
tt MASSACHUSETTS 
LABORAIDRY FOR INSTITUTE OF 
COMPUTER SCIENCE TECHNOLOGY 

(formerly Project MAC) 

MIT/LCS/TR.-.186 

A STRUCTURE MF.MORY FOR DATA FLOW COMPUTERS 

William B. Ackerman 

This research was supported by the Advanced Research 
P~~j~~t~ ~~~~ ~f t~e D~pa.,~t~~~ gt D•(~~ ,~d was 

. ·-monitored''1,y flie '-Office"-·of ·1tavai.· 1tesi~n under 
Contract No. N00014-75-C-o661 

545 TECHNOLOGY SQUARE, CAMBRIDGE, MASSACHUSETTS 02139 



This blank page was inserted to presenie pagination. 



.,. 

Cmalmd&e 

YlLUM& .f. ACUIIIAN 

--·ff'I 

LallaratorJ' tor CalQalr .... 
(formerl1 ,py;c,]ect Mt\C) 

MIT/LCS/TR-186 

M1111Cb...U. 0&138 



2 

Afllltt.lUIIE 18.111ft i •-"81 Qllal'JIIIIS .. 
S.l rftlMI le .. Ga,nrt1111lfll .... ..alt1 ■1ri111_,Gu,slllu ..,__ A1•◄ n. 
,.,,,_,.... .... 111 , ..... f 11drs••· ... -·· • .-f ···••r«r 1111 AH 

MlflWX 

A dltt• ftew • .,..., ts-.. .._ •dl:an•• •••,.... ,concurrency of 

....... -lllllln .. , ... • M1111• ■11111.PI 1111111 .. 11•11111 • •41k &11p1.nd1ncy 

.,.....,._ ,....., .... .,. ..... ._.., ................... c111•ut. 

--· ............ ·••rv ., ...................... ih& •• ,. ., ~ 

ll•NCti••· 1tlls .._ ,-1111• • ............. ._ ••"¥· A.._... •ClhMd•• ;. 
............ -••11111111. ... flst&dlll'ialf1la ... z,at11a ■t:du: 111 I ......... 

......... 111111 .... 11t£ ...... , .... st ... RI I J UIII I 11a ■11•,v-,1111■ 

•-•s - • ,._., tat • 111 •·•• rt' ••Ill. 411 _... .. n11,n&Je of • .,.. 

cw■22!.Jllli1t11•··••• _,tf.111111111,.•--•'91:11 a, • .,_..._ 

THESIS Stft1MIOII: JICk 8. 1lllnail 



3 

I with to thank Profnsor Jeck Denni, for hit encou, ... ment and ,u,port 

throuah thl, re,earch and for provldlftl an Intellectually 1tlMUlattna envll'OMNHII • tht · 

Computation Structurea Chi.Ip. I would Hu to thank a.. ..,..., 111d Lynn Mintz for their 

helpful COIIINnh ~ perts of thlt thNfL The Laborllory for Colllputer Science providad 

flldliflN for the preparation of thlt thNii. 

Thil ,...•ch •• 1upported by the AdYIIICed ANlarch Projectt Apncy of the Dlpartaent 

of O.fente and•• monitored 1,y·n. Office of NMI· J1111■.dt _., contract no. N00014-

75-C-0161. 



..... 
• 

---••1121 

t 

A I II ..... n::,: f'Jf~ii:rl:1,;1i, (~liub/;t;•.,i «~ ¥¾fb~>;!'~~q 't"' bfl6 ~'1H•'i\,1t' *;, ' ,1.~~"';I11 

t Illa •-•• I fl... ', · 1 ·,-,;. 'll\t4';;,,, ""· :::,~1 ;r-,,. . l vi ~I Mtvm'~ , , ,~'\;; a,a;•4; ~ .. ,.n 12 !'pi';,''.,; ~HC;, ,: .. ~ 
',r '1'.V"'''<''. ~:y'!<·,):,) -i~m(!~·''~\ ~,,~ 'lf"-~i~. •;;:•~.i ~'f .t~ .;,ti"tt ,0 ~JW..:; N) \;; ~t.i-i"C..'. ;,,s.:;}~~'} 

u .... ,u-. 
, .............. . 
t.1 ..... *• 
1.;z.11111a .r■c• n • 
U S.lltM\ II a at'flldul 9; 111 

Z.l .. 1.1• d:a:; 

U ft Dlal Id • 1 " m I .. ..., 

u w111s.•• 11,1..an•,n •-•••u 
M ...... ,.,u;a111 
U .......... I 1as1.rr,_IPIJ:l&IJ 

u•1istb1110u1~ ■ . ••••r•••••ae 
•:_• 111 ............... .,. ... 

• • 1 • •• t :•1 au111:e ·1nr • a · 
.. , •••.• "11 
1• •• Tr . lltR:P■a 9: ut• 

...... II .......... 

...... , .... .... , ..• 

I 

• ta 
17 

N -.. 
•• • • -• • 

IOI .. .. 
Ht 

ltA .. 



!5 

0.0 INTROOOOTION 

A data flow computer II a IWhinl wtth architeduN ·radletlly · diffentnt from 

that of exfttfna COMpUleu. It can perfof'II -.utaJiW,~--- on NnY different 

parts of a proaran. A typical data. flow COfflllillW Ml ,many anthMttic prOCfllOra, and can 

utiUze all Of them limulhnloully, each •ecullnl ,Adfferant~· 

To handle arrays Md otw dlta ltructurN,,a Mt• flow COfllPUlef'' must· have a 

data structure Pf'OC8IIMW JICility- tnd . .....-y that· tllt • silllil•- flli:Mlty to perfot'm many 

operations concurrently. Such 1,data structura ...-ry ii U. ••tect.ot • thHit. 

A data flow computer o~•• Ha are.at ,.-eo to its ability to ,erform many 

operations at once, even .tholllh etch I~_,_. ii M,fater than.en•eoiWentionaf 

computer. The 11me 11 true of the meMOr~. T'- .. _,, •·lie PNNnted here hfl • 

retrieval delay just • 1r•at 11 ~~ . .....,-. .. .-.o ,_......._ technotoay wtll be 

propoaed. How,ever, it hN ~ enormous dlt- t,..,. , • ..,, ... of·:it.•alllty· to handte · 

concurtent transactions. Th;I concurrency ,. ... ....-te,.by • UIIIIUII ·tw-.,, Wertace 

called packet communication. 

Section 1 of this thesis ii an overview of data flow computers and the type of 

memory that such a~ .. ,..-•.for ;1tr•tweproc1ul111, S.tton 2 ts a treatment of 

packet communication syatNJS; ,...._ how lhltir ..,_., ia defined. In section 3 the bnic 

memory unit is described, lions with a •cact.• mechanism and an ~nt• 1Mthod· to 

improve its performance. In section 4 an lmpfefflefltatlon of the memory uaina shift reaisters 

or ma1netic disks will ~ ftv•n, showlns bow tbe,-.fch,ant..- of ,auch .4.IIVtc• c:en be 

overcome throup the UN of pldlfl ~•• .,..... ........ :.I •--•• 1011Nt -,eds of the 
' ' : , ' 

proceAina unit that.,... ,.._ ... IIDQ'~:lnd..,.,, .. , ..... h.\t11•111~• pr*•"' and the 

cost of overcomln& It. ~ 1,.,. .. ., .~Uona.-:fulwa r111•ch.· 



' 
1.0 DA TA FLOW COMPUTiRS 

A1 the MM iftcrHIN tor eYW fllW ctMP.,._lt OM ~ for imprOYina 

perforftNll!D tW ha•- -•lllllralllle-_lMl,WI fft ~ W • YMrt1J • radically new 

desip known • • --gm■ W l,a}pt l11tll9J. A cMl.d ibllf .-..,fer has only 

OM •us of_.._ u.t.-, ..... .__.,_._It-, IPIH IMtaftl at which 

Instructions •• wult!IIL .Allillly te ••-- ..-. ._• ......... .it a thlw can i~• 

performance sisniticanlly, end SOM CO....,t ute M iNlruction .......... to achieve this (3) 

(9) . Ho,w•v•, U. •--- If •••"•• ••••· w ...,_,. N Mft computert ere 
enorMOUlly ,....._,. QMw . .....,._ t• .., ... '...,••; ....,,wy include •array 

P,OCNW•• U6)t W ... ■ 1s►I- tr11; b ......... ••••i111fi' .... lo ,rGlraM. 

A.._ flow COMpute, IChi.we •wfflNl ~ by usina • different 

internal ,.,......._,. ef ·h..,. ,,_.,-.. t tlstilt If ,_..i-llhlfte ... ,...., .. n a list 

of 1,-lfUC.ti..., le M ••~1dlft • ---_.,, .. .,..,_ 11 ,_■--d •au!!.~ 

-- A ctet. ... 111!1■1 •a:..._. ........... ,....Rt inltrudienl and 

....... ~ ............... -.... IMtN&tl ... ,.. ............. ..; eucutfon 

la•••••..._. a,r .._-. .,,.,..__. •_..,.._ft~ whffl ■I of Its deta 

awces h.-,. prCMlucn rwults - .. of ·"' ...... , ..... ,... to NiciiYII data. This 

allows many iMt,uc...._ u,.,·,..-,1 the PfOII'• to be --• .,_.w,Ully. 

Tha 4111 ill • tlala .... ,.,.., .. _. Ill 1111nll.t - ,._. that r..W. on the 

arcsotU.a,aph. uch.,.-,..e•11~·•11111N.· 
I~••••-

Al\.,. ....... ...., .................... ,....., .............. Yer ... 

of h input •ct _.. ·tcluM· ,.., al of ... ..,_ .,.. n ...,ty. When an 

iMtrudieft ia •11•••· h ..._. • 111t_>._.,. ri, ~bed. !h9 
fUMtion ct.not..t w, the ....,_.. i. ••••'- _.. 'h values m the 

absorbed i...... • input detL A tGMn CON ... the function wlue le s,leced 

°" Heh output •c. 



7 

There ire I number of ways of h1ndlina decisions and iteration control. 

Perhepa the lhnplest Is the UM of spedal Instructions ~ L and E: Thete receive • boolean 

value on one Input (the "control• Input) and uae It to centrol the P••• of data from another 

Input. Their eucutton rulel n • followt: 

The M. (merp) has • control input and two dtt1 inputs llbetted "T" and 'r. To · 

be ready for enculiol\ there .. t be • boole.- token on thf arc leadina to its 

control Input. Furthermore, the arc __.. to whichewr· •oil it•~ T or F. input 

M1tthn that boolean toun IIIUll hive a toun. and alt euJ,ut •cs 11USt be 

empty. When It Is eNCuted, the ~ token and U. dll,,~ at the input 

Indicated by the control token •• 1bsorbacl. Copies of the ••"-" at the 

•lected data input •• placM on each output arc. Input tou• ere !l!!!. 
required at the non 11lected data input, and if any are ,,...nt they •• not 

• . - ·: .f; ~ .. ~" 1 - ·. • ;. 

absorbed. 

The T (true 11t1) and F (fllN 1ate) Instructions hive • control input and • data 
- ; - . --, ,., ' "(( ·~;•~;•t-- ;;~ ' 

input. They· are ready for execution whenever both input trcs. contain tokfns 

and 111 output arcs ~e 11npty. When they are\ ·iiec~~ -t~ im,uts ~re 

absorbed. If 'the control Input matchN the ~ _;, the ~~~.~ copln of 
. ' .-.~. .····: .,:. . . :- . : ~--:"....~ :-;;'•:j ~t,, ': ·, 'l!!";'f, ~, ,'i ~-

thlt data Input .,. placecl on the output · lt'CI. If not, no tOMnl .,. placed on 
. ' 

the output arcs. 

Constants can be pneratad throuah thit ~ of functjwll , 9f. pO ar&"""9"tl. An 
., . •· ,c-·-' -; .:,, ' . • 

Instruction to perform such • function has no input arcs, so, in accordance with the execution 

rule, It places tobna on its output arc • f•t •. they are retllOYWl . 
• • ' • ..-: ' .• ~'-- - • . : Cf'",/ - ',).:~ . . 



• 
Mire la 1ft .. .,.. If • data flow ..... te ce..,ut. ttw factorial function, 

out 

llaolean Inputs to M, T, lltld F tnatrudfonl are drlWft • open •rowt. Tokens existins in the 

Initial conttauratlon of tht ,,.., .. •• drllWft • fllted-ffl drdet. 

The ~ of • data ftow ,c.._ Uftdtr the encution rules has a very 

lmpo,tlftt pro,-rty .. ·ff It *ttmm!l!· Thtt •• t1,,t th9 outf,Hlt of the proaram Is 

•termtned Otlly by tht lnpul,"INI t. lftdl,eftdlnt ,of the-~- of iMtructiaft executions. All 

rune of 1uch a,....,.•· h ..... ~ wtlf yWd the .... ...et .. ~Y follows 
' . ,_,, '_.. ' ·,~ ' ' 

,,.. the fact, ffNtt 

( 1) Each lftttrudlon ,...._. a retult which it a functfclft only of the values of 

th·lftsd......,, .......... of ... NhlNlldlll1Rlln•. 

(2) The Ylfue of I lellllft cfDN not CMfl9 ln _,, W,Y whit ft Nlhfll on an arc. 

Cl) The encuttoft rulft, and fact (2) tboYe, .....,Y the IChe•• n a valid 

lntwco,-,,iedloft of ...... l)'St9ML 
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It is •n Htabllshed result that such an Interconnect~ of. determinate· systems It determinate 

[1] [14]. 

1.0.1 DATA FLOW COMPUTER ARCHITECTURE 

·The memory system anchtructure prOCHIOI' that •• the subject of this thesis . 
</ . . • 

are Intended to be part of • computer of the type dncrlbed by Denni• and M11unn [6] [7] • 

S~h I computer ·11 ~ed of units w~h Ult Rffke~ ~!RC·~~] for .irnfer of . 

. d■t■• The only means of dft■ tr1n1ml11ion lfflOnl theN unitt ii the tr-fflisliOn of fixed size 
. ' , -·. . -·,· . ,. ·:·· , (' _Jfi~<~· ,> ' l <. 

me1111e1 citied pteyts. There 11 no •"' or synchronizlnl Information. 

The four main part, of the d1t.1 f~ COfflPYltr •• tt.,e 1,_t,,~1,n Ml"'°~¥• 
arbitration network. functional !!!!1!, and diltrlbySton netwrk. For itructure procn1i111t the 

<. ' ' ... ., ' 1 ,:. . - ' , • " ,,, . ~-... '· •• \ • ., ' ' 

structure control!,r and 1tryctyrt rneme,;.y are added. 
• ' F • 

instruction 

memory . 

· functional 

units 

1tructure 

tofttrollar 

structure· 

MfllOty 

arbitration ,.....,.. 

To execute I data flow proaram, its schema i1 encoded Into the instruction 

memory. Each cell of the memory contains one instr':'(tion of the schema. At the time the 

proaram is loaded, each cell Is fll_led with the operation code (arithmetic operation, mer&•• 



structure a,ieratten. ate.) a the addret1 ef its....,...__ The lelter are the cells to 

which outlOffll ere, ,-t. The iMtruction ult .. ha¥e ree,w.r r .. l,ters to contain 

lncOtllffll ,-...•. -... • ••11.,,- ,...., ,_, ... •n••• htl, • Ntftldioft cell Hlits 

an ONfatlon plfl'I!, can11,.._ If* .. ,,.,.--. 1111-. .,_ .. ~ Nlli•lers. and 

My If"" .....,. ha • .-et nullillf et l1111INCtion cells.. each sending 

c,peralion ......_ tlfltr -~- ThlN ttrnna f/1 ..... ,lf!t ., ... by thl •kitration 

net•M ilillo • _. ftUlll■r If . .._ •n•■ 1llt ........ IUl of the arbitration 
' . ., ·. - ,·,' 

network are ....W --.•• te _,.._ -,. ....... h ••~i.• .f!PS!i!!'!al units . 
. In the cae ., ..._. ,,,11111,c _......_ ._. .,. _. to h tfn!IY!'! cgntroller. 

The fUftdioNI _.. er ..._. _.,,,., ••• h In•••• 111•allett ll'd fortn, for each 
.. ,, ,' 

dNIIMltoft, • ·!Ill, - •••U. of ltll dlltiNtten Ill.,_ lfld • copy of the actual 
result. The rNIM ,...._ ao to the ttfil!l!I!' !!l!!P!J,.ww. they .,. tortect by address 

and sent to the ..,..... ....aver ,....., of U.. .....,..,... instruction cell. (The 

.. tlnetioft ,..,._ _.... ._ r111iwr ..-.,ar.) 1f h ......._a• druelwe operation. 

U. ekucluN CNlrlllw _,, .... ..., .. S!!IN RtSf!!!! to tht _,.o.ry and receive 

rftultHCMltbM ..... hcour..ofhflOIIIIMAllieft. 

The llfNI.,. ..... ft ......... l•••lll h .-cution rule: An 

lnatruction eel....., wllt untl Ill "eut,ut e,e,/, ..._ ~ ,.,...,. of Rt clealinations, are 

N1Ply ...,_. .... 111 111,rllieR ,...._ 1'hlM It nt w., fir •JMtructioft cell to ..... its 

destiftationa• ,eqh,en. n. p,111111• Is r••••d 11¥ ...... .._. .,.. .. .,y, actmowled&ment 

tokene Mftt ,,_ • .W. ••••M to the _.. ....,_ tht ............ , are treated 1iu 

inviailale .,...,... nce,t IMt llley cont• ,. di-.,..,. • ceH ii executed, it may send 

rHult packets to .... dNttNtiont and aclulowl■ itll• to Dthert. A cell Is not ready to be 

executed until lt h• rec11ved alt n■eeMa,y t'NI -- f!!!t al MCNUf"Y acknowledges. 

Acknowledpe.,. pieced m the Pf'Olr• whaN n•••a,y te....,,. that, wheft I cell has 

rece6vecl lllf .,.._..., alld Mhnowledpl, it, dNtlnalfeM' rec1kier N1i.ters witf be empty. 

ThNe achftowl■-- ahDuW not be eenfUNCf with the ,_.. ICUlilWININ to be developed 

. later. 
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A constant need not be hnplemented " • Hparate node of the data flow 

Khema. It can tltnply a. lo1decUfllo U.,,..lvtr NpW of U. -~ cell that u..1 it, 

and marked In such 11 wr, that ttw inlt...tkan cell au... 1h11 that ,_.te, la llway1 full. 

