St pltmbtr ·88 
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REKURSlV Slides 

, 

Sending a Message 

Slack has mcssaae, above araumenu. above receiver 

let n;ccivcr's clUJ 

if tcleaor/clau pair ..,. cachod, _ for _e foUowinl 
superdWn and CIdIo I'CIUlsifII seIeaor/claN/molhod 
n:11lionahip. 

.. . so have method in object .Iore 

if primitiVG, cUCUIII rniaoc:ode body IDd c:ootinue _iIb nul -
if ..,. primitive or primitive foila : 

if medIod ..,. in inIIrucIioa cocbo. CIdIo il 

euabIiIb ... COIIIUIIDd illYoU ill fine iDauuaioa. 

... so have new inIIrucIioa ill ey'O"';"" 

LiMSmarrCompUlin"r<I(#)416Jll48J Sepuminr . 88 

R£KURSIV SlPtQlltQlk Insrrucrion Stl 

REKURSIV SMALLTALK INSTRUCTIONS 

LinD Smart Computl.., Ltd 
257 Drakemire Drive 

Glu.ow G45 tl8N 

T.a. (") 41 Ul 1_ 
'1b , '1'7181 UNN G 

P_ : (6t)""1 1411 

Ef3:7:<=-30 . ': to"'''. - . , 

Linn SmartCompuring: Ttl (44) 41 63/ 1481 August 1988 

< 
H 

-.J 



" 

REKUR5lV 5,""l/lal1 Ittnrau:n'Oft 5t1 

Contents 
10e REKURSIV Smalltalk instrUctions fall into several catelories. mainly conuol flow 
and variable manipu1a1ion, and these will be ,enerated by the compiler durinl ituerlCtive 
sessions. In addition. the~ are low level instrUctions for manipulafin, the stICk and 
intertacin, to the object sto~. but these and various hiah-lcvel &nsU'UCIlons for building 
the class suucfures. method and dictionaries of the kemel duxs, are u.sed durina: 
system startup (befo~ messaaes can be sent ). 

Conlrol Flow 

Send 
Exit 
BlkExit 

V.riables 

Liv 
Siv 
Lv 
5v 

Basic Objed Crntion 

Intepr 
Clwactcr 
Pseudo 
5ainJ 

Low Level Object Crnlloa 

AIIoc 

Low Lev" 51_ MaalpuIotIoa 

Puab 

Low Levd Object MMI ...... 11oa 

Oet 
Pu. 

Buildina eta. Siructurn 

Object 
a ... 
Method 
Dictionary 

Sendames..,e 
Exila method. retUrn 10 tender's context 
Exit • block, rerum to home context 

Lold instIIICC/ c1_ vuiablc 
Sto~ instance/ claII variable 
Lood mcd>odI block v_ 
5.on: mcd>odI b10ct varilble 

Lood .. imepr 
Lood a dIanI:W 
Lood a pacudo varilble 
Looda..nn, 

AII0ca0e .. empy object of a ,;.en oypc and size 

Lood binaly qulllllily. unryped 

Load component of an object 
Store component of an object 

Linn Smo" Camp"';n, : T<I (44) 41 631 14113 A&.Igu.st 1988 

REKURSN Smallialt IltSfTuction S~I 

SEND <nargs> <selector> 

[S[ND I 1 ..... 1 ........ 

This lru;b'Uction takes IIJW1lents on the stack, and looks up the I'1l(thod wnh the selector 
specified by the operand on the dass of lhe receiver. 1be receiver is the fust argument. 
so SEND always has at least one ItJ1IInent. If necessary. Send will foUow lhe sinlle
inheritance superchain off the R:cciver's clus in order to flOd the method. If no method is 
found nil is mwned. 

1be method will be either primitive. or abstract . En the case of • primitive. rhe 
appropriate microcode will be executed inunedialely , and the number of arguments and 
their types checked IS appropriale to each oper .. ion. For an abctnct method. il will be 
verified that there is the correct number of II'pmenIS. and rhaI method will men be: 
inVoked. 

If. primitive method fails. the SlId. will be reaet. wilh the method for IhaI selector on the 
stack above the ItJUInenu, and men che cc:JCK1pOOdinc abItt.a method will be: invoked. 
Usually such • 'failure ' will merdy report .. error, but dliJ mechanism can abo be: 
employed to carer for unusual cues for which che microcoded primitive fonn has no oJ'lion. 

When an abstract method is invoked all temporary variablea are inJIiali.sed to nil. 