An aclclitlon .. pert of the data flow COMHtet, ...,clhown in the precedin1 

cl•ram. 11 the tat SlfflPMllr, This Js a f;OlllpUler of CGlwentienll"_..I\ which ha& ac:cen to 
the memory ... ll'ld control .. '""'lanl .of. the ...... .,..,.,, .. , It la .. ueect for.. ~tic 

testma and for lnitltl lolclna of ttw lnetructlon .....ory lfMI ---• IIINIOry. It . ._. "°' 
participate In tt- actual dlta -.. CIOlllpUtatlon. 
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1.1 DATA snu;nJllt 

.. .., ............. ,11 ........ ....,.,.tttstn 
moatc ......... .,. .......... ..._ .• .._..,_ ...... ..,v--. (Some 

......... wltkfl UN .... ef faN ... MtCh M ,_,.., .,._,__ 1M other Silnal 

pNNII .. , ... :tltWt-,·•----•w11r•..,.., ...... a·-...w -- • each arc. 

Hi,weww. tNf<l(ll,:111&tf •••---• 'VIIY-- .,.,. • .., .,_Ilic ~ur ... , For 
thie........,W1. ► IJ•11e ... ..,.,,.,__, .................. f!Yetyrevalues. 

TM, .. 1.,.,.,. tY,e el ..,_.,. .., ,.oa W 111uldllltt II tlia N!!l't tree, whtdl .is · 
recurst\19ty deflqd1 • ..._V tree le • ... ,., ii.Lt ..,_,. ._ .... ••• or is • 

concalenetloft el twe INlw'y ......_ .,. trw ,.. .. 1111111 • ................... . 

LISP. [4] [la),_ •••n•11, .. ..,...,_ _, 111 a ... ,._. ••••r w11 be .. umec1 

to be binary INN. 

The •••nllry ...-• n ti dlllt Wl1w .._ ... ltructwn that the 

co.puter CM h--•• ... h 111•dt:t .... 1'J!. ·••Rlt:ry ........ aiahl include ..... ..,., ..... .,.....,,... 
The ,rlndpll .,.,..._. on a dlta ..... ii ..... A !!!I!!!. spction 

t11MS • stnd'" ... • .... lllt. ff h ..... • ••llary _.. ftllt !!f, Ille retult of the 

Mfectioft ie UI......,_ If 1w structure ii·!!!,._ ,_ ii!!, Olurwl1•. tblt structure is the 

concetwtioft ti twe ttnu•:-, • ._ ,_ flf .. 1d1d• •._first• NCOnd of these 

if the Wt II zero or .. re1111etiwty. A cp919 11lldip ._. • ..._. wl • slrifll of 

- ... .,.. .. ,... .. ·--........... ,. .................... in ...,.nee. 
The bit effflll le aled h 11l1cter. IAt S lie h foleMII ....... 



.. 
yf, "'· ,• ....... _. - .,. '" 

13 

1 4 !!!!. 3.14 

SELECT[S, '1'] •.5 (1 1iMp1e Nlectton) 

SELECT(S. ,>01'] • SELECT(SEl.£CT[SELECT[S, 'O'l Vl ·11 • 4 <• compound Nlectlon) 

The true • ....,..,.. or ■vatue• of a •truchn can be •fined to be the set of 

or~ pair• of selectors thet ylelcl ele..tery vlluN:...,. then !i!, alons with those values. 

Thus the structure S danotH the tet 

f!. liMply ct.not .. • aubltructure with no elementary items at Ill 

U.inc thlt •tinition of the meanina of a structure, there is • structure 

corrNponclina to any finite Mt of or.,ed pairs of Nlectora ~.v .. (e.....,_ 

!!!!) such that no Nlector in the ,et 11 an Initial 1ubstrms of another. The structure !ill, 

denot.- the ■.ty •t. 

S£l.ECT(1truc, NI] • 

The ele~)' value \l .. lf tlruc-.t• t•• _.,,v> 

I.Mdtftned if '(I, y>. •"----..................... of·tel 

n.•~ture{<t,V>,l<Nl'ltv>•Cllruc)~: 
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Structures uet ba IMailt: wlh h qp !ti....,.._. #FN ..... • .,_. o&,ject (1tructure 

or •leffleftt•y .,.._) ... •.,.. .,.._. . .-. •.,.... .,_tor. n1M1¥ina whatever 

eubstf'UCNPe ..,._lluaty HilllM ... flt .. •t11a1r11i1 ..... 

APPINIJ( .... MW vii,•}• 

<•true - I <-. v> t - ot .a er • Is M inltW •**illl-, tht ...,.}> U ( <sef. new-v•> ) 

lf ... ~-·-••ntlr)f· 
Catrue .. , I,_. t..,tf •• • • •--•••--• 1111 ._}) U 

(.._.,_,,.,., .... ,◄ ··••--·• .............. !!!: 

9 

1 4 

1.1.1 lll8RUINIAlD • ,_ •• 

StruehN ._ bit iMpl•--d • • ._ fllw c-,ut. in the 1W way that 

they •• eem•nly 111l1n•11W oa ••.-Y •••re ... • ..... W. el._... ht• •MOl'Y· 
An..._nt•ytlbjecti1,_.1Nlltadby.._a;.dhllf.. A ._,_.Mntectby 

tt. ..., ... ift •••'Y af a eel_.... U. NPJ•■ntlti1111 of U. twe _,...uctures. In 

elthw C--. a st,uchn ii ........ •-- 11 taiJ' .,........ Tiw .... IIIIOUftt of 

infor....._ tW CG1111taul11 h ..... ._. ............ ,_ ■-I ttla ..,,Nefttation 

................... TM ........ ,,, ........ $£...... . . c.u.·.,. ,..., frOM 
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Memory and the appropriate halYN of the data used, under control of the Nlectlon bits. 

1.1.2 SHARING 

Such an Implementation leads to tt. ponibffity of • tinale structure In memory 

bei"I shared (or partly shared) by NYerll perts of the compul,tloft. ,In a data flow computer, 

two tokens fl!liaht haw the 1■111e Pointer • their v.,._ n. ii of courN very desirable for 

economic,al fflelllOl".Y .uae..~ i.t ~ - ~ ............... ,l ... , ......... ij-that 
I - • • • 

modlfication_of ,-Jntera.lMtde U.~·-c•,••111·111'•••elf'Ult8Nt-otfllrtttan thre 
. . . 

intended one, ff 1tructurea haYe parts In c:own. lo,.lllhJ.,.....,.a••• ,........., !tfh Is 

COMidered a renonable and even desirable effect. For exawtple, the LISP lan1ua1e h11 

instructions to IIIOdify, niltlna structures. In a data flow computer, however, this cannot be 

permitted for ,._,,. of determinacy. In order for a data flow COllpUter to be determinate, 

the meanlfll (in the .. t-theoretic ...,.. 1tven previously) of a toun be■ri"I • structure value 

must not china• while that tOken resides on 1n arc. Since other instructions, includin1 

APPEN>'s, c., be executed while I token resk:IH on an arc. APPDD MUSI never chqe any 

substructures that ... shared with other structures. 

In the prGpONd structure procenl,. faciffty, each cell h• 1 reference count 

which IMMt lt .. Y to ten what tubltructures tre ahlred. Whenever the APPEN> processor 

is tempted to IIIOClfy a celt that 11 shared with MIOlher structure, it ffllke1 1 copy of the cell 

and modifies the copy inltHd. For example, If S ii I Pointer to the foffowina structure in 

MelllOI')': 

1 

where the number In each node 11 the reference count, APPEMJ[S, 7, '011 yields. 
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5 

1 4 nil 3.14 

The node that originally had a reference count of two may not be modified, so a copy is made, 

and Its reference count is therefore reduced to one. The structure controller to be described 

in the next section will perform these tasks. 
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1.2 TI£ STRUCTURE C0N1'ROU.ER 

In this NCtion we will outline the behlYlor of a proceulfll mechanism that uses 

the atructwe memory to provide a structure flldllty for the data. flow computer. The buic 

behavior of the structwe controller Is that It receivN ..-,a11on packets from the arbitration 

network 111d deffvert rNUII PKMt• to the dlttrlbutton ,....k. It-,. the ,tat• information 

for atructwe operation. in Pf'Olr--. and perfor• "'"'°'Y oper...,_ by •ndina packets to 

the memory and rNtlvina pacut, in return. 

The purpGN of this section It to show how the structure controller will use the 

111emory, rather than to 1tve a detailed speciftcatlon for the ttructwe • ...,. Therefore,• 

l'IUfflber of dNlan dHtlloM wm be nuide arbltr.,'. For the mNt part, the requirements of 

the atructwe IMmory are Independent of these decltlonl. For example, the 1Mmory desi1n 

would not chana• If ternary trees were UNd inlteld of binary onn. 

Some aspects of the detlp of the 1tructure controller will be considered in 

IIIOl'e •tall In section 5. 

1.2.1 DATA FORMAT 

The meMOry tptce ii divided into "-•• or •c,111•, N,Ch.of which holds one 

node of • structure. Since the fflllllOry It UNd for the 1tor111 of binary tren, the words 

representlna nonterminal nodes _,_taln ~ 114in1era to . ._ ,..._ .. flit convention wilt be 

made that all words of the meMOry wffl be divided Into halYN, called the left half and the ri1ht 

half. Each half has '" •e1em• bit bit. "9dlc• wt.U,., ft ~ 111 ,l...,.tlfY Item (terminal 

node) or a pointer to -.tf\fr wor~ II) Iha IIIIIIOl'l• If~ 111u,.1, U. half v,ord ~ an 
~ . -. . -

elementary valua. The 1._,pr,tatlol, of. that ltllf word.ii IM11t:U._... rNpeuaibility of 

the rNt of the~-• unltl_l It II iJ: .. ltle ,t.,._e _,._.My •Nnt•y vat• 

other than !!!. limply • 1 ~"°" of,.~ ~- .ty,. ••• '8upt+ ftaaflnl · ,oint 
number, character, etc.) 111U1t be encoded Into the half word"°"' with the datL 

The structwe 1raphtcally repr...nted • follows: 



• 

.......... ., .......... .., ........... ,., .,ttu, ........ ; ... 
Mti,aWllf'tt llutrr•at hllll'•-- h•)--• 111• ,.. , , Hy 11n■rfult and differ only _. .............. .,..,.....,...,.c, .......... ,,. ,....._NJ 

•..,..•••u ■r,._ ..... ,...rva._..,..,_.n•·cettecttonof 
~- -••• '!!Iii- .... - •••• ........ Jlllilr•--~•lflrilllf ._,__..,. • hiatt 
,.,efbt11■• ti Ir J .._;....,,wll. • dllee ■1Mt r.., •·· 5ta): ........ , the sh-uch,re COfttNlllr,...•_.•..,•---•--lt.._l,,_,-.·.,._hh. ·Whenever 

• ,_. ta ••tm•M---. 11t p1N1t& ............ ,titwtlfd'uM....._ tt it returned to a · 
,,....., ... Hsl 
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Each node of a 1tructure hq a ,,...., ,SIii.i,., wbif:h is the number of 

pointers to that node ttt,t ext.t,.whtU. in otber ,.._or fn the N1tof the•COffiPUler. (The 
' . . ' · .. · ·,, . .. .· ' 

latter Include• op,ra~ waithJ& ifl inltr"'-'lon ~- ,___ ta ,tr■-M throu1h the 

arbitration and distribution networks.) The. •aUCtw. .ctntrollw incM:11n or decreases the 

reference count of each node u pointers to it are crHted and deltroyed. When the 

reference count It deer•--, .to • the node ........,_:lit ••'ek,r.1.cUo • ,fNt 1tora1e 

list. Whenever tbil ,,...,., ,a.y ..... that ..... ,---, ... ., .... , llnd so the 

reference count, of the nodn ,omted to _. a...,.....,. 
The choice of • referet1Ct .. count at,_. tor --v ~• instead of 

the •mark and scan• method ~ 1.•dJn IJSR. IYtlftlll w• ..... ,- ttne:.....,,,.: 

(1) The mark and scan method requirn a 1•bap colfection operation which 

must.find every reference to every•""-..., .• ._,.,...._ exist in 

packets .in transit, It would Ile necM••,,lo tlo, :U.,MD•tonlpUtltion and 

wait untlJ Ill pecllet1 •lop NWlllaeftr•:••b•..,...... _net,. 

(2) The ,-f.-.nce c0Mnt is needed anpay in, ontft\,,O. )apl.,nt U. IOPYNII 

rule efficiently • . ~ tha $1ruct~ . .,ar-.Jneeda•l11;1-.ttfy • node 

• part of . .,~ _,,atlona. lt.m,y de>,_. ..... M,.ttllf ,,.erence .count 

is one. If not, the node 111U1t be copied. 

(3) The obJectlon1 tot.., refer•"'- c:O\lftt ""~ ~ .IMI\Y Jitl proceasina 

1y1te1111, that It 11 difficult to recover cir~ .. ....,.., not. _,, ,_re. 

a.c .... of the copy. rule, cil'Nlr 11111 .,.. .._, c.et.cf. . 
• - 1'", 

1.2.3 1l£ STRlCT\R OPERATIONS 

The structure controller t, be propoNd illlplewt1 ttw followina proaram level 

operations: 
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~ 1111•)- "'-'---- le: a bit, ... of *finite length. The 

•ua1.ti1re is,••••.., •: In•• h llils te·h 11luW·, •t•tina with 

..... , I H11•-A ..... ta1t•1 ta llilJfllfl ........ • .. Mt Nlects 

..._ . .,._.._ 111a ..._,._. •· nll!srlll•...., lit._.....,__ it ret..,ned, 

,.., • ._il:Ja~••--IPucltn. 

APP£Mhtlw--......_ •••••~·---• ..._ • ...,,..to the aiven 

... ----... ,.... ...... , •• I, .... _.. ltllllllilr. Whatever 

was et 1W...., •• ......... ---·•_,._.In~ retult. The 

object may • 1l1111ntery or a ,tructure. Alff: ...,t of n. oriainel ,tructure 

u.t 1tt,.n .a, ... -- ..,.._,. 1M 1i:11l1.._ la net INdtflect. The 

_.,., ..._-" ..- • .,._ • ._. . ._ .. , • . .._.,Y to be 

.......... c-. 

111a •---- c:••111.._ •••D11l11t ._ ..-W -.teM !!!! which, while 

................. ••wllll-••••--1,; l!'-llllM••••.,illlnalnodeof a 
structure k m.i1111 ._.._. ... ...,_ .. _,., . ._ ..,... lriif./.fMil"t·ot • structure 

MeY ................ ~ Iha ..... lllflll l. Iii, ••IIIH .. .U. !ff, end• a Sff'#Cfure 

._.._.,_.._ •• , ................ rn·•,-•••M!!istlQlkiUy 
avail ... a,--. •• u lftr,,._._. •111nt . 1'111 .... ,_..,._ tN atructures, 

replaci"I _.II_,. til Ml ........ ..._ .... ..._11Ja.nl 

..,.. .,. two .,. 1t11retioM ..,,__ illllalWH» - the ccantrolJer. If any 

operatktn r11w,-. • ..._,._ ••c.JII•'• ..... ••·•••n. Ille~• count 

of h ,... _. • IH!I ••11 ■'1 ..,,,uli. - tf aw •••••~ •N.,. a atrudure 

value. llllt ............... _,.U,l!l I-·• Mih.lllilNll __,aliens such 
- ,,, •. wt !m ..,., ................................. the oltject• bei"I 

awttclwl ............ 
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1.2.4 TI£ MEM>RY OPERATIONS 

The 1tructure controtter COfflfflUnicatea with . the . ..._>' by Nndtni cOfflfflal'ld 

packets and receivi111 re1ult packet,. The•• packet, are 1iven names dncribina the 

operation to be performed. 

To read I word ,of memory, 1 FET <i.-chi packet ii .a,nt, alvinl the 41ddre11. 

The memory returns I LOAD pldrat with the data. a.t,-ll the; FiT and the corresPondina 
,, . . ' :, •·' ·: 

LOAD, many other packet, ml1ht be Hnt and received. Thlt 11 • con1equence of the 

paralhtlism of the d1t1 flow computer: J~t Ii with the other fw,ctional u"6t-. the rate at 

which 1tructure operationt •• performed can be Increased by lllowina many operations to 

be In pro1r•H timultaneoualy. Thi• concurrency it '"de possible by the u1e of packet 

communication 1t the memory interfaa. The FET padwt .that ~. -an operation and• the 

LOAD packet that endt It are dltttnct eventa . "9(1 ffliaht " ..,.,.., by a areal number of 

other packet tran1mi11ion1 and receptiona. Each LOAD packet ta ldentif led with the F£T 

packet that caused it by meMt of the i11•, to be dnc:rlbed later. 

Each LOAD packet contli,,. the lddr"' of tht word .tnd it. reference count. 11 

well at the data. The lddrett It sn,blbty not UlfCI by t~ ~l'~•·•trolle,,.W ii included 

• part of the specification of the memory mc,clule ~~ it l• · ,.,-,ed, tty the cache 

mechanism to be described in section 3.2. The structure .controller -..es the reference cau,t . . " ' -.,-;,(' 

in order to tell when • node may be written on without beq co,-1 (lf count • .1) and when 

• node thould be dHtroyed (if count • 0). 

To incrHH or decrHse the reference count of I word, the FET+ or FET­

packeta, rNpectively, ere Nnt. Thete ere limiter to m •. e•cept that the ref.,:•nce . count it 

first modified. The memory repliN to·thtm with LOAD+ or LQAlf,p1CMt1 which•• limHer to 

LOAD packet,. In some c ... the structure controller doet not UN the data in I LOAD+ or 

LOAD- packet, but It don not really coat '")'thins f~ the fflUIOl:Y. to send It. 

To write on • word of memory, the structure controller ,ends 1n UPD 

<•update•) packet 1lvln1 the 1ddre11, d1t1, and reference count. The reference count is 



~--, 1M • ••"4111• • h ••v --.... • lt'bitrary count to be 

liven. (1ft i1n achrat ............. ._ ef I muelM tl1ttl'IIII N ... l'V, urae"111ry fields 

weuldtMt OMlftld,.... , ............... , ..... _..,ltltlflte·twnt in 

ll'l''111Mll•N11••••--• .... tlNft•\OMrJ1•1.} ,,.......,.yse,likno 
,.,., .... wo ...... 

r-. ._ 11•• toMmlftd ·1Mf tfll · ........ The Ol.R _,acket waits 

until al,.,_. ........... .,__. .. ••-t, _. .... ,.._,_•DONE packet. 

ft ii.,....,., ... .,. ■1111•1r II ll."1t11 N"111Mltw~ of tht ceche. 