NOles : 

(I ). Arpment one is the receiver 

(2). 1be~ are less than sixty fow arpments allowed 

(3). Selecton ~ saseen·bit binary code, (tbele may well be convened into 
compoct objeaa or oypc Sdeaor within .... mochine). 

Linn Smart Compunng : T~l (44J 4/ 63 1 /483 August /988 
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REI "JRSIV SwtQ/llQll/lUtrllCt'ion S~, 

r;iEND 

.. 

" ....... 

" 

....... 

.,.1 -

Linn Smarr Computing : Ttl (44) 41 631 /483 
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REKURSIV Smolltall butrllcrion S~I 

ALLOC 

[uwc [ 

This tnstruction takes <size> above <type> on the Slick and replaces them with an 
object of thai rype and size whose components are initialised co nil. 

If rhe size is zero, a valid empty object is created. No provision is made 10 ensure thai 
all empry objects of. liven rype are, in &ct. unique instances of that rype of object. 

Notes ; 

(1). This instruction is used durin, me bootstrap, for example to creMe the AlTays 
for class variables of metaclasxs. 

Lin" Smart Computing: T~It44) 416311483 A.ugust /988 
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REKURSlV Smafltalk butrucrion S~l 

ALLOC 

• p 

..oojoct 

.. 
I- .. 
~ 

typo .. .. .. 
• I .. 

LlI1n Sma" Computing: T~I (44J 41631 141B 

REKURS/v Smallloik Instrucn·on S~t 

PUSH <binary value> 

rUSH -r- bUw-y ..... 

This instruction simply pushes its 24 bit binary operand onto the slack . 

- Notes: 

- (I ). No rype is asswned. just a 24 bit binary qUaIllicy . 

• 

August 1988 Linn Smart C ompuring: T ~I (44) 41 63 J J 483 August 19M 
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REKURSN Small/all hurrllcrion S~t 

PUSH 

Lmn StnlIr, Compunn, : Ttl (44J 4/611 1481 August /988 

REKURSfV SmoUtalk burrucrion S~I 

GET <index> 

GET r ..... 

The object on top of the slack is replaced with the C~nt whose off SCI lS speciflCd by 
the operand. If the index is invalid. nil is pushed. 

Notes ; 

(1). If the index is zero. the type of the object will be pushed onto the stack. 

(2). This instruction provides a low level interface to me object store and is used 
durin, the bootstrap. 

Unn SmortCompuring . Ttl (44} 4/631 J48J August 1988 
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REKURSN SwtQlltol! Insrr~crio" S~t 

GET 

..oojod 

.. 
f-.. 
f-

-F-" • .. [ 

Linn Smart C omp~rin, .- T ~I (.u) 41 631 1483 
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REKURSIV S_lItalk Instruction S" 

PUT <index> 

CO PUT - -.1: 

1be stack holds the replacement value above the container object. and this value IS 

wrinen into the container object at the index speclfied by the operand lbe ~suh is tilt 
object. or is nil if the index is invalid . 

Notn : 

(1). II is not possible to write to the c~nl at indeJ. zero (the type of an 
object). 

(2). nus insuuction provides a low level interfeoe to the object stOle. 

L,n" Smart Computing: T~I (oU) 41631 1483 August /988 

< 
H 

~ 

tv 



, ... 

REKURSIV Sma/lral. hU""wnioft S~l 

PUT 

• 

..oojod 

I-.. 
f-

F-" • 
• ,-

Linn Smarr Compllri", : Td (44) 41631 1483 
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REKURSlV SmallralklnslTllcrion S~l 

BLKEXIT 

, ILKEXIT I 

This instruction causes me CUlT'ent context. which ia • Block', conte:u . 10 cause us 
'home' context to EXTr. 

nw can work onJy if the home context has not already EXlTed . 

Linn Smarr Compuring : Ttl(44j4} 631 USJ Augus, / 9811 
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REKURSrv Sff1Dlltalk IflStTllctJOtI St' 

BLKEXIT 

.. · .... r ., 
• • • • 
[ J 

,. • -1 
1 1 

-- • -
• • 
• • ... • -

I \ I I 

1"\ 

) 

U 

Ljnn Smart C()mpllfJ"g: Ttl(44J41 6311483 
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........ a...~ 
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REKURSlV SmolJtQlk InStruction Stt 

EXIT 

[EXn I 

This exits nom a block or I method, rerumin& to me suspended 'sendet ' comcxt. If 
necessary the resumed conteX(' S method code will be ~.oCached . 

Lilt" Smort Compunn, : Ttl (44J 41631 1483 August 1988 
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REKURS/v Smallralk IrurrwC'tiolt Sit 

EXIT 

·-1 ..- 1 
• • 
• • 

II • I I 

-" - I--I ----,---1 

--
• 

" --
Lmn Slf1Qrl Camp"'Of', : Ttl (<U) 4J 6JJ J~J AU8"SI1988 

REKURSN SlrIIJlltolkllts1TI,jctiot1 S" 

LIV <mode><offset> 

1 LN ~- 1 .... 1 ...... 

If the mode is set , lowly cJassed variable from the metaclass of the: rece iver, otherwise 
load onto the slICk the instance variable AI the offset specifie;J by the operand uuo the: 
CW'1'ent receiver. If the offset is invalid. nil is returned. Components of the: receiver sian at 
offset one. 

NOI .. : 

(1). Althouah the machine allows ii, if has been deemed poor practice for methods 
of one class to diRctly access instance variables of eluteS in me superc1ass 
chain. so the compiler ensures that the instance vuiables of • class c.an be 
aocesscd diroaly only by methods of thor c1us~ 

(2). Ous variables are held in an AlTay as pan of the metaclus afme receiver. 

Linn Smort Compllnng ' T11(44) 41 6J/ 1483 Allgust /988 
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REKURSIV S"",I/IJ2lk Instruction S., 

LIV 
..oojod 

...... • J 
r-

• r-

• • 

r 1 
I I 

IP- r-
I r-

I I 

- - I "joel 

r-
r-

• 

Linn Smart Compllnn,: TII(,u,416JJ 1483 
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REKURSIV S"",I/ralk Instruction S., 

SIV <mode> <offset> 

[ SIV 1 .... 1 ...... 

If the mode ls set, store (and pop) into I class variabJc otherwtsC Slore ( and pop) the 
stack top into the: inscance variable at the offset specified by the operand uno me current 
receiver. If the offset iI invabd the update operation is abandoned. Components of the 
receiver start. offset one . 

Notes : 

(1). Qass vuiables are held in an Anay as pan of the metaclua of the receiver. 

Un" Smort Computing: TIl (44) 41631 /48J AugUSt /988 
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REKURSN SmoJltalk iturrllcrioll S~r 

SIV ..oojod 

- .1 

-
-

• • 
r . ___ I 
I • 

r, - -

I -
I I 

_ - I ..o.jod 

-
-

• 
c-

r-

Unn SmarrCompllring: Td {44} 4/ 6J/ 1483 
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REKURSW Smallloik Iturn,ction S~( 

INTEGER <binary integer> 

f -I~G[. I tMaary .... ...,. 

load Onto the srack an lmclcr object whose value i.s speci.fied by the 24-bil ~rand . 

NOI .. : 

(l), Inrc,crs are represented as c~ objecu, with 32 bit data tagscd to 40 
balS. 

(2). 1be~ will probably need to be a .... y of c~atin, 'hi,' iruc,crs. with 32 bilS. 

LinnSmarlCompurmg T~/ (44}4J 63/ UIJJ August /988 
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REKURSrv Smolllalk fn.nrwcrion S~, 

INTEGER 

--
1,1./ __ 11 .,..v" 1 
). )' • 

U"" Smart Computing: Ttl (44) 41631 1483 AUI"Sf /988 

REKURSIV Smollralk Instruction S~, 

CHARACTER <character> 

[cHUA-crEal ca.r 

Load OIltO the stack. a Character object whose value is specified by the 8-bit operand. 

Notos : 

( l ). Cl1araclers are represented IS compact objects, with 8-bit dara tilled (0 40 
bits. 

( 2). If necessary . font and scale infonnation Cut be inc:otpOfIlcd into the upper 
bytes of lhe character 's ~nt .. ion. 

Lmlf Smart Computing: T~I (44 ) 41631 141B August 1988 
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REKURSlV SmalltQlklltSfrwcno" Srt 

CHARACTER 

.a...-

Linn Smart COmpllt;", : Ttl (.u) 41631 /483 Allgllst 1988 

REKURSlV S"",lIralk/rurrllction S~t 

PSEUDO <code> 

[ PSEUDO I 1, ... 1 

This insuuction loads one of a variety of special values ontO Ihc: stack. as spccimd by the 
operand. 

case: <code> of 
I 
2 
3 
4 
~ 

6 
7 
8 

Noles: 

au. 
false 
nil 
~eivcr 

context 
me!hod 
objects 
super 

( 1 ). All of these quantities ~ represcmed as objects. IlOI binary quaruilies. 50 
.. hen looded onto the stKlt they an: t ... ed _opriately. 