1.2.IMTMftll.G 

__,, fll'l"t m•, ,If m"" ,-- - t M alN tM ..... ft.tel that 

....... 1 ...... -. ............ ll 11111. .... ft ·whit 16 a With the 

r"'1ft ...... , ...... - ........... - ... , ... Ufidtalipd ift the ...... ,..... 
. · ._ ... If I ... SIC1' IM'lf-11\ __, the iftstfuctitm tefl 

flt'N.Mllllf•1n--.-t11M....._I , ... , Nl.t .... ........... todlt, the 

.,, .......... ,~··· .. ···--........ - ...... -,... .. u. 
,....., n.. ...... ,,,..., .............. ,t ........... MIit 20 bttt 10na. 

n. ..,_..,,. •••, Wt __, .-1fllM tM ttt -- If 1M. 'tttch• tOMmand to the 
NftlOiYJ tfll t• .. ...__. Ny ·tlftlll _., 1ft h .._. ,..__ 1ft thlt case of more 

complictt.l 111"umrn .......... tudl .. #f«uet - , ............ IMNt ii 8 ,., .. 

lfflOUl'lt et tt• W.11111t• N .- • r11••--•••• ... ..., __., t,..,.atkml 
. . 

that W Ult tM ....,, IJlf•lln. M IJ&lltw ti M ........ 1M--. , ..... ft the 

dat• ;• .,._ w•n•-.•w. .• ..,.. • • •m• ••• • ,~,. .._., bits, 

..... ,11.,, ....................... M11N.•II011t•"""· 

1l'l8Nt .,. M wa,t tf hlftdlh't • ~ OM ·MIMfled is to include all 

of It fftffll t11 ffllktOf mlflll...,. to h MNty, .. ttlt stfuttUNt ......__ ,...,., ,..c,.te 

st0t1J Illy tftrotM1• IINt 1M ttltt Of Of'ICitfll lthittut'• .,_atlOM. Whttft the resutt 
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packet comet beck from the memory, the structure controller looks at the entire packet 

lncl~nc the t11 fleld. decidN ~ ~- ,...._,.,..,..,., .. ..,~ito Nnd back to 
. ~ '. ·, . . ,. 

the IMIIIOf'Y. Thia 1Mthod {~ ,~ ~-.. ~-I;~.~--),•., ....... bat it 
~ <. • -,. '. • ',• - , • ' •• 

requir• an extremely wide data path.,fO{ alt ~ :t, ........ ~.M .,_,NN::;to ve,y 

clfflcult problemt of avoldlnc • ..._ 
\" - '.·, . 

A second 1Mthod Is to store 111 of the state Information In the structure 

controller. This requtr• that the controller haw I llllfflOry ••~ .of D Ms or :. " 
more for every structure operation that can be In PJ'OINII at OM HIM. In this c ... only the 

address of the block of ..... Y ... tn ........ Jtt, - ~-,_,_t'.·a..,t,in the t11 
. ' ; ' . ~ ' . ,.. ' 

bits. 

In either c•• -~-"'.,. to the INfflOfY __,. :• ._:ffekl. The •-"Y 
a•f . • - , • • . 

~ the t• back to.~~rolllr in.J• ,..t.,-..t. 

1.2.6 TI£ DATA Atl> REFERENCE CXJIM1' flEU)S . 

The contents of ,-. ....-y v,o,4 .... of -•-• ftltld· _. • referera 

CCMa'lt field. The data f..,.. • f~_.,__ intQ tYtt,..,; ,_.,,,,..,,_.-■1ca1or·--. 
~ - ·; ' ~ ~·- . . . . 

pe;hllpa • bit to indicate that the celf II on th■ tt,. •• fftt:Md ,.,111111 tv••,,lndilator 
fietdl for ..._ntary valuN. All of theN are siantftcant only to the structure controller, and 

.. irrelevant to, Jtw ......,. y. ~,~ c,n ._ c:.,,•• .._._ .• _. .ta ·oe•neous 
field. In practice, It ni&ht be ~ 40 tet IO tatt. .. 

FrOM the l'll!lfflOf'Y"• atandpojnt. the refer~CCUlt i,t,;Jl"fW part of:.the data . 

anoc:iated with each word. In._ tr~-""'.1 #1.~ ........ .,,_,_ part. 8f 

the NIIIOry lyaleffl, II~ , ... • lf~ip· •cpol~ wiPil'fVlt'~:.~ ~.: .... ........ 
count. In• typical realization, the,..~ ~J ..... ~'1,...._ ldQ~11 lth:lona-

, ' ' ,._ 

lncomi"I and outaotns packets thlt reed or- write • word of memory have data 

and reference count fielda that corrnpond prKitefy · to the fields In IIINIOf'y. 



• - ...••. .,,. 

............ ,.m1ltt 

, .c: . a !I If .a .. JflS l■CIIP• lWI ltldlfll·--f • \,<''i1 ij,,_.;.·· 
~--••ti 11. t1 -- ., ... kif 1••· :., ...... ;~~ ~~,::~ 
• , , "1 •• ,,_are•·• 1 m, i-" • ••• tr• • . Jil'lll ,nu••• • •­....._,. ,1 ••11111 1-.11, ,, _11•••1• au1111trn •df ··· .·-. ~~---
• ,1,t, ■1 ... , ....... , -··· ••1•1:111■. . :1•-,¾····· ... · ... . 
-·~· ., t ....... · .. I Ill .... .. .· .· ·, . •,• ... · .. 1~\Alf ll t:t..:~rl~J"; 
....... ,. Pll:llllt tlld llkl· --------- .. A-=~,:f\ 
'1 •••• , ,,.. ..... 1111 • ·, ··- • 
a(ll •••• \1111: • ••· · · ••.· ·.1.ns .... -....... --- ... l:rh:J~-1 ,i-~::-~" . -~_-,~.~--.1~~~~ 
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There It I perllll orcllr on hlttoriN: )( ~ Y If )( It ■n lnitlll 1ubtequence of Y. 

For exlfflPle: 

(11 3 I 4) ~ (113 I 4 17) 

but (1 I 2 I 4) and (1 I 3 I 4) do not utiafy thlt reltlion.in .ilbl, •• ,. 

Since histories only 1row lonpr • tU111t PfOll'NIK and :fY,._ already 6" • 
., --- ., . " ' 

history never chanp, 1 history at I later lnlt■nt It always 1reat.r than or equal to • history 

at an e■rhr inltant. 

The lencth of port hlttory )( It -ted pc~ Jhe .. ~ ;pac:'-• of X are 

x. ' x, . . . ><,ca. 

There II no •fined tiN ordltr 11110f11 ~l •rlv-,.,QJ.~ ,orta, IO.lt is 

......_ to represent U.. • • ..,_ .....,__ lnatffd, • histg[Y· mn. is UMd, which is • 

collection of tntoriN, one per: port •. ~ ,.,till orclttr on tllltM.-,1'1n,M ~ to •rays: 

A ~ a if e■ch history of A It l"•ater ~. or •·· :t,.~t, .~f~ t,lstorv·•of a. IJM. · 

historiet, history ■rrays lncrelN • t~ ,,....., 

The dNc:riptton of how • systeM is expected to behlYe is quite simple. It is • 

description, for every Input history array, of whit output ~·-~,v It• syatem w,IH 

eventually produce. "Eventu1t1y• Nana In finite tiN for finite hi1tories. For infinite 

historiea, It NW that, for ■ny IC, the flnt I< plCkets. will ba ~ •~ fin,it- thN. This is 

became • syatetll which Is expected to ~ •Jnflnlt• ~ ... .., ~t. ever tr.wmit its 
- ,.,. 

entire output In finite tlN. 

A description of the dependence of~~ -.1orv .-ray1 on ~ut ..-ays J• 
.- ~ . , . , 

called a fynct!9nf! pclflf•f ion. It is I description of how. ~ \rt• is ,.,_~ Jo behave. 

The major ·• In tht ·flekl of ptektt ~ion •~- •• provina that • syatem 
" 

built in a certain way o~ys I certain functio'1al, spe~ifJ~.lpn.. •nd provina that the 

Interconnection of systeffll known to obey certain flfttional specifications obeys some other 
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It,• '1lftY .,.,_. ..._,,.. ,._ulil ,, ••~ _... ithat 1here is only one 

ponlbla output ..,.,,, 'ttfa .,._ ... II WN •!!!!• C•etMtieeBt ...... ,tunctkMal, but that term 

win .not t. .-...__ tft ............... ,. ,, 111• ln,,dt wrays to output 

.,,_,.., Wdh 61d, ·ff .... « . ...,.,....,,_._1,11 .. '11D '1tll .,.._., 100 wll eventuaffy be 

produced. If,,_._ _. • ._,....,_;~itlallll:t-•~·•lf .~,C,·.,.,output history 

f(V) wffl - ...... , ..... ,.,, ... , ........................ aut,ut, f(Y) ~ f(X). 

,,__ .... ..., ......... i!llrf!!!lf·---= 

'lflfli11Ntis1111N1ha8M....-.11.••••:••.-.-~......_,the system is 

, : .... -~Ll .... • ,1t11t1111 .... 4ifaJlbt.·il._,__. .......... ._,al ~km,·but 

fO() • •,IM !!! ef eH • ..... ..,.,; .• ,.,. --•••--• ""9 -.pecffications of 

Mt-••--OJMltlf--~•lllllllf"4ll\1•rdlit1-V._1 .,,,...,.m:liae pen later. 

·- ..,,. IIIIIWII - - •• .,..,~ d•n ........ Mile .ystems to be 

........... - ........... _,, •• ,. •··••·····•··..,_ ........ ..,....ation 
•. . ,, ·~ i, ,_, ,J fc, ~ -';, .·: . . ·, 

netWOR • -- ....... il!IH!llas: .. --·--·-•• , .,. ... , .. ., - its 

functkfflwn,a;e1tt$dl■l•wt1tt1llr1'M•1t1ndlll11Sd•< t i••••ftll . 

..................... u,11·•· laifl l11.-dltall'ht. ~em-built 

in,..,.._.., •1ss,-wsllll1,ita1"1-.111 ••1~ft.ita wlin••~ 'to describe tn • 

NNONibly tor• ..,_,. •re,•m ti .... ........ ··••--:-·•1111Hlm, ;tM,t it ts t.r 
too, .... t.a•••:Adla.-..•1t1. -~---111,:111 .. 11 ..._.:asydetn is 

, 

•eu111b.., ...... ,.., .. , .... ,.. .._ .__... amhtd ·· 1111111n \fMl'llitlfa, It is ef course easy 

to dliet,.,. lht :•:••••'9 .,._ whll .-. d • wil•• ~·• ,ft cennaeted to 
nch•--· .. .,.11•1111111t ....... ...-11 .... ~ tu1111W1t•• 11111Gffimf0il'I •ill be 

•'"" •-. .- • ,,._,, •. :...,...llft • ,_..,_.. tti,-..t .._...._ .,.uaae. This 
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lan1ua1• ls a subset of the Architecture Description L■nau .. • (10) which Is under 

development. 

In the 1.,.uap we will 111e for atvina .,-1p1" specifications, packets will 

look like data recordl with a title and one or fflOl'.e., ~~ fields,. for example: "WRITE(3, n•. 
This format II pwely COlllletlc. In the actual hardware lmplefflentation, a packet Is nothi"I but 

a collection of bits. The fields •e lillpty, dMliont of thea .bits into ..,._.., that the sender 
. , . - .·. ·. . " "' ,,_ , ,,, 

and receiver both 11r• upon. The tftlN .,. just enc:odinp of another field. 

2.0.3 AN EXAMPLE OF A DETERMINATE MEIOY 

A functional and dncrlptiw specification of a system called MEM will now be 

liven. MEM is a random IICC8U NlllOf'Y wjth • :tn,ut pQrt -IN --~•·output port OUT. Two 

types of packets may be delivered to It: 

WRITE(lddr, data) writes the data Into the lMfl addr ... 

READ(addr) tetchN the data from the liven llddrNI 

The •addr• 8"11 •data• fields contain numbers thel ra,p .!NM ... finite and .fixed spaces. 

There is one output packet type: 

RTR(addr, data) -

(RTR stands for •retrievei 

Every READ packet dllivertld to MEM rNUltt in t, .... ..eon of • RTR packet 

bearina the address and the cwrent coment1 of ttt. 'ffl.NIDl'Y• E~WllTE packet storH its 

data in the memory. and returns no mutt IMICMI. The. inJtW.cantent1sol'Nclt _. ... of the 

mefflOry 11 zero. 

For a 1iven Input history, the contents of the '""'°'Y May be easily 

determined. The contents of each word 11 limply the data fllllcl ot the..· a.a WRIT£ p■clwt . . 

hlvtna that ldclr..., or zero If there Is no such packet. The function f MEM realized by this 



metnOry 11: 

• 

If ,c .... Nstory .............. ,. ,-.,:._, ___ 

tmladdr, dltl) ff .... ,,. .. ...., fft .......... , 

...... tbilt..,""4•Ulillllt4 kM\O 

---·•• ,41tal.• ....... WIIT£ 

au 1J•~•••t"-- t•••••1•1tt ......................... 
Nttatiem ..... ,_, ........... ..,.., ............ field ... ................... ,' 

A--ri• -■--•·w--,••·• ... ht MEM !fflia! 
fMElil, that Is, ht• U. .... --.; X ts ,r1e1lll1d .. I, I wftNei•Ully ttwtnit Olltput 

..... teryfttl.t/4-

lWt ••• , ... 111: NyS ........ -,Heit ._. h ..... of ...... This ii ■ basic 

property of the •hiatory '1lflttWt ........... ,... -~ - eYen for • device whose 

~ ................. ,,n•1t1111119, ................ nttonfhe1tates. Of 

CCM'M, the II--~ ...... ....., d1flt ..... ........ '1f .. lnput hiatory. Since 

the .... , ....... , ....... - ----~-- t)IJteM, ft contains 

enoup inforMdon ti ... ii ... .... 

• _., llhN -. ttft .,-11,m MEM MY N h1lh .'Ille syahttft wtes a real 

,.,,.. ....... ,'ff,.. ••• , ....... ; .... , .... vu., .... ..,.. 
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field of lncomlfll p1CMt1. W. choose IOIM obvioul c~ Wween the values of 

the •llddr• field and word lddr....._ Each word can contain any of the possible values of the 

••t•• field of lnc:onlifll WRITE P1CMt1. W. choole ION obYkM corret,pOhiMP here also. 

The IMfflOl"y is lnfflallzecl with Ill wor• contlinina zero. 

The al1orlthM of the IMPleMentatlon of MEM 11 as folfowa: If • packet 

WRITE(ac,dr, d•!•> Is ~,tt,t -~.,...- la~....,- Mlllfft)'"tll U. WOftt;llddrfts 1iven 
by the llddr field. If a paclutt READ(eddr) is recefll!lf..Ml,. ... tl U.1 ........... ........ is 

nondNtructlvaly read. and Ii pacut RTA(eddr, data) contlinina the data fetched from meMOry, 

is returned. 

Thia system 1ft1Y be I~ by the prOlf■m which follows. "Memory• is 

an array which,....,.._, ... ~-
~·, . . , ' " , . , ., " '. 

process .. !l A 

!m!lt.lN 
o,pJd'!9!!9Uf 
m COftlNnd, lddr, data 

m!X. ... MOr)'!!!!!,0 

I wait for Input 

A: !!!!!!, packet is available at IN !!!J 
COfflffland =- P1CM1 from .port .lft 

I M11yze input packet 

!! command - READ(-) !!!!!l. 
!!.! ~ •. ~addr>t. ,, .. ,, ' - . 

send RTR(lddr, fflHIOry(addr)) at port OUT 

!!!!. 



ao 

!1.t• .. ••ml•WNTl_...tllWa 

~•i---

(1) Tht 1111•--• tor ~II 1N1 trtlNN&tllfll ..... n ••i•Jlllv p,iMitlve. Sffahtly 

1._,.,.. vuei•• wll.tll ., •• , ....,_ 

(2) The ••.,.eniN RTR(ldclf.ctell) MIN •• ID INIIMI .... fltldt IN filled wlth the 

curretttv_,..cent._in_._, ..... 

(3) The • ... • tn CONlt-.. hN ill UIUll ....... "It .... •..,.__,.....,. "if ,achet 

is a WRIT£ ,-e.t ...,_ flNI fwld It r. 

(4) n. 11!, plCMt ., ,att1m• ,t•...t ii 1ft •--•ftl llll1•nt ...... tett thll variables 

..,_.,"'I ift the,.._,. to htMt thl v ... of 1111 _,,,..,,.._flew.of lhlt ,_.,. 1!!, 

, ..... WRJTIC .... -, ...... ,. ... type of - II Mt WIITI'. " It Ill .,,.,. ottwrwt .. 
eet-tothJfntfillltof!!i!alNf..,_h __ f...,.. 

We now DNMt that ttit ifllile11191tetlon 1etllfiet the ~ •• • First, we need to 

show th•t the .....,y st• .... Iha tYtM 1t• C• dlfll• by h UIIMII hittory) under 

the foltowinc ~= 

For .U X, the content, of __,Y llddr'" X for • alYeft ""9ut Ntte,y It 

zero if tlw input hielory containl l'IO PIIUtt WRITfCX.· .. ) 
Y if tlw hittory ... COftttitt Mh ...._ Md the ltlt it WRITl(X,V) 

Proof by lnductiott Ott tht tenath of the history at ,art 1ft ,., 1'"1th .,o, Ill ce1ts contain 

..,. by lnlllallzll'llit hlollr~ -... ,_ Wlffl ,eclliltw al Ill. OHionriM -
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true for any hfatory of lenath Kand prove it for K+l. 

~ 

, If It\.1 • READ<-:>. nothina W,¥ wdU.,. into IMIICWY· '-"Mn receipt of IN1 

and •Hr., , IO the memory ,tat• cld not chirp. The ..a.a of WRlm-.-> packets did 

not chqe either. 