L,nn Smart C OMpllring ' T~I (44 J 41 63/ /483 Allgllst 1988 
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REKURSN SmQII10Ik ItlSrrucriolf Str 

PSEUDO 

• 

• 

Linn Smarr Complllinl: T~I (44, 4} 6Jl 1483 Augllst [988 

REKURSIV Smallralk Instrucrion Stt 

STRING <count> <offset> 

I snINGI I ,.... I "'''' 

This instruction will cause a Strina object to be loaded onto the stack: . 1be slnng IS 
derived by indexinl into the cuneot method, 1& In offset specifted by the operand. 10 

cxrract the saini's object identifier. If this is nil. the string must fllSl be buill up &om 
the literal in the method. In this case , the nwnber of ch.aracten packed uno the words 
lhar foUow is given by <count>. 1bese SIaI1 at the word after that l iven by tbe <offset>. 

A string object is built usin, this literal. and the resuh wrinen bcHh on 10 the stack and 
into the method at the specified offset. Thw. only saini literals which ~ actUally used 
let crelled as objects, and once ere.eeI for a liven method ue thereby cached by il . 

NoI .. : 

(I). The characlers ... pacUd IIIIlIliaa down the word, ftnt at the ru,hesl byte. 

(2). TniIin, bytes after the lUI dwactcr in the futa! word ... null podded, 10 nil . 

(3). Owocte .. in. Strin, object .. an .. indo, one. 

(4). The lon,e .. Strine lileral has 4K dwactcr>. 

(~). 'The character COWlt of • St:rin& is at wept. so dynanUcally acner.eeI strinls 
may pow very IUIC! 

Linn Smart Computing . Ttl (44) 41631 148J AuguSI/988 
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REKURSIV Smalltalk IftStrucriolt S~, 

STRING 
... -
~ 

~ 

.. -
• r 

-I . I 

• .... 
• • c 

• r 

....... 
-
-

sa-. ---
• • < 

• r 

Linn Smarr Compunng: Tel(,u,416JI148J 
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REKURSIV SWlDlIlQlk Instruction Set 

LV <level> <offset> 

I LV I ~.~ I elF.. I 

1be value of the block or method variable (arpmenc or temporary) at the offset specified 
by the operand, within the conlexl at a level down me static chain specified by the 
operand, is loUd ON O the stack. 

Note:.: 

( I). 1be current lexical level is zero . 

(2). 1be rml variable is It offset zero. 

(3). Blocks can access method variables by I'nchin, down the Sialic chain one 
level beyond their ..... in, depdt in dw method . 

(4). Since thia insttuction is ,enerlled by the comp~er, it is Ulumed dw the 
depIh level down the sutic chain, and the offset ao the rauhin, conteat, are 
valid. No checks are made to ensure that dlis is so. 

(S) . Atauments ~side at the bue of each conrext. tempories are accessed &s if 
they _ere uJUfnC::nU. at offsets above the: actual IlJW!1CfU (alJowan, a space 
for the context's method mel linkaae information) . 

(6). There is. muimum offlfteen lexicolfaphical nestiJla levels . 
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REKURSIV S_1I1.lk I""'''''ion 5" 

SV <level> <offset> 

[ $V [ 1 ..... 1 - I 

1bc top of the stack is sloRd inlO the variable (1IJUIIlCIIt or temporary) as the offset 
specified by lhe operand, within me concext •• level down the "Mit chain specified by 
the opelW1d. The stock is elaRd. 
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SV 

Local .uiabhs l ... lIIzO) 
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REKURSlV SmtJlltalklrutrllcrion S~' 

sv 
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REKURSN SmalltQlk Instruction S., 

DICTIONARY <count> 

l~ICTJON""Y I COlI" 

lbe stack contains <count.> pairs: replace them with a Dictionary initialised with these 
key/value bindinp. The size of the dictionary will be twice the counl . 

NOf~: 

(l). A dictionary is always even· sized. it boJda pain. key bound 10 value . The: key 
and value may be anythin, . 

(2). This instruction is used durin, the boocsttap . 
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REKURSN SmtJlllalt IflStrucnon S~I 

DICTIONARY 

• .-. 
.., .. 

.01 

• _1 

..,.1 -
-

DI I , ..... 
.., .. 

• I :1 U J 
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REKURSlV SIf'IQIIIQlt In.srrucrion S~I 

CLASS <cvarc> <objid> 

I CL~ I 1" ... 1 ob;W 

lbc stack has a dictionary above me instance variable hue offset, me tnStlllCe unable 
count , the class name, a nil, the superelass and the clus for the desired new class . If 
there ~ any class variables to be Rl8de , it must be a metaclus , so make 111 AIray 
<cvuc> hiS and push dUa onto the stack. Make a Qu. of the appropriate sae . 
replacina its cOf11JOOents on the stack with the class's object ideruifier. 'The new Qass 
object _ill have eilher the next available object number or the identifier specified by 
<objid>, 10 create. kernel class. 

Note: 

(I). Only metacluses have the "classv.,.," component. which i.s In AlTay holdin. 
the class variables for the cllU of whlch dli.s is the metac)asa . 

(2). This instruction is used dutinJ the booIsttop. 

(3). 1bere is a limit of l~ class variables per metaclass . 
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REKURSlV SmalltQlk InsrrucriOfl S~t 

CLASS 

• .-. 
--- --- ;--

--. 
oil 

.a.. 

.a.. 

• '--

-
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REKURSTV Smalltalk IltSfTuctio" S~t 

METHOD <count> 

[METHOD I C"OCPI 

nus sixteen-bit operand specifies the number of codeworda foUowlnl the instruction. A 
Method object of size <count> plus [WO iJ creaaed. nu. is then in.j(wised from the 

codcstream and the instruction pointer Idvanced to the next instruction. 

The resullina method is pushed on the stack. 

Notn : 

(I ). This instruction is used durin, the booc:strap . 

(2). AU methods ..., compiled inlo !he REKURSIV SmalIlalk insrruCtions ond 
Sfored in the object Slore as objects of rype Method. Their identif.en are 
bound to their selecton in the mcssaae dictionaries of their pareN du.. 
When • melbod is invoked it iI cached inro me inauuction cache within the 
prOCCSlOl"', pipeline. _ .... cocbed u !hey .... required. The coche is 

nushed ....... ir overllo.... ond dyn.unic re-cochini is RCommenced. 
REKURSIV SmalIlalk inItrucrians ..., desip>od 10 be rel0c0u:able by viMe 
of beina position-independent. 'There lie no jump inIaucriona. there are no 
addresses, so cachinl is efficient. 
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REKURSlV SmolllQlk Instrucrio" S" 

METHOD 

• 

• 

--
I--

I-- ---1..-
-I-I ... 

... 
.... 
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REKURSIV Smolllaik In.rtrwcrion S~I 

PRIMITIVES 

The lisl of microcoded Smalliali primil ives includes: 

Siring 

List 

AI : 

AI:PUI: 

size 

car 
cdr 

K.yedCoiledion 

Inteaer 

Arra~· 

fmel 
bind 

< 
<
> 
>-
timeaRepe.: 
ve1jdtadnOf: 
+ 

• 
I 
'l!, 

length 
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REKURSrv Smalllolk/rurrllCfion S~I 
REKURSrv Smallralklnsrrllct1011 S~t 

Sequft1«ableC~tKtion 
Sequfl1ceabloCoilection 

at: 
at : 

at :put: 
at:put: 

Obj<>ct Obj<>ct 
classOf classOf 
size size 
isNil isNil 
notNil 

""'Nil 
hash hash 
z 

z -- -cons: cons: 
isKindOf: isKindOf: 
isMemberOf: isMemberOf: 
isSameOassAs: isSameOassAs: 

Class CI ... 
new new 
new: new: 
nome nome 
superclass supen: .... <: 

H 

N 

Cont~xt Cuntext 
(Xl 

blockCopy blockCopy 
sender sender 

Block B_ 

vol ... vol .. 
value: val .. : 
.. tweTrue: _True: 
whilcFobc:: whioFobc:: 

Boolean Buulun 
nOI not 
iITrue: iITrue: 
ifTrue:ifFa1se: ifTrue: ifF a1se: 
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REKURSIV Sma/Ita/A: /IlStTUCtiOfi Set 

STATISTICS 

Tbe tnsauctiOl1l are used in different wlys dependinl upon allorithm. however bec.use 
there are so few instrucrions available there is relatively little scope for variatm • aU 
that a strina: processin. ipplication is likely to do to dislon the flJU.ft!s is chan,e the 
Saini and Character instruction counts. for exunple. 1be only major disfonion of 
insuuctlon counts lS likely to be caused durin, system boouUllp. _hen the class build.in, 
insuuctions are used. before there are suffK:~ clauea to suppon messaJc passinl 
operalions. 