If If\.1 • WRITE(_.,, data), no ffllllllOfY ctll other hi,.* ~eel, and the 

exiatence of WRITE(X,-) PtCMt• cld .,not chlnp for X ,.:_,; ;n.. ••• of,-.,nory ~II 

llddr 11 now clatL and the l111t WRITE(-.,-) in the ~en'~ t.- now olwioualy .. WRIT.£(~, 

data). 

Ntxt, we prove correctNII. of the implementation. If the input history • X, we 

wlH 1how that f .J.X) will appear at the output. Thia proof ii IIIO by induction. If P<I • 0, 

'•" • E. But the Implementation 1pecifle1 no output except in re1p0nse to input. Now 

suppose >r • x1x1 - •n, . Let X • x1x1 _ xN. 8'/ induction, f.J.X) appeared at the 

output whim X w• the Input history. When••• arrived, the syatem trlftlfflltted no output if 

••• •• • WRITE. and tr■n1nlftted RTR(lddr, memory(lddr)) if x,..1 WN RE.AD(addr). 

Therefore the ,....,,.. to >r ii 

f ...,J.X) concatenated with 

E If x,..1 • WRITE(--,--) , 

RTR(addr, NMCN°y(llddr)) If x,..1 • AEAD(llddr), where the memory 

state 11 that left by X 

Now lf...,or>I • lf...,OC>I + 1 If x,..1 is READ(--), which is the lenath of the 

rNponaeto>r. 

Also, if x,..1 • WRITE(-,--), f.,P:) • f...,0C), and if x,..1 • REAO(addr), ftll£u<>r> 

• f.._,,(X) concatenated with RTR(addr, z), where z • the data field of the Int WRITE(addr,--) 



• 
, ...... _. ____ .......... '.. ., ..... .., ' 

-,t;; ~ ~vtH~ ~ ~ tff~oi l{I "t~fJ,'; •f' ; '· .r I II Ill 11t•1tft11 ft I,_,.,.. 
•·"~-- ·-f'f~&WWIW'ln-:1 .• IJ_f_\ it - H tf .. ~ 

• lrllt1 I•••& s 15111 ■l{Plllbtllllw••rv 1~ • •'- ~~- ~~1 
~<i ' i.,;·J ~~.~~ 

Ult fa •bu• 1tt • 

...... ••i••···· 

.... .,., • ., tir•a 
••nr•"• .. , ..... .._..,. . 

• ":' ('.J?'Vi '. l:11 r7 ~>'"i.~"'1-J. }(!"fl 

· ·· · .: t.,_l p;.,·· . ,, .,.,, ~~('-r.lf~:;., 
.,. i"'!'~ .. " ' ' ¾""' l'l' , .. ;: .. , 

~ f'if ;{<Jvi~t, ti.l',\· \; JMH Jrt•,;, ,;.: ,,,1th,: 
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2.1 NOM>ETERMJNACY 

Nondeterminate 1yatetne can tw I wide variety of for•, ■nd the problem of 

formaHzina the behavior of .U ~t•rlllitlate. 1yst.,_ • f,r. too ~•-•JI. to· -.ilt'eated in this 

thesis. Only the typea of ,~ternlintcy th■t •IN. II\ ~lion wiU,, tlllt structure facility 

for the data flow m■chine wll be tra■tect. 

The prindp■I type of ~-that wHI ••~kt .~t ,,._,Y systems 

is the retllOYal of the ~ thlt ""9 ""' ~t1 -•-~ •It»...- order· • -lhe . ' ,.• ... ·, . . . ~ 

READ ,__ ht pye rite to them. For ......... , ttw in1ati1t~ .. 

WRITE(l,11) 1 WRITE(2,22) 1 AEADU) 1 AEAD(2) could result in 

RTR(l,11) l RTR(Z.U) or In RTR(2,22) a Rl'RU,11) 

The ayalNI MEM la too simple to display this. sort. of ,_...,.,,,a,w. For eumple, MEM 

would return RTR(l,11) 11 soon II it _received the first READ packet. It woul(t ,q y-1 "Mo•• 
that it wu ■bout to receive a MCOnd READ packet which would. 1ive it the option of 

producifll it1outputpacut11ft etttwr of two or•rs. Liter, we wiN exNa,it impl1Nntations of 

ayatHII which can 111-■ninafuffy t■u ldv1nt11e of this ,,.,....,.-V· For now, we will just 

have to accept th■t 1uch lfflPle1Nnt1tfons (that Is, de1gjeli!f specifications) exist, and 

••...._ the form that ttw functional 1peclflc1tion for such 1 1y1tem fflisht take. 

2.1.1 FltCTIONAL SPECIFICATIONS OF ~TE.SYSTEM$ 

A nondeterminate systfm can 1ive any .«)f -~ral 1,111 output histories In 

response to a 1lven Input hiatcwy. The ■,unction• deflninl the syst•~ ~. Is therefore 

multiple valued. One way to handle this situation la to treat the behavior of • system " beina 

defined by • relation instead of a function. The method ~ be UNd here, which is completely 

equfvalent, Is to UH functions whose valuff are .. ts of output histories. For example, In the 

system f NDMEM that we .-e developlna, 



f ... vftllllttU,11), ..,._., J RUD(l) 1 fDIX2J) • 

I f lmll,11) 1 ••.nu , t 1't'1U.t1J I RTRU,11) ) } 

Thlt· .. lltt_., ..... MfflOtl...,W--l.'111ft--that X Is not a 

v.W in,ut ~. llillt .. "Nt:1• ti tr.·•~·• UR ..... This is ..,.,._t frM the 

1ituatien ift wWch 111 ............ riee le a wl ---.,,..,•'rNpG,_ (packet) from 

the 1y1teffl. Alt •emw• ,-et- ii certaWy ..,.. •••••• ._ _.,. the sysleffl behavior is 

undetl,.. w- t111111•-. ...W• Ntd 1111·;••••••• .,.,.,.__.. that were not 

NMt .,.. • 1111dt1l1ll•I ..,._.,....,,., •.a11111iMt'.ta ...,_, .,,....., ... ,., at some 

levels of dlW hi the ••..a• at .. .,_., ltfl ,_, ... It .... .,,., conditions If one 

CM ,rO¥e IMt tlilelt WN't occur whM ttla ., ........... ,t11• ,,lllll'fV. 

A tunctlllMI- din,..._ ot a nlMll■r.._.. .,._. ta ttwefore a definition of 

• function which ...,. ·infot ....,_ ,_ _..·et - M.teries. It is usually most 

convenient kt dl1cr._ It • a,,r1111• 1111 tbll ,...._ hf II IN .Jre flt fOO ,_ a IMffl X. and 

that,, .................... I ••1•0 ..... ....... •the functioMI 

•acrl;dl1nt .. .. 

",Ot.VJ• 
Pzt'I.V>•· 

The rule for realizallM et • fwletton· Is • f■IIR: A.,..._ r1 ..... f if, aiwft input history 

X wlttt f(X) ...._...1y. • • ev11 tully· ..,.._ ....,__,. ..._y Wt tOO. 

.,... .......... fw.etillllw ....... bV .............. systw MUSt obey • .......... ...,,, .... .., ...... .. 
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NONlETERMINATE t.O()TONICITY ~ITV) 

If Q and P .,. Input hiltorles and Q ~ P, then for 

IIIY output., bll;taey X. Ip ff P), Jf f(Q) It nDM,nply there 

It I hiltory Y In f(Q) with Y ~ )(. 

Rauihly apnklna. this IIIHnl that receipt of • ~al input tymbol will never 

1Mb the ,y,ten,t unabJe to pr~"~ ... ~, •. The .,WflON Of,rJ,he "11~tiN ·11 f(Q) is 

1101•-,ty• ii to allow ~ the ,_lblltty th:11,-' -....-.~ ~ ... t• IYtlM. 
'••• .: • } :, :•; :,_~ ' • • < •- • ' ;'c • • • 

unable to proceed. 

We can now •~ the I~ -,.ff~,,- .~ .~. ,.....,Y 
. . ' . 

NDMEM. which can arbitrlrlly Mix RTR packata for elf,__ 1dllr11111. 

, __ 
If X • input his~ tnd V • oulpJ,t. t;florr, 
Y il,in f,..OC>)f 

(1) y c:onlistt only of pac:katt RTR(--,->. end 

(2) For 111 ·• the .,...., of REAl.'K*-T• icl l • the "• ·, ·, . ·. . . . •·· . 

numlMtr of RtR(Mtclr,~b-~ V, ..S 

(3) For Ill - ~l<. °" K~ ~Un Y, if It .. if-RTR(addr,val) 

where l•t WRJTalddr,-) in X before.~.IIMllNdr) In X 

It WAITE(addr-,vtt) ft IUCh aWRITf(addr ;--) nlttt, or val • O 

Jf no WAP'E.(addr,-) •xlt.tJ,e..,_. . ....,.IUD'IPJlldFl in X 

The ~~te,ntC114M ._ thl Af:#lf'l)',~ --datJ,;et""'"'"' •RTR ....-1 is 

the data in the memory (thtt II. the data ifl, U. ..... r~ •YA.¥11. ""'"lfMl-••na that 

cell) at the instant c;»f thl. ~ COIJlffllftd cor, ...... to U...9Jll,. ,M ,U. J__. the RTR 

packet is sent out, another WRITE ~.lllisht ...,. • ._ be9ft-r...._, •t .t"-1 WRJTE 

will have no effect on this RTR packet. 



• 
'6111 ... 

Input: Wfltrl8Ut 11i1 •rctl1■8\,a .... 

M - il1llut ._ . .,_ .. ,.._. ,._ •- 11 .,_. .mwncl chenlin& 

tt...,.._ ll ••-- :I t lu ,.__....,.., •• tta~J ..... uns that tlllt value 

lbeNd--. 

Malet ,-.aa,1atci11111il 

(UWhan•---·· !Wied .......... ~- SI 11\,' ..... ly • 

.................................... 
,O)·Taa. C 1 .................... ift,lAwtsat_,, 

.__.._ .. ..._, ... 111•••:A1lc1ll a-..: 
M--., • 11••...,•• • --.·',u1i ,1111, 

............................... in 

._...,....,..__..__, iiti1111 ... ,i1, .. ~ ...................... . 
..a.11P II 

............. , .......... , •• 111 ............. iu. .. morybe 

inat...:T,11m, •:I 11.t wry Ulillfd lacw • a11rtl 1-•r◄11r ef h ..._. twtWNf'I 
a REM ..... _,.__.....,_,.••.,._.._._.,._ . ._._.. MU11t be the 

cont.••,._, 1t1l!8illllf ,._._.._.._. •• , ••• dlbt4t! f!!- .. would like the 

........................... '. ••. ,. ...... 1, ............. -REAO/RTW 
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SYSTEM 92 (purported relllzatlon of ·f_,....) 
(1) When • WRITE COfflNfld comn in, write the word of memory inatantly. 

(2) When a READ con,m■nd ..-,In, 1ut the wsw, READ(addr) in the 
,• . . -, •-

Pltndina Raad Buffer (PR8>. 

(3) Take ,_.... .. off tt- PR8 at a,. time tnd ll.lbject to 

the 11me restrictions • ~ NNIV.ith-t ._y. 

IIIHS•• .it ~uaPy ,removed·• the . .,..,.it, flFO~ 
Heh addreu. When the ,.. ..... ~--},if, taMn frOffl. the 

,. : ~ ' ;,·- .. , 

Pltndina Read Buffer, r.tch ttw data ff'Offl 1Mt110ry and for111 

• ........ RTR< ..... Mt,>. Sen,Utw tatter •'-
Finished Read .8uf1'r (fR8). 

(4) Tlke .......... off the FA8 ■t any-time ■nd in any order 

subject to ttw ._. rNt.rtc,IQnl • w-.., to,111 • RTR . . ._ ' . - ~ 

P8CMt. end Nnd It N output~ l"9 •~ 

This lmpleme,:ttati9n -, ,!22l r•-'• flab • Ja •• tNtCM,t ti• araph after 
the •flnitlon of , ...... , ttw fh:at ffR pac~t .'Nlht ._. v~ .1 ·• 2-Jf 1h11 n111l•nantatieel i1 

....-cl. (The NCOnd RTR pllCMt wlH always have data vllue 2.) 

W. ffliaht like ttw 1ystem to tlke even ~• liberty, by. pedor.,. 111e1110ry 

writ-, • weH • re■da, whenever It wlthel. Such ■n illlple-.&.._ JNM. • n follows: 

System e3 (purpGrted re■ilzatlen of f ,,,,.,.J 
(1) Whan• WRITE pacut C0111H in, put the 11111111• WRITE(acldr,data) 

on the Pendina Write IMfer .<PWB>. 
(2) Se111e • (2) in System •2. 

(3) Take fflNIIIN off the PW8 lubjfet to the..,. rNtrictloaJ 

as before, ■nd write the data Into memory. 

(4) S... as (3) In Syste111 •2, except that there Is ■n additlon■i 



............. ,. ...... .., llre,llllllff fNIII U.Plalf • 

• , .... 1 ....... a..t._.. ......... . 
C9lS..•44liftilJ,11111c· ' 

Ttliif. • ftill, IIJ , • ...,.,..,. 1111■••• INllt •• el and Syst•m tt3 !:!2. 
realaf ... tt•Wll'l&_...11 . ...,..,. .. , .. ., .. , ..... ~ .. -..,.,.,.trlflNCtions 

.,. 1ft ,..,..,_ M lftll,..., lM .__,.,. • UiU,.illlllt •- affl packet must have 

been received for ev•ry AIAD·,atwf''gftt 1dd1W_,ftl ,_.. Wri · Fortunately. tt Is not 

clfflcult lo __, ........... NflMl'ltaAt 11, llllr It 11•...., ,.1•1 let......_ f1a,ctioftat 

spedftc .... fer ................. , ........... , ....... . ~- ......... .,.... ............ ... 
.... ·······-;·.,.·· • ., .. of 
............................. Yer ... 

It...., of --a..._, u11t•• •--- ht; ifl _., for • realization 

et ,.., to ---. lfl w .. : ,.._; • Mlltf p ... 1-....·••ifflcat• lw fact, the 

uur of • .,.... .. , tt11III• lllve-· • ,_ ,..,...._ ,M, I•..,_,., H fllOUible. Such 

,_,rtcfl,IM cM ..--, N 11111ifllit a.,,,._.,.,_ lfllt .. lllllf' ,..._ ... nondeterminate 

tue ... , ,.. •• ;.,1te1r-. ...,, 1111t ..,.-. .. ~IN:..- specifications .............. , ........ but•------~ 
The ,.,_.,. .. ,.. that NDMEM'• _,, ftOt tend • WRITE c0ntmand when any 

AEAO/lffR trM11..,_ ... ift _,..,... cat M MIit tty ~· I 'fit ,.._ the followina 

noncW ......... ,. ... , .......... ,_ ,. 

If V • Input t.tory of USER and >C • output Nttory, 

(note th9 ...... of fn,ut andeut,ul • that X and Y 

f'ltfw to flw.._ ,.._,lb,■1• ht_,.1111 ., .... N ltt UNr) 
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then X It 1ft .... p) tf 
U) X ~-~ , ..... lfADC➔_.,WRl,a.....-)· · 

(2) For Ill..,, for.., ...... ...-)ta l,thn.ablr« 

~) .. ;pr .... ff inJ; .. , .........,.., 

. of· RTR(tddr1~) .. ln:Y, 

The functlon •-• ts eaaily '"" to be N>•t110noto11ic. Thi9 11 because the 

rntricttona on the UNr~~,....,.i,._ ..... ..,....._.....~ mcrenes. A• Y 

.,....._ "'9 Jnlll,I~ ,-,..._. of IUDC■ll-:1111111■••• 11:'lt«• S u.,,,.._, of 

RTR<...-,'."->•s In r ,..,., .,_. . .,.,. trw to Wlei; • ..._ .. tff\1qat _,ay• • .,.. ,not 

-~-- (If the •~Md'-"" ......... t,r ._.., 11 _..-W.1•••IIIIIMCJ 
While -~ 4'3 ... ftOt JtJ itlllllf· ....... ....,:.,, ... , .... , ..... if 

connected to • UNr that realw fUB' To prcwe ~ the hllport■nt step is to show that each 

READ<•>.P•~•:~~ 1,~f~,~-.-•d.by-,.,.•1t recent 
WRJTE(llddr,-) ,-.t ~ .tt. 9V1n ~)-fllMl.tw: ...... .. ...._ 

lat t0 _• the.I,qptat w-.. ttt.:~..,..,,.... .. .._. .• n. l'MN··tHy be 

pendi~ WRIT[(~,,~;-:). -~s "'•''" -PWJ-.~--le-1f,1J~,,•_._.,flle,.....t recent 
WRIT&eddr,-) ,... in ... mput •lfNM hit ....., ,.... out of the PW8 and into· ,,.. 

._IMli'Y unit, so Ha data It In •mory word !.dZ If there •• WRITE(tddr,-) pacuts in the 

PWB at'• the IIIOat ......tty iftNt'ted P1CN11-. ........... ,111 _Jllr,-) pacut 

.In the Input stream. Therefore, lettlnl 

D_..(t) • 

t~ dat, ~- a.. . . . WRITEC...,..,.tl!ICMI in .._ NII at thM t 
tf there ts such • pacut 

the contents of word !!sit in the IIIHIOt'Y unit if not, 

we must show that the-~ to ... .-nf~,..._,in,a:IIJR}.,..t'1' u..,.<to>- Let t, -

the inlt"°''· when,thll RUQ(-1 ,_.....,..the.a ,_.._....,-..o...,M dr:Nis not 

ch■np from. lo to tr SI,. _,.....,)f11NU•--••ttw~• iM•' left the user. 

Since the corrnponclna RTR(addr,·•> padlat hal not yet been ....,ated by the ,yatem (and 
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woni be untff llftw t1). it hll Ml ..,. raceh,_ 111¥ 1111 tMr, .......... there is • READ/RTR 

tf'anaectloft ""111• on !5li!, • U..., tenol ••n•• -,.w...,.,-·) p,cketa. 

Therefore, wNdla• JJJIITII••,... __... -•·11119111 ,-,,nt-d·atay youftplt • 

IOfll •It•••._ NIL 11., ..... -._._,_, 111• M.-,,--... in the PWB. 
o..., c1on not...._ ,. ..._ .• ..,. ... !l wuecs•~➔....,..ifh PWB, o..., - the 

conleftta of ... ,1, wNdt n1•'t eh ... .._., 111:eia■ ... 0021.,_ ef • WRITE(addr,-) 

padwt frGM th9 ........... the ....... of 1111111,Y ... . 