S'ltic Statistics 

n.e static instruction COWlU for the example used in the foUOW'ina telt are ; 

23 
16 
12 

~-.-.-. 

10 
~-.-.-. 

8 
7~-·--· 

6 
6 

~-.-.-. 

Dynamic S.atistics 

pseudo 
send 
inrcpr 

exil 

Iv 

push 
medIocI 

Toldn. !he boocsa ... aIoao _ II' cIyDanic "-ill • foIIowI : 

21.8 
17.4 
17.3 ----14.7 

7~--

11 .0 
8~-·-·-· 

7.2 
~-.-.... 

pooudo ...... --
-pr 

objecl 

class 

If we now include a small amount of "interactive usc" we .et 

19.8 push 
17.1 pseudo 
12.3 inte,er 

Linn Smorr Computing: Ttl (<U) 416Jl 148J August / 988 

REKURSfV Smallralk inJ",ucrioff S~t 

5~·· ····-· 
10.5 

~ ...... - . 
9.5 

70%········· 
9.2 

8~·· ······· 
5.0 
4 .6 

90% ••• -.-. 

send 

Iv 

method 

object 
exit 

., 

so clearly half the insuuctions executed are various kinds of stack ·push of triviaJ 
quantifies. Menaae 5endina and variable access art onJy beginnina to become 
significant . 1lle booutrap still dominates. however. 

Runnin& a longcr test eliminates che effect of the bootstrap. viz 

21.1 push 
19.1 send 
17.7 Iv 

~-.-.-. 

12.2 
7~-.-.-

10. 1 
8~-·-·-· 

8 .5 
90% •••••• -. 

2.6 
1.3 

pseudo 

inrcpr 

exit 

'v 
SIV 

which doubtless belins to show a realistic worting mix. 

By optimising Send to cany its selector IS an operand in the: insuucllon. ruber than 

hav"" ;( finn placed on !he ,lOCIt by PIub. !he follow"" COWlU obWn 

23.6 
21.8 

S~--···-· 
15.1 -_._._. 
12.4 

7~-····-· 
10.5 

8~······-· 

3.2 
2.7 
1.6 

90% ..•••. -. 

send 
Iv 

pseudo 

ime.er 

ex it 

'v 
object 
siv 

1be Push irumuClion is still used. durinS method consuuClion. but has been relcsatcd TO 
that set of uuttuctions which let called upon only durinS system creation. 
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REKURSIV Smalltalle In.mu('tio" S~t 

1bc: execution times for each instruction. accumulated durina the teSt, excludina the 
boot"Slrap. were as foUows : 

mS %rime %opcodes 

send 13.94 61 23.6 
ex it 3.99 17 10.S 
Iv 3.24 14 21.8 
sv 0 .64 2 3.2 
pseudo 0 .27 -I IS .I 
integer 0 .22 -I 12.4 

From these figures it is clear dw six insuuctions conaume ~ of the time, and two of 
these nearly So-.. these bema Send and Exil. Thex same six inJUUCliona comprise 
some ~ of the dynamic opcode <OUIlU. It io clear. ~fon:. IIW ......... pusing in 
this Smalltalk instruction set is the main 8Clivity. II should be ncxed, however. that in the 
lime allooed to messaae sendinJ. the Send instruction iDdudes the time ~t wilhin • 
primitive if that messq:e was implernaued directly in microcode. Since BK' of mess.ael 
sent in the example were primitive, it is not au.rprWna char: Send i. the dominant 
insuuction. 

Linn 5,"",'1 Computing: Td (441 4163/ 1483 Augus, 1988 

REKURSIV SmDlIlalle IMrrucrio1l Sf'f 

Instruction Formats 

SEND I ..... ooIoa,.. 

ALLOC 

PVSH -,.-
GET .... 
PUT .... 

aLuxrr 

IXIT 

UV - -
SIV - -

INTEGER -. ...... 
CH ..... cru 1 ... 

PSEUDO ... 
SBING .- 1 -

LV - -
SV - -

oUY .-
a..uI ..... "jIoI 

M&TIIOD .-

IIII [ ... Jt 14111' .6 U. 
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REIWRSlV Smallralt InsrrucriOll S., 

General Notes 

(I ) . The Slack is ~·inaanented. so always points ar the lopmo1l element. 1hc 
re,isleD are : 

fp 
sp 
&lJPU' 

and .......... suck _ . .... objecu. 

However. there are abo ~pnen in object fOrmll : 
current context 
CwrenI receiver 
current mechod 

for fua acccu. 

(2). Gatbqe coUecrion ..... omaQc. 

(3). Euc:ution_7 

("). Thete IR DO ad&h JeI, DO ;m.,.. poIitioo-iD.. .... code, mahoda are 
cochocI in. 

m. InItIu<tiona _ only cIurini _ ........ em __ be deleted from 

the COIItIOI ..... mop II1II _ .-_~ _iq only the ----. 

Liflll SmarrComp.ring : T,I (U) 416311483 Allguse /988 

REKURS/v SmtJllla/t in.stTllcnon S(,f 

THE MESSAGE AND METHOD CACHES 
Messaae lookup. method invocacion and methrxi execution are aU Luisted by the 
existence of caches . 

That is, lhe instruction cache is loaded only with those methods wruch get invoked. 
1besc are loaded dynamically. when needed . nus cache IS WIUun the processor 
arcrutcC1'W"e. close 10 lhe sequencer, so that opcode decoding and operand strippmg can 
be pipclined. 

Each method so cached is taged with me stan address of its cociestft:&m in the 
instruction cache. This lets sel when the: melhod's codestream is first loaded intO the 
cache. A simple examination of • method reveals both ,.,.hemer or not it has been cached, 
and identifies its stan point in the cache in the case thai is has. 

The insttuction cache is filled on i. first-come basis, so when it overflows aJ.J methods 
which point into iI are ~sel to indiclle thai they are no lonler cached, and the cache 
pointer ~set to the base of the cache. To facilitate this unlilWng, an array of method 
idenliflen is k.ept. and this is IUtomalically scanned when the cache is cleared and each 
method identified by it has its cache address set to zero. to indicate not-<:ached. 

Thus. liven. method. it can quickly be eslablished tbat it has been cactoed and. because 
of beinl 'locked into' the processor's xquencer. it can executed very efficicndy. aearly. 
therefore. because it is uuJy a method cache. there: will be no paae faults from the 
cociestftcn durinl execution of a method. and so no need for disk: access. 1be instruclion 
cache is quite wle. up to 128K inlttuc:tiona. Ind bec&Ule methods lend to be fairly soon. 
a few dozen instructions. there can be many methods in the cache II any Ihlen time . To ~ 
RtnOve the possibility of the cache manaaemem table causina a pr!:~ flush. the 

cached-metbod table pows automaticaJ.Jy when necessary . 

It is in the nature of messale·based systems that much time can be spent merely 
searchinl the messqe dictionaries assocWed with any ,iven item of dau.. tryinl 10 find 
the meaninl of • panicular messaae. This could involve searching the entire class 
hierarchy. 10 find the proper method. An opc:imisation over repearedly searchina: the class 
hierarchy is to mainWn a cache thIr records which method wu found each time a 
particular pair of selector and receiver clus are looked up. If tIw messaae h&s been sent 
to thai class of daa befon:. the cache idetuifies the oppropriare method. so • fuU Kitch 
is not necessary. 

1be mesnce cachr: ia OIJmised a a triple. It records a binding between a selector. a 
class and • method. Given the selector and the class. il provides the proper method. A 
straiahrforward hash.in& al,orithm is employed. usinS lhe low order bits of the seleCTor 
and I:he class to provide a cache index. If the selector and class match those of the cache . 
the method is exu.ctcd. If they do noc match. the method is found by searchinl the class 
hierarchy of the receiver for thai mc:ssale and the message . class and method are Ihen 
wrinen 10 me cache for future reference . This cache can IT(m· if necessa0 

lbe access lime for the message cache is halt" a dozen cycles. to establish thal there " 
no maJch.. wilh • further ~ cycles to extract the method should a malch occur . 'Th..is IS 

likely to be fu fater than seuchinl even I:he fusl·level clas's dictionary . 