1-tt: aa•• lr■ uilll1a __ ........,_,_.....in ttle PWB to one 

or more ,.._.., •---.- iatlll ••- • 1lit tlllil1•1• ---• ~ Is the 
c1s..,. .... ., tflle 1111& . .......,r➔,..._ ... ._,.,_; 1111t·,._1 is clearly·the 

younpel,• D...,c;.t·,.._.,,te>••••"•-t , ........ ~-This data is written 

Into NMO.""Y by rule 3 of Nie -.,,..,...._ D...,u.t ...., • 1n ,arance) • data written 

1nto ... ..,.Y - ...... ..-. ... • ••-•• • ••••..;fto> -0.;...c,1>. 

M ttaa t 1,.._. ..... ••••> ,.._f,-.,,.. ttle ,.._ there are no_ 

WRITE(addr,-) Pill 1tc flt ... NI, 9¥ f'illit t ... ···••M .... ,,.,.... o....,no> • 
o ... ,.ct ,> L tel ... ., .... ,., went - at tr lut ..... h lDilXacfdr) pacll8t is tllken from 

the PRll.·h.■wry__.• ,_.., .................. ~~) pcket in the FR8. 

That ............... ;, .... flo»,_, .... ,...,lhlt'ilMntllilybereturned 
tothtuaer. 

Whethllr or net a IMtft hllpl1rnentation ef • .- realizes • 

awe• twliaA .., ....... - ................... user 

reallw ... .._ .,.cific hMdiofl. 

There iii no wey to pt around thil fld. 'TMr• aN lyflentS that correctly 

realize UMfvl fwlctionl t... ca.,1,1a1y .... ....._ ~), wlilM·~ to systems 

that obey certlift ,-.-but llallWlhl•-.,111·,111k'twiJelWwfa9. Furthinnore, the· 



41 

system often can, tell whether the I.Mr has broken the rules. In the c... of system e3 

~. th\l •~t• .WDUlct . ._. '-"' -Ible to tell wtlilltllf\ •· WIii,...., ..... , packet came in 

.._ • REAQIRTR ....... 11 .. ._ P••• • wa"d::!fl; 1M1t wt,..·1:IIN the system hu 
no way of MOW .... ~ ill uaer:il ~bit.Ina-

The .structure controller and p.ecMl ....,y ••;for·• . .._ ffow COfflW)Uter Is 

such • system. Perhapl the MOit IMpOrtant ex.,.. of the structure controller and memory•• 

dape~.-0!" ti. lleh~ of>thei,.., ia,Mlk,et.,._ cwt11nd11rbla• collection 

proble~ .The, r~ ~.,t,hll Ul,tf' (i.e. tt.-. flcW- ,n, 1hr)._. o&.y lft·order to assure · 
correct reference acc:ountlnl •• • follows: 

(1) No pointer to I structure may be duplicated without 1ivi111 • 

cotnJ11n a. 1ncr .... t"tr,•■■••• COllllt. 

(2) _No ~to ..... U.,...,,.,.. .. ..,.,1ven 
..... a.,.,.,Jecfllc ..... 

ThNe rules IUllt'MtH that thl reference COi.Wit for • -node is at leltt ·• amt 
• the ....., of Pointers to the node contained anywhere in the COMpUler. (Actually, the 

rulN w6',lpe ._. ._. the,f..,....:count ............ / ... ,...••of,,e1Mer1 to the 

node..~"'• the"°""' fQr •• .,.,.,....~•··~-- eUi■l111· structure 

fails to"· recltialed and•--NfflOfY .,...) 

NDw •~ the COftlPU&er (that la, the -tt~·contron.,-. arid IINHIIOf'y's 

UNr) viol .. HII f1N •t-.,. h ,.,._. COMlll to ~•111111 toe IMIII. Eventually the 

refere,q ~ may.--, ~ro ~ .,,,.., to.~ftOde stilt•,..__....,_._ Wflen 

the cOW1t ~ to '8fe.,n. ,..orv. •P'• teclliN Iha --~-- ihM'-tfwtllt et free 

~ 

Two po11ibilitie1 then arl11. If an IMmediate atte111pt Is made to use the 

•spurious• pointer to the cell, in a SELECT Instruction for exlfflPle, the structure controller will 

send a READ COIIIIMnd to the IMfflOl'Y. The IIIHIOf'Y will know that this ts an Hlea■I command, 

that la, thet the user has viol.ted Its spedflc.tlon. It can then sl1naf an appropriate error 



If. on._..,--. the• ii, r1■1 •Ill,.._._._ ........ ht and used by 

the 1lr~C1nl ,.., .. ,.... __ > ..... W .. fr1•••- ...... ii uud, 

there la no •1¥ tht N■lr, ea tall M t lltsllJ .. ece....a:, ft ._ ne choice but to 

,r h -. .... 11 ,-••--..... ..,. _,. ,11 ••II,. • .,,.. to 1 ,tructure 

which la 1111111l1lllr Ma eat .,_,wa.t w •••••Ill 
llaaillllllla,..111111 ._._._ •••-••--•check for errors 

in the ...... el 11i1r11111 ...._ MIMl1d1 et ... •wllta. ■1&il'IIII M fiction 9.0.6. 

2.1.2 wnML CONSISTIICY r# fVCTIOIML lfNJZAllONS 

.... I a)'NI■ NIIIII fM 11:1 I 41at • ik ._. ....... fUIER, which the 

UNI' does If h •'Ii•• ••11 ,ull• ... , ,.._ .,..._ M ._ fNlzettons actually 

OCC\N" when U. lweqah , .. c1n■u'1it,la ..... .......... that hy could both 

violate htir ·••ciflullu-. 11111 ............. ..._, Lit._ ...... • INT. Each Is 

tha ........... 

JI w ....... : .... ...,, ............. -- of violation. That is, 

ttwre ... ....._. i. .._ • ._ ._,,. .. 11w ._,.,. .,. ... ., SJ'•·••out,ut history· 
,. 

'IJhieh doet not leply fellow fNNa Ms ...- hiltory.· "-e II • ....,, •••• sfi&ht {even if 

It Is only ........ auNd - .......... ., .tlric ..... lhroup Wffl) in the behavior 

of S. Ther...,. ,._ .... lill1,ry ,t \·•,-• •·1'\ ..,Nlfl,y ~ before t0 , at • 

thne whM T ._ Mt ••.1Uti111l1••S ... ..._ ... ..........,__ T:Mn if Sand T 

. both ~ It _.Ci .. 1M ... w, ......... WT•:....,_.._ the Malfunction of 

the--•-- ■drt, ■-• ... ••••••-•-••& ft•--• that~ tt both 
,,,..._ cendllioMly otaey thlir functioMt ........, they will~ .. ~ifications In 

practice. 
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2.1.3 ~TONICITY r, FlfCrlONAL SPECIFICATIGNl-~•Jl£;U81Jt 

W. now IM>'M ..... of.how, a..._ ihe hMctional apedfication of a 

ueer. Suppoee the l)'IIHI MEM hll dlltnlctlw f'Ndout. • .that it requirn that the unr 

rewrite any dlta that it ,.._, ·••••• _..,,M .., . .._",..,t.the ,.,. data must be 

rewritten, and that It IIIUlt be done __.ately, that ii, no other t,.......,_ NY take place 

at ,V. ,addlw ........ tbf.:,- ·and • , • .,._ • tfar• 11 ••ftetnttt at a functional 

_epedflcatian for U9at ,.,_JISIR ..-., ·twtw• .._.._ ~Wt9Fun1Ut ,_.,._: thlt RTR 
' ; J:·.•\: • 

packet, we wfll require the rewrite to be • CGnl8qlleftte of the RTR. 

Y • Input to uter, )( • output from &aer 

For all lddr • I,.;;¥ te.;, .. .,....,, _..,..:v,._._.,.,dfJr,dat•>. 
ttWl tha i'9' ar.te(...,) .tn X It i~11••••••.f11t._11-. X l,y WIIITE(llddrpata) 

lMfortunately..U- doM !!!t ....,.,.. U. wer--te wait ,_ the RTR pacut after 

•nclfll 111Y READ, not llftllns any_.. PICMII untH the JRl~:i,- ........ ueer 

.. ht .... 

( READ(!) 1 READ(2)) 

- l)ttil the RTR(l,data) pacut C0111e1 back, the user has not broMn any rules. 

When the RTRU,data) daN CON back, the mer wiH have retroactively broMn the rules and 

be unable to do lflYthina about it. Smee •• would HM to lilllplify • IIIUCh • possible ta. 

tuk of provln1 that 1y1tems obey functional 1peclffcatton1, we need to make the 

specifications raft.ct the types of dldtions that sys._. N"8 In practice. It donni make 

..,.. for • 1ystN1 to perfornt ION operetlon or NIii ... rNUlt pacMt on the bNI• of an 

Input packet !!2!. h8Yffll •rlYed and not blh,a lbout to .-rlw, IO fuaa , n liven above, it 

urrealOnlble. 



,._ ;po 1111■• .ta tthet l'fURI • -flOt • ·•·••:c. ·11t ,._ 4hts, refer to the 

notatlon:ift 1"" ... ...,..,. n•:••11 ,..,..,.. ,,.,,, ·" · ··· , ·-· ;,,"',, ' 

..... Q t if', JC ii in f_,) ed,1tlfllll) ... 1••11• '~ for ........ 

REMX1-)-i Wll■lbdiil~ ~-1111,tt•• u 11 .. W1ffftll..,. ■Alt 11 ·!! «. 

.f.et-4H ....•. 1, h .1•~1ddrHn~Jf ,it.....,,. 
'{.·,it• alllllllviflltl•d •i«-~IMEls_..., 
. :If, ... , •• ,..«u bd:k. .,Jlln tr--•• 1.......,..ctat•> 
' ... •*·"' ••••• , ..... ,...);ift-~ 

Thil•411111r--••· --· 
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2.2 PACKET ACKM>WLEDGMENTS AN> SAFETY 

All of the 1yatw COfllide,ed so far. have W to retPOnd to incomin& packet, 

however f•t they were •nt by their ...,, tnd tbtr,e; WM AD 1it1it. to the rate at which the 

..-.r could und theffl. In the first Implementation of MBA, the INMOry unit has to accept the 

COIIIIMftdl dlrectly, and hence hN to .... It.~' IPII",,. $)CltNI .a_ ifflplementffll 

NJMEM. - 1 tliaht l111prOY91Nnt In that It only hN to put thl COffllltll'ldl Into lt1 buffers 

infinitely qulcWy, UftlH OM rNllw that unlell thl NMOl'Y unit .INlf is inflnltely fast the 

buffers have to be Infinitely ,., ... 

This is clearly WMICC9pt.,_ no intef..,_lion of speecf-independent .modules 

can malut such ~ The problem ~ OM ~t uf11x.. NI packet ·IHV be sent until its 

destination is ready to receive It. The safety probl9M arlNI et NYeral levets. in data flow 

COlllpUlen. Hll'e we•• concerned with It only ti lt,.mott IJlct.'OICQpic level Thesolution to 

the probleln is to KMOWledae Heh plCkat t~.......,_ That Is, for each port transmittina 

data, there is another port tra'IIMittinc acknowledp packets in the opposite direction. Every 

data pacut nut be acknowleclpd before the next data--• can be sent on th, same pe,rt. 

We will raquire 111 ports of !!! 1yatet111 to have such an IICknowledp port. 

(Even 1yatent1 which would be slfe.wi'-' ~ ports will have them. 

This is becw of the mer..-.r in which pacMt1 •• tr.-.HecL A ~t transmission is 

lnclcatecl by • zero to one tr.-ltion of 1 •,..,..t• ...,.i. All ICknewdle lianal from the 

receiver It nNded to tell the trwmltter to , ... t the request siplL) 

The Implementation of the 1y1tem MEM may be modified to acknowledae Input 

CGnNMnds only after the tr1n1actlon on the actual memory unit It completed. This wiff make it 

i111PD11ible for the ... r to Nnd • command while the memory It busy. Of GOWN" the output 

port must also haw acknowledps, since the system to·whleh the··RTR packets are sent nli&ht 

be slow .-,ct need to be protected •ainst overrWII on Jts ""ut. $o U. alprithm for AMEM 

(MEM with ackno'!l'led&N) lftiaht be: 

( 1) If • WRITE packet 11 received, update thl memory (take your time I) 



• 
... ... ..... - ··"""'""' 1M ........... ,.,.. ,wt. 

(2)lf ... __.. .. , ....... ,... ......... , •• ,, .. .. 

•lffllt·,.. -
(a If Malt tAJtl. IIJ PlldANI ... ...,., illfll_, ... _.t • 

..................... ,u ..... -. 

" •• dnllli ., •• , ....... , ........... .., ..., • ....._,Ion of 

norNf ,, ... __ , .. ;,_11,,.,._ ... .., ... p 111■s11111M •·•.,.._ Thet ia, 

the ntwllflll■ IIII ... Wlldilll ........... - tel ltf I tll'lr • ....... tlllly ..,. ............. ,. 1- -IJ-ll'WW ........... ,.... ...... ,..X 

••Htlr •·• •• ••· •r·t-, •Wlllft • ··f_.,...,. .... :Jllliff' __ ._..,. 
tditillJht flt ...... 

U) IYI • n•11ll1r et ,...in >C 

(l)Y
1
-MW:a •. _...,. ......... iWX 

.( ... ,.,, ____ ..,..,..,.., __ ft, ....... 

-, •IIIIF1ldl1•.C ••'tiiF-ff ...... . ,-> _____ ,..,. 
(3) P<J - IV Al ♦ .... , Of: ... kt X 

(4)0<~.··.-. (I),,,. i IYt-.S f'J • 1 

cetJlt-l i"#'ilNI 

ft it·-.Y 1-' .,.._1hlt h·lfw,t 111,11 •ii ... ,■,.:, p.=t. (1), (2), (3), and 

(~) of ,.., • (It is .ary .....,. to MEM.) Pam Ml, a. 11111•·(8; •--- tf'8 -standard 

Ac:kno• ds• AMtrk:Uon• that we wfft NqUft !I.,.• lfld !I uara to-..,. 



47 

Standard AcknOwledp ANtriction (S.A.R.) - weak form 

If >C 11 ., lnpµt port encl >CA II ltt ....... ,ort, 

<U x •. ~~-ontv of ·•• 

(2) P<AI S P<I 

If Y Is an output ,cwt and. YA II. Its .......... ~. 

(3) MS IYAI + 1 

rlwn that I ayst• and lt1 UNr a..h.--ttJe,.- form of the S.A.A.,-we can 

ellily show that they obey the foffowlna: 

Standard Acknowledp AlstrlctiOn,(~), -.1tro.Js fonn 

If Z it an input or~ IPOf'i end z.11 llt ,.-...... pt,, 

(1) ZA consllta only of •eek• 

(2) IZAI S IZI S IZ"I + 1 

Proof: If Z 11 ., input port of the system and., output port of the user, (1) and IZ"I S IZI 
follow froM the SAR. on the 1ystem Oettlna Z • X)s tndJ~l~,t ,_.. ,,_ ,.,. aAA 

on the ...,. a.ttmc Z • Y). If Z ts ., output port of the 1y1I• and ., input port of the user, 

Just exchanp •,yst•• 111d '.'-r•· 

specification. 

In -,y proof· that I system rellHzel I function_ It 1Ufflce1 to 1how that It obey• 

the welk form of the s.A.ll contlnaant on lt1 ""' obeyln& ttw ,t,.. form. 

W. can now prove that AMEM rellHzel part, (5) and (I) of f AMEM , that la, the 

S.A.R. In strona form. 



• 
Lat Y • eutpal of AMEM Md_,. to...,, X • "-...... lflll1 output of UMr. 

Flrtt, ,...., ef .... fft X 

• ..... ff ........ 1ft ---- ,f'(t)flll Wt ....... 11.a1on 
• pc~ ... .....,., - ....... X. ............ .,., . ., ,._, ,.,, .. lllMtafloft 

-"•' -,,,, 
NM,IYf• ...... •--·· 

• pq - f'IUlllfNr es w11•'" JC ., ... --•1111 •...,, 

• IX1 .. "'•' ♦ ,,, ., .... ..... 
~ IK.t • I • lllJ • ff J ..... W _,, 

:.fYl~f(J+I 

Aleo IXJ • nu1111111r flf ..... X •f'J fdlet~_,., 
~ ,_ • ., ef Wll1lt la JC • ffl ,,_MA,_ _,, 
........ ., ...,. 1ft ........ ., ......... ;fMf.th ....,..,. ... ) 

•Pit 

2.2.1 CWINCM. ,..., ~ 

Sine• the St..,,_,d Ack~ ffftttictffHt ,wr,wty Ha,tts the way 

ac11now-..--" ... ..., ift ._ fumllla:ett ••••lllllft ef •.,..,_,It ti not .. .,.... 

for • ,_..,.. of - •••II• ,_.. M lrt •lfflftY W'1ft 111t fJ1111f.tn•ntatioft of the 

ayateM. ..,._, ......, •1•• lf .......... 111• • ,_,._ _, .,_,IIM ,_.... in ht 
,__.. wa,: 
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Canonical Packet Alceptlon (RCVPKT) 

(1) Wait until a packet ha arrtwd on the input Port (it ffliaht have ••ady arrived by the 

tiMe this 1tep ii encuted)I tw It• data 

(2) Send an aclwlowledp for it 

Canonical Packet Tr .. lllltak,n OCMl'PICT)-

(1) Send the packet 

(2) Wait for an ac:knowledp 

The•• operations will appear in Nie •v•teM -h11pteM1ntatlon l1n1ua1• 11 

,unctions• that t• port ,_.. • lf'IU'llent• and appear ilt .... NilllM ...... ntL The data 

conveyed by the :- II the content, of the packet. AniaNNnt ltateNnt• .__.,,. these 

operations _.. HM Input/output operations in ordinary computer prosr11111 in that they .,_. 

up• the procr- ...tH the packet COfflfflUnic:ltlon haa taken place. -Var =- RCVPKT(port)• waits 

until an incolllins packet hn arrived (end then ecknowl•cta•• a1me). "XMTPKT(port) :• 

expreuion• waits until the tran■ftlittecl packet haa bNn ac:knowledpd. Proarama mey uae 

MUltiproc:eulna • '°"I • no RCVPKT or XMTPKT oper1ttons can be aimultll'WOUlfy executed 

by two prOC'elSN on the 11N pGrt. 

It ia eny to Ne that 1ny implement1tlon uaina tlMt RCVPl<T and XMTPKT 

operations obey• the Stendard Acknowleda• Antriction. 

Systema need not UN these cll'IOl'licll operations in order to be correct. For 

exaple, tha Implementation of AMEM liven previoully did not. That II why the proof that it 

obeyed the Standard AcMowted&• Antriction w• 10 complicated. 

HBre 11 ., Implementation of CMEM, a ayatem whose behavior is aimil• (but not 

identical) to AMEM: 



process starts at A 

input port X 

output~ Y 

array memory !nit 0 

Y.!!. command, addr, data 

A: command :• RCVPKT(X); 

!!, command • READ(--) then 

50 

let command • READ(addr); 

data :• memory(addr); 

XMTPKT(Y) :• RTR(addr,data) 

else 

let command • WRITE(1ddr,d1tah 

memory(addr) :• d1t11 

aoto A 
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. ULATENCY 

CMEM and AMEM behave cHfferently In a 1ubtle way. Suppo1e the uHr 

tr1Nmit1 1 READ packet and then ref11111 to acknowlecp,,tha"RfftlMICMI that results. AMEM 

refUNS to IICknowledp the orislntl READ. and the entire 1yatNt ~ •·to • belt, ,Ince the · 

uur can, und another COMffllnd .pa.et W1til the prevloul one w11 aclu'IOwfedaed. CMEM 

acknowa.cls•• the READ pacut anyway {It ·""""'· .... •••ut1~•• .part. of the RCVPKT 

operation). It then ........ to ICknowledp MY further COIIIIMfl4. ..... until· ... RTR •• 

acknowledaed, becaute It 1et1 huna up in the 1tatetMnt "XMTPKT(Y) :• RTR(lddr,data)•. 

CMEM ~ • thoup.it ._ ■1t"9Ul ..,.,_.c .. 111111 of,storiftl GIii pec:ut. 

'1'hil .,,.,._ __,,. u,,JII U. ,_.,Cina 9'Hlftrltfln. .Una 2, 4, 9, tnd f ttf 
. . 

Iha apecfflcellon of t,.. [teetion 2.2] apply le CMMlla Unat.1· NI .,.tlfferellh 

U> IVI • ~ oJ READI. tn X 

<3) IK"I • IV "I + IKI - .....,_ oJ .IUOa In >e 

(

number of AEADI in >C If P<I • 0 or 1 .. 

U> 1\1 • ot < IXI ~ 2 and IV"I ~ 1U1ber of ·AIADt In OC - l11t packet)) 

number of READI in OC - last ,_.t>•----

{

IKI if IXl • o or 1 

(3) IK"I • or < l>CI ~ 2 and IV Al ~ IIUfflber of READ1 in OC - l•t ,_.,,, 

_P<I - 1 otherwiN 

Thi, lffuatrat .. the fact that correct ■nalysil of the latency of a aysle• can be 

quite complicated and requi, .. careful ■nalyail of the ... orithm. 
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"'8 .,.. llffll1 ••• ,. • .,.." ·MIEM _. OIIIM .,.._ if t-he user fails to 

anowtedp 1ltl·frM ••••a, ·ihlt ii, ff ·f<al • 1'4- ,If 1ft•I • ff.I,,,..._, ,fllity 9how that, for 

both ........... 

·(l'o-1"'99._IM·----1t111t'1f•,ta,·--1'(AI ·c 'nUMber Ol ~Os 

in 9C -·tlllt.-....•lf.t=111• 

·"'8 11 .. ,._.-.~..,,1,m tt!fMi"WtJtllM:t MW11.,...11Mt tt ·Qi, aceepl and 

acknowledp·--- 11 ................ Jl■Wl .... adtty 1M ...,, that ii, the number of 

pendil!II, •u••••r-i.tt.-"ft•11 '*""~ ·• .. •-••• 111.iw• • ...,:II~ behavior, 

ttle conctlf)t a --~c-lUl .., 411J·lllillDLJ11 W' I It,;; 

8'11 •• • ·whtch tt · ctn 1111 ••1111d ta 'ttll :NFO. « ·flNt-m-ffrst-out buffer. 

A FIFO ~ .... ._ ...,.__ . ...._ ;Jltr(I 4.-, JIHt ..._: ...... ..,-t 1111d :one output 

,-.t, ...., ailun ,. .. •••••11t ........ • •••••• •n •* .fl ■•lb._. ital·• user 
• •kt•• .11 d 111111QJ •· ;h1.t1nelll1nalllllll'lly1,;,1l11W4'i ... ,Wis: 

U > fYI ... Min { f>CI , fVA1 + 1 l , 

•w,--«. 
(8) ~ •11111t-lft1'lt .:1'il•'N'l 

A FR Of ...._. ·t, -~ 1 •Gift 1lta h-11uullld #Ith • ... d ¥tte N and the 

foHowms.pr...-,u 

pr !b!1 !! A, B 

l!l!Yt11a!!« 
output I!!!:! y 



A: Y!!l!! P " N 9 
k :• RCVPKT(X)s 

store. k at end .of queue; 

p:•p+lJ 

12!2,Aa 

B: !!!!! p - 0 9 

, .............. 

Ill :- Item IIMft front front of CllfilJ 

XMTPKT(Y) =- "" 
P :• p - lJ 

aoto a 

For N • l this NCOIMI: 

PfOC!U t1td! IL A 

!!J!!!tat.X 
ovteufe!!i.Y 
~p 

A: p :- RCVPKT(X)J 

XMTPKTM :- Pa 
■oto A 

A FIFO of latency zero cannot be Implemented by any ,yshtm usina the RCVPKT 

and XMTPKT operations, thouah It can be 1...,,1e1111nted with11 few pltces ~f wire. 

Appendix I contlif'II I proof that a .., ... conntction of FIFO~• of tenathl M and 

N yields I FIFO of tenath M+N. 



..._ .,_.., • .,......, ifl ttllir ltllwr, I it. ••--•• ,-.tble to make them 

-.,tvateftt by ..... f'IVs to •••• ,em. ,_ n11,-, I .- ba thown that CMEM is 
Identical to AtiaM wtfh e '1FO el 111 ... Int ., .. .,.._ ff I _.. lie .,_ tt.f. every 

aysteM X te 1.-tvlll1II,-- • 11111~ •a••-- X., •111111 • ...... ~ Hf'O, then 

tt.te1•nc:rottt11c,1111.1,.... .......... .., ............ .._tw would 

._. ........... ..,,, • ..,.. ........ a••••• .. 19kA:ijltrll,Oftatencywo 

....... ,.. .................... , ............................ output 

pedutts hew--. 111111 _. -•cetl&lpll Mlllilta _. a &Jtllt .. • Cla _.. lte Aid to 

hllftlallllCJ lfMfhat ... ,-t•--•ftl ...... tlfllt, .... __..._.....such 
11ft ~ cal N •111••· tc. "'111l111.,,1M lfllllllt 1if ---•-••J-
2.3.l MIIITMMM. GISffllllA'GllfS. NII MJ.OMW 

...,_ Nik ., .... _.. wry .,.._. la .. &111lp • the stn,cture 

controller ft MIIIIIIIV,, • ... M .a.,-,.._. M .. tllllJ ........ 

.. ••• - .... lat .... ., ... Ii, ................... which 

tran11111ts .- tft11•••1,.... •-••- ,_.., • .. ,1111• ..... _. ...,_ mutt 
.. ,. ........................................... , .. '.:.,...lftt 
,_.. ii .... _.. ..... ,. ..... ,, 11,111t•ll•111-.... •·•Ml• ..... _. ,-.t 

..,.,,... ftral M nill 1111 NII n .. ··•-'-db ., 4ft ........ ,_,lle1 it ·iNlcated -.... ,..,..,. ...... ., ....... : 
If x1,,cl, ... ,c"nffl(IUIIIIMIYII....._ 

~ x:. ... .:, Y). ,.,. •• xt, ...... ,,_,. 
·" . ,, 

Ul M •Min<! ,c'f ;I'~-• 1) 
h't 

<It v~ «CtM ~ .... , ., _. tNltx'tnllrlt fYal,-.t• of v 
atYi•tt,ILtttlt•ll\tM•••• '(~,~~, ... ca,·~co• ............ ,. 
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Each ll'ICOffli"I plCket Is taaed with Its port number IO that its source can be 

Identified In the output. Thit ldentiflcatton feature it wed In a. few, but not all, applications of 

the arbitrator. 

Arbitrator, are. the major .. ~ ,~, U. -:111tr.•t,,, ,~\V#k of ... the data 

flow computer. The principal "!! of thl ll"blt~., m..".,t.f~~1L ....... Y it to allow the 
addre11 1pace to be divided f~to llltlll ,-caa. with. a separate ..... ,y 111odufe handlina 

transactiont on each piece. Thi LOAD .p~t• ~ b~I(. fro.• the several modules are 
• ·;, • ::/' •,' < •·c .• -Y ••• 

meraecl in an arbitrator, IO that the entire lnterconnactlon of modules beheYfl • if it were 

one memory system. 

Arbitrator, of nonzero latency may be defined II zero latency arbitrators with 

various FIFO buffera on the wtt. Such.~'~·"''"~ in~ p1..-, throushout 

the data flow COMPUter, but thlre Is one place where thl arbitratof:•t have latency zero. 

Thi• 11 In the trantlllialon of packets froM the ,trudure controd.r' ~:1~ :~. When the 

structure cont!roUer raceives an ~ ~ • ~ IU• aent tQ t"'d111tmory, it must 
,,': '. - -~·.' ! . !(~,,"t',1_"4·~;: ... --. . ,c ;,J • 

know that that ~tit aheact_(!f any olf19-r plCMt1_~.llliaht .• 1■Ql•ntly be. unt to other 

Input ports of thl arbitrator on that,~ ~,.J'.t;f.~.-wl,l bll,•~ in aectlon 
5.0.4. 

An arbitrator ·of zero latency MY be realized by thl followl"- proara111: 

process !!!!:!!. at A 

!!Jm!!. 1!2!:!!·X, ••• X,. .. 
output 1!2!:!Y 
X!!. p, Input 

A: wait until a packet ii 1Yailable on any inps,t port, 

let p :• that port1 

I this ii nondeterMlnatel 

input :• the pact.et on port Pl . 

XMTPKT(Y) Pl <p ' Input>, 



Nnd ............ port,. 

11.!!A 
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A ftt1r!IMtlt II 1 .._MIMI• tyt ... wMt fMI 'fllNd W N outputs, which 

trantfllitt fneoMlt11 ........ Iott. ... ,-t ,.--, ~ atlaita ftltd 1ft lhl ...-.. lftcoMit,c .............. ., ... ., ..... ~ ........... ,( .... -.,.the.,.,.. field 

1ft"" flMt ,..._ - .... ....,. tMlaN 1k •~_faftlllofla 

FIFO buffert. 

If XII ..... •Y1, Y2, ••• yM_.....,._ 
CY1 

t vf, ... ""• ••> c f ,..OC. Y~ YI, •.• V:, If 

(U Yf c(I.NJ, rtl•·...._ot,_.....,_..,,.X 
II 

(2) Pt_t • k ~ ,. .. 
(tJ YI Y J. ,: • CNla ....,.. (lit,._. ~ ffl ~ _II Ci,•-: 

RCWH!llm.11A 
lta4 f.!d_Jt 
IYll!l!r.llC!!. v •... , .. 

A: wait untH I paeut II IWllll,l1 Oft ~ X'a 

1:-ttwptCMton,o,tX. t•-••••,-t 
flta•c,,ort,dlta>a 
lCMrftf<Y_...)s-dat• , 

MfMf ~-Oft-' X,J 
ltf.tA 

Maher lat9ftCy dlttrtbutors ffllY be dlflMd 1ft tlrlM of bllic dtttributors and 



Distributors •• the principal component of the dtslrll>utl~ network of the data 

flow co-.uter. 

An allocator is a nondetermi'nate. ve,i1tion. of t,~i•lributar which transmits 

incomins packets to one of several output ports; Each packet it Nnt to~,•"1 oµtput port that 

is ready to receive it, that is, any port that h11 acknowledaed Ill· previous p,ckets sent to it. 

An allocator Is normally used to "~ ,~~t'., ~ ~-\•r~ of)~fl ;.,., ,always telectins 

any unit which is not busy. The structure controllfr of 1 ~ta flop, ~er will typically be 

r~allzed In the form of seve,at ldenti~a• units in order· to inc.~,,,. \~hput. Operatibn 

packets from the lnatructlon cells wtll·be sent t~ -.~~J9J,!'.le.1tr.uctur• control units. 

(In fact, the other functional units of I dit1 flow computer wUI N,htft41• p.. UN way.) Alt 

N-output allocator realizn the- fotlowlna function: 

·bulc (mli,imlf latency) allocat~ fMLOC 

·r ·v 

If X is Input .and Y1 • vi, ... yN .,. outputs, 
12 ...... 12 uN 

(Y , Y , ••• r, XA) c f AWIC(X, Y II Y II • •• r;.) jf 

N 

(1) L IYi • IXI 
I • I 

N 

(2) IXAI • min { P<I , N - 1 + L f1t } 
II II I 

(3) Y1, y2, ••• yN are disjoint subsequencet of X 

It may be Implemented by the followlna proaram: 

processes !l!tl. at A, B 

. Input P!!,!,X 

output I!?!!!. Y1 ••• v" 
queue q !!!!. N in!!, U, 2, ••. N) 

~PoPmit.N 

A: wait until a packet Is IYlilable on port X; 



• 
i=-u. ....... .. 
k:•-itMet ..... •111 
........... 1, ............. ~. ---·· ------· .... ,.,, 
tl!!_A; 

• WIIUIIII••••• ......... .,...,.v1_, .......... 
t ...... , •••• 
........... ,.._.-tYl:1 ., .... .,. 
,....,.,.1, 
-· 
TIie ................ ...,. ............... .,. In the .... of not 

~ lftY...,. .. thl ,,....,. ...._. • -- ••---~ - such an 
a? ....... ..., .... flltJ 1lru..,•t ,alfftNI W. ., .......... daes ,..,. the ...... ...._ ........ ..... 
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3.0 TI£ BASIC MEMlRV ~ 

Jn this sectton a forlUI specification of. ti.It ~ ,ffllldule W' will. btt p,en. 

MM Is the fl8'1dtmental ~- ,~.Qf U._,...._.~ •·· .wt,,MM a,-.,_. • , ~ . . ' .. ~, 

addresses. To incra .. total information transfer rate. the address space of the entire packet 

memory system may, - diviatd Into.__, ,_.., .Jrith .QN.W411NtllalN#k1a each piece. 
, ••• ' • ·.: ,' • • ., ,- , >-<. • ' "• 

The MM units _1r,a ~-tbt' .. ~rllof•-..cl,~-•- fo,11,,1 syateM which Is 

Itself an MM._ Thlt II ,_Jaont-• ~---• --~·--.,.,....,,, ... in 

conven11ona1 -.mory •rt'""'- To-•r••ttJw .,,._~ .._ .... .,___..,..MM unit 
~ ~- '• ,,. . -

may have• cache fflOdule ,:tl',~_,.tp .it. ~ 1..,,Qj_ ... ""9,toilt,:t-il.-Jf an MM. 

This 11 "vertlc11• COMPNitton, and 11 quite 1IMII., to the cache NMOrlH found In hi1h 

perforaance c:GnYentional COMpUtere. 

MM_ htl one ~-port 04)1 (~i:GllllMI\CI J,,j ,...,.,~ i,.._t• from its 

UNr, and OM output port RESO ("relutt outi returnina rNUlts to the UMr. The memory 

space II dlvtded Into aa. ~-alll(lw,J¥•~ llf,,., ...... lbly), each of"-" 
' . . . . . . . 

cor,...ondl to one node of • etructure. E.,.,y ._......., It:•..,. refers to one word, and 

every lnc:Glllina or outaofnl packet bNr1 the ...... of that word In it1 address field. The 

IMIIIOf Y space Is the ... lize • the . .,.._,.._,•; tw• Is known to the user, so 

there can be no "nantxlstent llllfflOl'Y worr error. In fflOlt IMPlelll9ntlllonl, the memory size 

would be if where.Ille ~,flll4--.w ,.._.,._, 

NDtation: FEY'., .....,. any of m, m-, or m•. LOAD'ti 1imilarly. 

Each word in the NfllOl'y containe I data field and a reference count field, 

which are UNd by the struct1P conl,;C,allar a --,,-.,,,ft,~ 1.2. LOAD'., .and lflD · 

packets have correapondlt,c fietcll. Furtt.,-., fir., .Jt,ldllltd•• a taa field. which is 

returned ll'IChlnpd In the co,,..... l.lJNl-ti pacut. 
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3.0.1 LATENCY At«, NTIM. MEMtJW CONJIM'S 

The .......... of MM to bit liwn Mlaw ... not - anytflinl about latency. 

This .. becw ..,, .., t. ,.,_, to ecJut0w1,,., MfY ,... packet. When this 

._,.,..., IN wt1 ldl:iltw11IIIJI IWfY eoMNlllil ,.._.,,....,_..,whit its actuel latency is. 

Hence,111 .,.,.. dl,mr.,..n •..,. fllwy It-•'•>'· 
lftftftll __,y eont.ftt• wHI lflO be left .,,...tfiecl. lfl the functional 

speciflcatton of • ... _,,, the defl..._. Of inlUtl _.. .... Ill the s,iiedficatlon of the 

sytteM•e re111• • 19 a - c•••tl fflll • Ml ....... lty I WJll'I!. Thi spedflcatlon 

of MM W ••- lilt 1Nlt ... Ml eecur. 1ft •---flDw Gttl"8uter, ■ free storaae 

11st wll N ......... wtllft h .- ltlrtt, whtdl "·•• .... onew,y cell 

3.0.2 INFlRML IINlYIOII a, MM 

,._. .. tiw- ef·lnpul ......_ 1t MM, 111111 •W. of output pacMts: 

m+(addr, , .. , 

FEr(addr, ... , 

a.R(lddr) 

("fetch">,... .................... ... ........... ,., .... 

iMrelllt therefe~..,.., .,_WNlumt 
LOArf(lddr, .... ref, t11) 

r,.t• It thl reference count !!!E, the lncrwntl 

.,, ... ,n.,.,... ..... ~--,....,. 
uw,·( .... - ,.,, ...,. 