Once the dcsiRd method h&s been identifted. it then takes only half a dozen mort: cycles 
to establish whether its codesm:am has been loaded into the insttuction cache. and to 
sian scnm, this up in me pipeline. 
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REKURSTV Small,all /lurrucrio" S~( , .. 
Performance 

'The messaae cache perfonned. in ~mall scale tests using different ha.sh.in& algorithms. as 
foUows 

hash %slots ~hits cycles ..s 

I 13 81 154299 22603 
2 12 81 155172 22814 
3 II 78 162370 23744 
0 0 0 161207 24198 
4 5 47 169733 25170 
5 4 50 171657 254~ -

(The cache had 255 .Iou. and 1903 me .. ., •• sen! durin,!he test). 

for huhin, aI,oritluns 

o none 
1 ( clu. XOR me .. .,. ) 0 .. & 

2 

3 
4 

5 

( clus ADD """'II. ) 0 .. 1 

( clus 0 .. ) « .. ) I mesaqe 0 .. 3 

( (NOT cluo) AND messqe ) 0 .. & 

( clus AND messqe ) 0 .. 1 

where the result is always ORed with one to paranter: a valid (non-zero) index. 

1be favourite ul0ritlun is therefore die XOR of the mess .. e and receiver clus. Those 
all0rithms which performed poorly were actually disadvll1!a&oous. pruentina an 
ov~ rather than an optimiution. It should be noted, however, thai: these tests were 
carried our on • vet)' small eucurion profile. """" 25 rniIliIecandI durins which less than 
2000 masqea were IeIII; lonces leIli on a much larpr system will be needed to 
properly .valaooe!he _ of !he me...,. cache. 
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VI.33 

DISCUSSION 

The diacullion began by Dr. Kay asking Profenor Harland how small h. hoped to 
make the Recuaiv board. Profesaor Harland replied that their aim wu to reduce the size to 
that of a normal VME card, with double eurocard connectionl. Smaller that thil w .. UDlik
ley, and the target 10" to achieve thil reduction by next year. 

Profeslor Randell allted .. hether the essence of the Rekuniv architecture could b. 
summarised as being the ability to execute teste and conditional branch" in parallel. Prl>
fe.sor Harland replied that this capability was only one of the features of the architectur •. 

Professor Morrison aslted Professor Harland how conlident h. thought hil type system 
.. al for representing all type" a. concern was expreaaed about the size of the available 
taga. Professor Harland replied that the tagl could also be a .. ord (in addition to the 5 bill 
used by the compact type,), and he thought that would be sufficient. Professor Atkin.on 
followed up on the previoul que.tion, being worried about the type system not supporting 
persi.tence data fully. Profenor Harland replied that Rekursiv doe. not support a type .y.
tem, but such probleml could be .olved by building sui tab I. toola such as a browser to 
brows. the object. in the object stor • . 

A member of the audience pointed out that the buyers of computer hardware are wil
ling to pay extra for f .. ter proeening, but que.tioned whether they are also willing to pay 
extra for the security of the type system supported by the Rekuniv architecture. Profelsor 
Harland disagreed, pointing out that the type security supported by the architecture was 
becoming a requirement, in particular for military u .. , and that to date 17 machine. had 
been sold. In reply to a question asking whether these machine. had been bought by mili
tary users, Professor Harland replied that non. had been bought by the miltary. The prob
lem with buyers such as the military b.ing that th.y take such a long time to thiolt about 
buying a product that once decided, then the product il already obselete. 

Profeslor van der Poel asked where the nam.1 Relturliv, Objekt etc came from. Prl>
fe,"or Harland replied that the company (Lion ProdUctl) malt. hi-Ii, and have a habit of 
millpelling namel, so that .. hen the marketing people were cooaulteted al to what to call 
the architecture, the fact that it suppoprta recu.ive computatiooa in the micro-code sug
gested that it b. called Reltursiv, .. ith the nam. clearly being a millpelling of recursive. 
Thil theme continued with the other componenll of the architecture. 

Profellor Randell a.ked .. hether a number of the machine. could b. uled together. 
Professor Harland replied that thi ..... on. of the aim. of the group, and that hil main 
interelt .... now in cODltructing a di.tributed object store that could be shared by a 
number of machines. One pollibility being to use 6 bit. of the object id to name a particu
lar machine. Profe.sor Harland though that this wal an interesting problem, with lotI of 
triclty problem.. Profeasor Atlr.inlon stated that a limilar approach had been adopted by 
the IBM model 38 architecture, but there larger word size. had been used. Profes.or Har
land replied that he throught hil approach .. ould be sufficient to conltruct a diltributed 
object store. 