(•cteari waits untH alt FtT flJ»D, FEr /LOAD+, and 

FEr /IJJNJ- tranuctloftt on the Indicated word have 



UPO(addr, data, ref) 
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complatad, and then returns DONE(eddr) 

("update-, wrltn the data and .reference count 

Into the addrnsed word. It returns no result, 

and hence UNI no t11-

MM Is nondeterminata n was the ■xtfl'Pl• fflNIOry NDMEM, in that result 

packets referrina to differeot cells are not c~rllUlfld tO,.fPP9ar in the same order as the 

commands that 1ave rlN to them. MM II furthlr ~erwinale in that it may ,..arranae 

LOAD<•> packets referrlna to the !!!!!!. cell. Such nondetennlnacy. would t10t .have made ..,... 

for M>MEM. since RTR peckets wtth the llffll data and 11N lddrlH were lndi1tlnaulshable, 

but, In the C1N of MM, LOAD'., packett may have.dif ...... ,tap. 

Since LOAo<•> packets Involve I chan1e of reference count and may be 

reordared arbitrarily, the qu11tlon ariles, What 11.,,., te the t'.,.,.. ~. 8PIS■•inl In 

such pacMts if they are reordered? The .,.wer is that the result packets have reference 

counts consistent with their own order, not the order of .. the arlainel cownd ,-:kets. 

Ex--: SIJppON the rtfereMe count of cell A ii 1, ,rid tt-. colllllltnd sequence 

Is Nnt. Som■ of the possible result, are 

or 

LOAD-(A, 0, O, T3) 1 LOAD-(A, D, -1, T4) 1 LOAD+<A,, 0, O, TU 11,0AJ>+(A, 0, 1, T2) 

The reference count temporarily becomes nq1tlve! 

The reference count 1ppe■rlna In any LOAD+ packet Is one more than the c9unt 

In th■ precectlna LOAD<., packet. Similarly, th■ count in I LOAD- is one lest than, and the 
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count in a L0AO 1s..- to., U. count in u. ....,,·111• 1..0Ao<•>. S... Implementations of MM 

wttl never reordlr LJ»d*>.....,.. ,,,- ,fMI ••-- · · ....... h they may reorder 

thole for .,,.._ Mteu•h If U. ii-..,._,...,.,_,,_, -..t wll ...., become 

,......,.. which, ........ ; __ ;_ •• ., .... ,, ...... --ffeld.· 

3.G.3 ~--~f/ltMSUIIR 

._,tfw UIM" ..... •M eon..._ It....,,...., 111y further COIMlllnda of 

MY typ.- for • 1ti.dl11lltl .. 111ft ffW at1•p11•w - ....-r·· hlil telumed. (The 

,_,..., tflt«H·•u ••-.___,._. .-... li1t1111ll1w. If__,_,... its ,..pose 

to COftft,.. • .. •••••111•>· 
U• •• • Mflf 'fi1•trw tftllt • _,. ... ,.. M I"'" while any 

transactfoM.,.. ,... •. .,,...,..,eel. 

,...,.n,AMe• •not.-.._..,,,,....,.,,...,._ to atknowfedan.. 

The UNI" ii-,_.., t. ••IIIPI•• .,_., .-. ,_. _, •11 .,....r,tty ,_,ect to 

ac:knowfNltt ...,. •1•111111 llflif· ~- tlf ,..,. _, .•.• __,,.,- Aclnowtedge 

Restr1ettoft. "Fhl. .,. Illa• • • --- t1t·· tllll ••nt, ot .... ,..._ types or invalid 

f•tdl In packeta. M ......._, ... lftfwW M. 11119J M to' ,_.., _, • ..t that Is in •ach 

c .. olwioua '""" ..... ,. 

Note; ltt rulN 2, 3, and 4 tht zeroth DONE itt Y ,... the IMtainnlna of Y. The 

N+l" DONI In Y,...,. ff• fM·nuwtlJlr If ... ht V,-- IWlftd·ot Y. Slftllllrly fOr CLRs 

in X. The lnt.ntlon Is t. llt ttle DCN ... Cl.It ..... .,,_ • )f M Y Into intervals, which 

makes it cen.••• tw--...Of thlr ..-. 1Me,w .;_.. ,......, . .liftCf fotlowN· by DONE 

or a.R packets. 
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If X It Input and Y It output, Y c f.,,J.X) if 

(1) For Ill addr, the numb.er of IXNXaddr} ,_.t• in 'iy .• 1M ..... , of a..Maddr) 

,-ut, In)( 

(2) For• addr, K, Ind t11, the l'IUfflber of LOAD(lddr,--,-,taa) pacuts between the K"' 
and 1<+111 OQNEladdr) In Y • .tbt .....,.<of. f'ET<addr-, PMMte ---• the tcih . . . ' . 

and K+ 1 at a.R(addr) in X 

(3) For Ill addr, K, Ind t11,;tha flUIIIIIM; of ~".:'(lddr,-.-,11> ......,,a.hNen the 

IC" and K+111 DONE(lddr) In y. the nuMber of m""(lddr,tll) pacut, betwHn the 

IC" and 1(+111 QJIICldr) in )C 

(4) For all addr, K, and t11, the.,..,., of LOAQ~~ • ...,-.taa) .,.as MIWNn the 

K"' and 1<+111 DONE(eddr) In Y • the nuMber of r:E°r(lddr,tll) pacWt betwHn the 

act' and I(+ 111 QJl(tlddt) In X 

(&) For all 1ddr, J, and k, the J111 LOA0<*>(1ddr,--.,•-,-:•) in Y It 

LOADC*>(addr,dat■,ref+D,--), where the l11t UPD(_.,y._, •• ). before• the Jth 

FETC*>(addr,--) in X 11 UPO(eddr,dat1,ref) and it''"_,_. by l.Fir.C*.>(addr,--) 

packets, and D • {rlUlllber of LOAD+(lddr,-,-,-) packets} - (number of LOAD­

(addr,-,--,--) pacMt1} NIOnl the 1+111 to /lt ~,-.-,-t ...-t• in V. 



(1) for .at...,.,.....,• ••r of ctlfl1 ~d➔ .. _.. • « • the ftUfflber of 

••• Mr>11•••• .111¥, • ..._._._ • -. .. ut•••-- L'lilNE<addr> 
In V, 111d .... ,.. • ~rf • ....-r.-.-t ...... .., the l•t 

QJlh lldrt In X. 

(2) For ....... _, _,, n, ..... -.-t ;Jn ·;t(, - •• , _, ~.-> packets 

,., ........ ,. , ..... ,., ~~ .......... l!f • 

.......... .,,...,.. • ~--• .... ;...._, .... wy. An.,.. the 

.... ,y ..... ..,,_._ ........... -· ,.,, ....... , ................... CIUftt for 

uch---, ,,,, ell ;;1la1- -. .. -. -.-·•·••=' 
l'!mltlm!.t!.A 
!m!l!.11!!!.·CICI ....... 
'l!:!ll.lMIII ..... MNINf ........................ 

f! ...... ,. m< ......... , !!I!!!. 
!11 • ..,. ... mc.ldr • ._ 

l;F£T-. .tum,UMO 

~-,. LOAIC .... , ■- dlll(1ddr). • .. •f<edtlr), t11) 

•• if COfflffllftCI • m-, .... ,-) then I "ET"' -~ ref and return LOAD-........,_ .......... 
!!t COMIMftd - m-'(eddr. tll)s 



mein-ref(lddr) :- mein-ref(lddr) - 11 

XMTPKT(RESO) :- LOAD-(lddr, ftlHl-dlta(addr), mem-t'ef(addr), taa) 

!I!!!!. COtnMand • FET♦(--,--) lb!!!. i FET+ ... lncr.-nt ref n return LOAD+ 

!!! COIIIIMt'ld • nr<•>caddr, t11>a 
ffl8M-f'8f(addr) :• meM-f'ef(addr) + lJ 

XMTPKTCAESO) :- LOAD+(lddr, IMM-data(lddr), mem-f'ef(addr), , .. , 

!!!!. !! cofNMnd • l.F[)(--,--,--) then I ll'D - update memory 

COIMllnd • ll'D(lddr, data, ref)s 

mem-datl(lddr) :- dat11 

meM-ref(addr) :• ref 

!!!!. I a.R - return DONE 
!!! COIMllnd - a.R(addr )s 

XMTPKTCRESO) :• DONE(lddr)s 



3.1 t«JRIZONTM. 1N181DOfll.CTIONI OF W fflfM 

(1) fw W f ..... .,. itwarf9flt ...., ,,_..._ d ......... pecQtl 
.i 

......... le ............ 1W ...... ,..,.,.. .. , - ·affect tht 

lepl r1111en1■1 fta MM, w wit I tflld tfiit lq,ilv ol lhl COfflfUnds 

, ........... 
(2) '• and •- IN •l•laftv ..,._..., ......... of ....utt PKMI• ,....,,.. ............... 
(3) '•.., f-- ....... _., ......... "'tMIIP' .... for the 

II!!!! ·WIIP4 ........ .,, ,. ., .......... ,., .............. the ......................... 
(4) the behlviortl ,,.,.,._ of MM -1 i1t ..., are --ll■ly iftdlpendent 

for ............. 

flrap1rty (4) -- It poe1il,le te ••• MM wsa-. and their user• ttvoush 

dietrlbvtor• Md .,......., Md atll _,. "' ... l¥lla flit felowil'II c:onnectioN •• 

pGNil,le: 
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t.\Miple.•1llftlOl'Y COnMCtton 

CM>I RESO 
,-----------

_____ ..,._...,.. 
MM I 

I 

' I 

I 
, I 

I 

I 
I 

-- -·-- -- - - - - - - -- - - --- ------ ----.... 
If each of ·the sul boxes realizes f• (eontin,ent on Its user reallzln1 

, ... ..,. the l•p dashed box reaffnl f-- for • lq~ ~ ~ If the user of the ,.,. • ..,_ box.,.._. f..._., each .... box•.i. _, r~-f~. 
'· ' ":' ··:,·· ·,C'J~·;·' 

· For this to work the distributor and arbitrator MUit' hancae address fields 

properly. If there are . t'f ~·YA unit~ flw ...... 'ffeld of ._ w.rc.or-~tion Is N bits 

lonpr than that of the units. The flltrlbutor pickl out N bits .of • iftCOlllin& addrfll fields 

and UIN thHI • the output port numbers. (For lntertemt11 SM'PolN, it ffliahl be fflOII 

effectiw to pick out the INlt llanlftctnt bits.) Thole bits • not ....., in the lddrft1 fields 

of the pacgt1 that are Nnt to the MM units. The .-IHtrator lnterts the input port number of 

NCh illCOlllina packet iflto the lddre11 field fn the HM positlont as the bits that were 

NIIIO\IN by the distributor. 

This C01W1Ktion Is one of ttw methods by which the transaction rate can be 

lncrened. Random access memory devket have the property that every read or write . 

trwaction cws the dlYice to becolM bUly for IOffll period of t-. durln& which it cannot 

handle _,., other tranuctions. For ex_., 1 M>S RAM Miaht be 1,uay for !500 ft8l'IONCOndl 

durifll every tranuction, and therefore be 11,ie to handle 2 Million tr1n1aetfonl per second. 

Puttma a FIFO buffer on It wtll lncre ... Its latency<• the term w• defined previously), but 
its transact-Ion rate stays ttw tame. The only way to tncre .. the c:lata rate is to use many 

meNry units. If • distributor cen handle 64 ffliflion pecuts per second on its Input port, and 

an arbitrator can handle 64 Million packets per NCOnd on Its output port, It mi1ht be 

rellOnable to use 32 MOS RAM's, each in • ..,..ate MM unit ThNe are connected to • 32 



• 
port dtstrilMltw .and •a_,. •Wt:•r. ffll •--• ra. :llt which ,-.ts come out of 

uch port ,of h M,..., a ,2 .._flll • J 1'. _..., .. -- • •which indlvidual units 

can._.tt.na. ..... , ... I u Ill--•-· 11 ......... "h.acldr .. space, 
~ \· ' 

thia intaUIIIII ......... M ... ti■ I ffll .. •HII... ... _,_, ... lay for 

NCh tlNI wHI .... ,.. 1111 ••··• .. Wtlllllt•• - ······~of the 
.. ,..,. '■attnllllCr --

f:or tt. ...... ,a-.. to _.. tlJ ., nlllac, tht ._,_. • 1he indivjdual MM 

untta, or the -- 111111 ~, f/f • ............ ._•...a-.• .,...e1y fllOl'e. If 

the MM untt. _... .. 1•11,.._.. till,._. tlllnq ..,._ • --••• .wffl lie unable to 

........... ·- 11'4 ........... _ .... ~----···•""'-· ..... ,' ·: , .. 
CG11.....,. ,.,_Hllf - .. W ... 1llil ........ ,Ji C Ill Jlf --, ...... units. 

,· 

In..---. thl -■DJ 1liiljll • 111nlllllal - ........... 19 •I••• b'--..dion 

Ntte ,_,. h ............ 21•d:1aa1•u• tn•-••:·111••w• :■ l ■nands for --·' _. ., . - .. ....... ---- i111••··•• .. -•ll·• ............ R .... ..... .......... 
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Multiple UNr connection 

MM 

.. . 
' 

Thi, ii j111t like the multiple memory COMaetion, but with the rOIH of MM and the Ul8fl 

exchanpd. If the IOlic:I box re.UZ. f11111 , each of the interfacN at .the top of the diaaram 

realiw '• for • INiier adclrNI space. If each of the ...,., of this lntercomection realizes 

, ..... , then .the collectlan ~f all of theM ... Willa. the arbitr.., Mll,dliltributor r•alizes 

,...,.. on the,..., addreu space. 

As in the previous caN, the arbitrator must map the Input port number into a 

larpr ~ field,,and.ff cWributor .-t remove,.the"~ part· of the addre11 

field and UN it• the output pert ............ Each.of. the inttl'.tacM at.thf top.of h dlalr• 

rellizN ., equivalent addrNI space, and each UNI • different IUblet of the memory 1pac• 

contained in the actual MM 11'111. 

This connection would be I.Md if there were NYeral users, each presentins 

COIIIIMlldl at such • slow rate that one meMOry module could handle all of thM. Such • 

situation could arise if NY8f'II cache modulN are I.Md which have • sufficiently hiah "tlit9 

rate that the rate of NIIICN'y requests arllifll frGIII cache misses is low. 
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3.2 VERTICAL COMPOSITION NG TME CACI£ MlDLU 

1ft ttlll .....,. • llleaibe Ill adll _.. -W- wllldl COl'.Mets to an MM 

1ystNtand,•com11c:ted.relltlN•MM.,._wlll.__ ., .. ,.,.._ 

CM 

~ ...., ... 
CIII .. 

MM 

t 
I 
4 

' I 
j 

1 
I 

I 1 • ,_ - - -- - - -- -- - - ---------' 
................... ,., ........................ -rea11ns ·-. 

If the _,of ............. - ....... , ...... - .,,.. ... ,r ... re ...... , ...... 
........ .... , ...... ···-···---...... -·tn the foltowina c•1•1" ........ _. ..... ,, ... , ...._ 1 ,11 a rtillla Ill 
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CM 

The purpoN of a cache it to retain the data of a 1m1II subNt of the main 

memory•• addre11 apace, anct'return r..-t, for data in thlt 1ultiet directly without readina 

it fron1 .., MMDI y. Since the cache hes much led data thin the Nin memory, it can be 

built out of f•t• circuit, and devket without Nini prohibitively expentive. Hence any 

,.._. for a datUM that le In the cache (1 •cache hit-, II llrilweracl very quickly. If the cache 

Is 9Ufftcleiltly wel detl&necl that It hat • hish hlt rate, tlie overall performance of the memory 

wil be nearly• pod• that of the cache ttNlf. 

A cache 111U1t be dnianed to maximize the hit rate by holdina thole memory 

11 ..... that are RMly to be adclretted. Thit it uaually 'done by IIIUfflint that the addresses 

... UNd Yll'f slowly with thM, Mid so, when an Item It referred to'6nce~ It it likely to be 

,.,erred to 11aln ·&OOn, and should be placed in the cache.- Therefore, when 1n item it 

addr....ct which it not In the cache (a •cache mitt"), the datUIII it fetched from main memory, 

placed in the cache, Mid alto returned to the uaer. SubMquent requests for that datum will 

be cache hitL 

The size of the itemt• that the cache containi llffect its performance. A cac:he 

for the main tMMOry of • conventionlr cOMpUt•r may UN rather far1e items consittina of, for 

example, I tonNcutive words. This it efftclfw betlUN' refer.- to memory, Npecially 

Instruction tetchN, tend to· h locldlnd In apace. · When •· cacht ,.. occur, on tny word, • 

block ot 8 coruc:utlve wor• It read frOffl Main --Y anct 'foaditd into·· the cache. Since 

r1ference1 In the llllffledltle future are tiuly lo be In this block, tht 'hit rate 11 increased. 
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to be stored in the cacha Ilona with the itNII. The column addresNt ... ifflpllcit from the 

po11tlon In the cache. 

This or1ani••II.,. works well for I suprlsiftaly ... It 1'1Ulftber of rows In the 

cache. For u--. the Nin ,...ry CacM on the Bt370/lt8 •MPWt•r- ltat only four 

rowt. (The flUlllber of rowt • retamld¾e •-l'cldllt ~J · -T• dtt....,. whelfler • 1lven 

itNt Is in the cache,-only ftu ......... COlllpll' .... ---<to- IN;_.. -ThNe Clft eNffY be ---~. 
The ~Ulllft IUllber of • word In the full addreu space Is typically taken from 

the klw bits of ... addri11e. The ,ew· nuMber C11NNt fteni -tflll.l,1111M11nlnc bfft. This allows 

c:GnNCUllwly addr1,11.dttw to l'Nide in.h CflChe-ift,Mj■■nt t.._• of.,.. row. 

Exa.,..: S.,O.. the fuU acldreu'. epace-eont._ 4096 Ndf'fltes, and 

....... COMi8t of. fow octal dlsltL There are 8 colufflnl, ■nd the low diait of the addrHS 

It the cohaln ...... .,. n. ............ 

column number 

0 1 2 3 4 5 6 7 

rowaddrMa_!i61 660 6G !ICM ·444 425 e 425 

data A B C o- E F c;., M 

row address 412 417 447 313 314 315 270 241 

d1ta I J K L M N 0 p 

row addr ... 242 242 242 242 241 271 365 413 

data Q R s T u V w )( 

The cache holdl the ltam with ■c1c1r ... 4472, with data "IC". When a command Is 

recewed requntlna the content■ of location 4472, the addreu Is dlvldad Into the row (447) 



anc1 the co1.-,, <2i --. , 2 ot thee; cahs ;s. ttt. ,, .... ,,. w~ It contains 543, 447, 

111d Ml. 4eiLu••• .. • .. fflH■ --nu llfl•••• .. ·•••1lpe lf'......_,fhlt,NCOnd'Of 

thent. eo tM -.•••••at,_..,IMIQ,is,~INillUllr. 

._.,.,_...._,._.to,t.p..t,t-..•--,ilif...,_, ......, is known in 

lldvance,,,.._.., it•..., .. •dlll hi•■•lll)l· 11■ dj: •. - · 1tb blf•f,rt'fftl l•lfl'rKentfy 

UMd Item. lor •ar •••• ~-_..,_, ...._.lf-♦a Uh fFidlllllf, 4ili•••11-dlid. If the 

least recentl¥· IJl9ill.~3''.4J:Jb il'1?11UDlJ• ~'I ,...,.,..__,,ltf,Ulll'padi.t' is unt 

to main ffl91MN,)!,,.,....•tt. •••••;(IMe}:lllllttt.-.Ctill; n.rowalllfw fs thilfn 

chanpdto2I~ 

TheJdiltea•NIIIOff!of,......,l._, .............. ,... .. y Ulledcan·be 

made by ......... , ..... ..,. 111 • .,i,..,,.. ••i..-..-1M1tatw,,_.._.i....._ 
Whanevef' lftY· ,.,...._ .. ..., twlliNft,countlr• i...er11t::_.•• athera in its cotuMn 

.,. lncr,1111d-_,._, Jhtfi ■t;~ 111111 Ill t 1--•■ ■ Ill Ii, tllllllllf \lllilnt. 

a.cw Nllh o...,.aton "' tt. Cllhl.-,lnsella·&21111t1 11t1l11 of!.,,...,_ column. 

the cache .....-y itatt .._... • orpnl1act • nt1ti ........... , ia, • ._...,., that is, the 

entiNCllulnn,.-■--wtttaft,llt;Ofta,, 

3.2.1 DESIGN,OF a. 

The ft.wlltl1 •:J1J1Hlfteet-.,of •1t,,W19¥ ....... 1' .. , ,..,_ f1111 thrqh 

Its "top• port•-,., q,...._ii. ...,.._.,_., 
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If (CM>I, MEMI) • Input pOrta, and (AESO, MEW) • output ports, 

(RESO, MEM)) • f c,J.OIOI. MEMI) ff 

(l) RESO c f ,JOIOO 

(2) MEMO c f....CMEMI) 

An lmple•nt1tlon of I systM r11Hzins f cu wlll now be 1iv•n. Etch word of 

the full lddrNI space la In one of lipt atat• ..,.._ N, P. P', 0, Q', R, R', and T. 

N - The word Is not in the cache at all (Ska the ceclw is fflUCh sfflllter than · 

the full lddr ... space, most words •• In this state et any instant.) There 

are no pendif'.11 cCNllllandl froa ti• user to the svatem. There •re no 

pendlna COflNINlflds from the cache.to the ...,, •• mary. 

P - Spece his .been reserved in the cache for ,the word, and at INst OM m(:1:) 

has been Nnt to main memory, but no LOAD'., '- COffl8 .back. One or MOre 

m<*> /LOAD'., transactions •• Plndina to the cadw. Endty the ume 

,,.,.actions.,. pendlna .to the main MMOry. 

P' - SIN • P, but • CLR packet has been receivecl froa the user. One or 

more me~~•> tr-.:tionl, plus • CLR, ... pendina to the cache. 

The SIN transactions '!'lthout the CLR •e pendinl to the main NIIIOry. 
I 

Q - The first LOAD'*> hn come back from main memory. A Q..R plCket will be 

sent II soon II main memory Is tble to accept M. Zero or MOre 

FEY'~ /LOA0'., trnactlons •• pendinl to the cache. Exactly the ume 

trMIIICllons are pendina to the main memory. 
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command. While It It wtitlna, it· m,y refun. to ·accept furthtr co~ at CMDI, but It mutt 

alway, be wlllina to accept packet• at MEMI. CM lltlY •ume that any packet tent throuah 
' ' . 

RESO will be accepted. 

The re11on why CM allocatn a· cache ceH for an Item and putt it Into ,tat• P 11 

soon II the flr1t FEr<•> command comtt from the user, It to avoid a deadlock, that it, • 
' I 

situation from which the 1yatem cannot proceed. If It limply •nt the packet out throuah 

MEMO and did not allocate t~ .. cache cefl_ lri!I the. iw1t. IJ)Al)'~ ~,c..., . back,_ -it would 

use· its ow~ 1pace more efflclenlly, but would be in dlnpr of •tdlock. (P cell, are useless, 

since they do not contain datL) This wiff be •~plalntd 111 NC,llon lfJ, . 

Jn the follo•ina dNcrlptlon of •~ cache 'l'torithln, V,. ~ani--lon of tht 

counters t~ •termine the le11t recently ""4:1 lt1111 It not thaw.n. 

STATEN 

FET<*>(addr, t ■.> at QMDI - Cr11t• •Ptc• In tbe.,appropriata.c;ache column. 

Either UH an nipty_ apaca (t~ altu,tion,~ onJy •iM. ~ the, •Y-- is 

first started) or remove the le11t recently ueed Item In state T. If no item 

It ln 1tat1 T, wllt'until OM e"tert tt.S.1 J, ~ l,,CCV!lN111~1ftY,,l~l1 pn 
• ; ~. ' • • ~- •• -<. • > ' 

CMDI while wlitif'II. Utemt In other ,tatM wiH. proarMt to 1t1t• T;) .When 

the Item lo be. remowad t; found, •rite it. out if ltt "modify• fl .. It on, by 

tendina in lFD packet. at ·MEMO. If main """'°'Y .It not .acceptlna packet, 

at --~ wait until i_t don. The~ ~•at• a new _,_ " the ~he Jtjth tht. 

1iven tddre11, •modify• • 0, state • P. Laave the data . ..,t r.ierence count· 

fieldl unapecified. Aito, -~ I Ftrll> ,-.t, idlntlcal lo the lncomi"I OM, 

out thrqh Ma«>. to ·fttch I'- data. 

CLR(addr) at CM:>I - Mnd QONE(lddr) at AES0. 

UPD(addr, data, ref) at CM>I - Create space In the cache • for FET'.,, perhaps 

tendina an lJl0 :,,acket to n1emary. Then create I new Item in the cache 



wfth.lhe ~,..,,-.-...aty• • 1,dlt••,...... count from the 

colllffllNI. n ttate • T. 

LOAD'*> or DONE at hEMI - can, OCN" •-no tr .. actions •• pef'ldins in .... ...,,. 
STATE P 

I 

~----·~ ................ Mal). . 

....,..,.._,. .... _, .. ,.,11,._ ............... ,.in 

the cache. 

LOAD'~. deM. •_.,et MIMI• O.•• ._data .. ,...,... count 

... ._ ........... _.. ...... ..._ --~ If the MIiin 

111111111 'I It ••111,.. CG1111,..., _,:• CUW.11•> •·Mbif> ._, chana• t,. 
....................... °',' 

STATE fP 

m«•>, t119.·:• Uat. CMDI • c11ttf ··li•p'-. ._ _,·.._ 1 Cl.R/DONE 
; 

LOAD<~, tllte, ref,, ~ at ME.Ml - Dli,oatt ·tt. data _., reference count 

Into the cache word, anct Nnd It.le ... ....-t out at RISO. If the IUin 

ffllfflOl'y ii acce,tt,. com..., .., • Q•fllift't'M 1il!lil> ilftct china• this 
cache itent to ,tat• R'. If not, dtlnp to ... er. 
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DONE at MEMI - can't happen. since no CLR h11 been 1ivan to main memory. 

STATEQ 

Note: CM does not accept any command at CMDI whenever any item is in state 

Q. Q is simply a temPor■ry state that Is waitln1 to send a CLR(addr) out through 

MDr«> and 10 Into state R. 

FETC*>, UPD, or CLR at CMDI - can't happen, since cache is not acceptin1 

commands. 

LOAo<*> at MEMI - same • state R. 

DOt£ at MEMI - can't happen. since CLR h• not been 11nt to main memory. 

Main memory becomes able to accept a command - Send CLR(lddr) throuah 

MD«>. chins• to state R. 

STATE (1 

Note: CM does not accept any command at CM:>I whenever any Item is in state 

Q'. Q' Is simply a temporary state that Is waitin1 to send a CLR(addr) out 

throuah MDM:> and 10 Into state R'. 

m<•>, UPD, or CLR at CMDI - can't happen, since cache is not acceptln1 

commands. 

LO~*> at MEMI - same n state R. 

DONE at MEMI - cani happen. since ClR has not been sent to main memory. 

Main memory becofflls able to accept a command - Send CLR(addr) throuah 



• 

,n(~ ..... tac) at CMDI .. Update tt11 ,,,,,._ count ift tht cacha, and set 

the -...odffy• bl If tht p■-t ._ F£r or m+. Slftd ~ ..... dlt-. 

newret. t-.> ffwouah ROG,...,. dlt• w,..,., .. _,~ content, of 

the cache. Note: ai the iMtlftt tNt ""'""ft tMN Mty ttfll be 

FE'r.,/1..QV., tr ......... ht .. ••Y• If -. tfloM ,rr<•> 
.,..... ..,. ...., thin - -. IMlt .. ., ........ uw,c• , .. ,. 
won't lie relurnld untR ....... TNI It ltll drc111111 ... whiclt cws the 

pt'Ntfel 1y1• MM to occtlloMly retuffl ~ ,-ts 1ft 1ft or•r 
clfferlfttf,-thetoftllt~....... ' 

UPD(llddt. data. rtf) It QG - u,c,.te thl --. Ill 1111 •-,• bit. Note: if 
., Ul'D JtlCMt ._ reoelwct...,.. fft ttllt I, w.-. ,,_ flle rutff for 

' --·' -'"\ ............ ~ ................ , .......... . 
Q.RClddr) at CMDI • a... to...._ tr. 

LOAo'~lddr, cWa, ref, t11) It MEMI ...... U. -,.,- ,_ 1ft the. pacMt. 

lftet'IMlrit or .........., tht ,.,._ ceunt in .. eadllt if tha ,_._ ts 

LCN. or UMlf. Do not flt t111t -...,, • .._: ._ 1111tt •11•1 )' llrffdy 

knowe ...... ,..,.,.,. --........ ;~ ... , ........ 

t11) tllroup REIO, ""41rt ...,-, • tht •d1l1d ,_.,.. count in Ille 

cacht. 

DONE<lddr) II MEMI .. OIMp to ltlfl T. 
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STATER' 

FEr<•>, UPD, or CLR 1t Ct.t>I • can't happen, tlnc1 uter h11 a CLR/DONE 

transaction Plnclni-

LOAD<*> at MEM1 - tame • 1tate R. 

OONE(addr) at MEMI - und D0t£(addr) thrqh RESO, chana• to state T. 

STATE T 

F£r<*>(lddr, t11) at CM>I - Update tha reference count in the cache, and set 

the '"modify• bit If the packet •• FEr or m+. Send LOAO<*>(addr, data, 

newref, t11) thrOUlh AESO, whir• dtt1 and nawref •• current content, of 

cache. 

ll'D(addr, data, ref) 1t a.t>J - Update the cache, ut tha •modity• bit. 

CLRCaddr> at aa - Send DOtE(lddr) throuah RESO. 

LOAD<*> or DONE at MEMI - can't happen, tine• there are no pendin1 

traftlactlont in main memory. 

3.2.2 PROOF OF CORRECTNESS OF CM 

A proof of CM's correctness is 1enerally similar to that of the system MEM 

1iven in section 2.0.3. The memory state required in the specification is the contents of the · 

Int ll'O pacut In the Input history. Ona must show that, for I ceH In states 0, Q', R, R', or T, 

the data In the cache itaeff Is the same • that in the l•t lJIO packet at CY>I, and, if the 

modify bit it off, this data is in main memory also. For stat• N, P, and P', the correct data Is 

in main memory, that 11, the l•t lFO at 01)1 h• the 111M data • the l•t lFO at MEMO. 

Thne propertlee nut be thown to be preterYed for .U state transitions, Md It """t be 
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shown that all legal FET<::t::> commands will get the correct data. Furthermore, the effect of 

reference count modifications resultln1 from FET+ and FET- commands must be taken into 

account. 
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4.0 IMPLEMENTATION '7 MM USl'-G A "ll>T ATIIG• DEVICE 

"Rot■t1na• NmOrla such• chart• coupled device (CCO) or •mesnetic bubble• 

shift reaistera. or fflllnelic •~ •• rlptly ~ to►~ unusable for t~ 
main MMOry of• contpUter btc._. of thalr ncaulv• ,.1,.-,-,,delay. In a,data flow 

colilputer, total tranuctlon ,.-, ii • lmporl,nt a crllerklJI • l'llritwtl dllay, and IO the 

cludvant .... of thNe cleYicN larply clla,p•a.ftMlldns,'- ........ NOIIO■ical • a NU 

store. On thl othlr hand, furtber l■pr~ la RAM t.chn11._,_ ·fMY ,.,..,. theN lhtft 

resisters Obsolete for ,..t wHctlionl. This. wtlo,t ·•: ,,.aclUd, on the .. ...,,tion tut 
CCO's or bubble .....,._ wtfl be aconomicll n -,uun the ,_.t,Mmo,y ayslM. 

In • ~t1tfr• NIIIOl'.Y, the ••• la structured in I rinl which •rottlfts• pat • 

9read/write head". Equr,•ntly, ona 1111)' think of It • 1 fixed rtna and • pointer rotati"I 

around the rlna. with NIIIOfY tranuctlonl pernitted only on the cell currently pointed to. If 

the ...,_._ of wor• cor.....,. to f'-d p1 ... on the-r""lt it it pouibl9 -to predict when 

any 1lven cell will be pointed to. Commands from the uur .clNl be. s11tr-ed In • • ,__,ry 

IOIMwhlt Hu. qulUI, sorted by patltlon, IO.that the penc:lna tranwtlon at the held of the 

.... la ... (or nNtiy llwtyt) the OM that the ....... wHI NIICh next. Thi• will fflR 

apt..., ... ot the wait~ ot data frOM the:CCO. 

l'h4,re are • number of CC0 architectures currently in UH, In the •une 

llddrHNd random '"811 ~• (l.ARAM), onty a ltntN part of. ttw drlfc:e tflift1 at full 

speed 1t_ any one time. The r•t shift• and r1eireul1t• at I MUCh lower speed in order to 

conserve power. The Intent is to make the device behave IOfflewhat .ffu I rlN'tdDM access 

men,ory. To retrieve any one Item, one finds the section in which that item Is stored, and 

directs the CC0 to shift that 11etion at hiah a,.t .until the cleur•ff- ii found. WhU. this 

is happenina, the other 11etion. are shiftlna fflUdt _,. slowly.., so this- •chitecture is not 

efficient when many Items •• beina -.ht at one time. It ii ..,....,.. not .uitable for the 

type of packet memory system befr,a considered here. 

Two other types of car, .,. the •serpentme•, which is simply • tona shift 

, .. later (It •anakN• back and forth on the IC dip~ and the •aertat-parlltel-serial•, which is 
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1hnply a coffectlon ot ..,leawd shift ,..,.._ ~ two 'YPN clffer onty in enaineerlns 

spedftcattaN euch • ct.ta rite • ·,._, ce1u11...._ 1'lfllr .._ lehawe • tona shift 

, .. isters, Md twice·_.. Nit ... for h 1YtN' of••• 1 ..... .... ....._ 

n.. .. • 11w, .. ,· If te1p:fl111•......., -••-- . ..., MUii be taken into 

account hi d•1I1nt111 • ,_.. ,.._ •••)· ,W ,......, , rlUlllfilr el tNft ·,..tsters, one 

for Heh bit ot • .,. .... ~ ..................... Into poeition on 

eadl clock ,.._ 0t ........ --, • ........ ,.,..Jht lllitftl'·t. uied, with nch word 

stared Nriatty, er an, lrf•-Nl9fll .... ., ----_..-• hit lie UNcl. One ffliaht also. 

UN an unueull co,,,1p111dl,_ llln1n •-- 1fNflMl'2',_..IW pesitkM.- AN of these 

coneidlratiW .. .,.., ... •--,.,.._..,. •••••• ••• wll ..... the ,-mory 

it• rifllof hall_..,.,_,_,..,. ,11.....,wtll •••• .. •••• .. h hiplat Mldrns, 

and ... pOi ... , ....... , .... .., _ -·-- ........ ,., ............ ntltion is 

~•nttelllliL 

In ............... il-■,y .... ,.,.,., ....... -ca,-, ......... of 

what ,,,. of ... it ... .., .. 

,.,Ml,. t,......._...,.. te. ,....., ,_,,._, ,t CMlf) ate tiered in the 

tr!'!f!d!On !!!1 {TL), wtlidt is ..,_.11,_.,r ... IAllll&t" ._. _ Iii•• J hllf. TM TL 11 

prnuntably re•• If wilt • ,....,. ...._ •m•r, --. 1ft .,., to l¥Oid MOvifll data in 

the TL~. it._.,.,..,...,._. ""8th Muateay. ,,_.KIM .,. placed in 

the TL at or ftNI' .. - ,.., pH_,,. • ..... kif· •••••/of lf'ie word to which 

they...., • .,_-.a•, ...... ,, .. .., 11t 11111111,,~-...,. , ..... of' TL cotr...,onds 

to wy •-.•IUtlvt: •• a,11 et . ,. 

Let CX> lie t"9 fwtlM 111.I .. Jdafl•.,_, 1ft ttw ..rtte ecldrea _,... Into 

the cor,..,.,.. Jdll .. ht tht TL ™- fl .-. ... !!II! ln5lltftt- •,._,.. that will be 

exptelNd ,_,. G> • t1M ......... ,. ,wt fll .. 111•._. tlf i ctMIM·d by the ratto of 

ftlltfflOrY stze to TL ttze. 1ft • l'Nltzlloft In wlM· .. ._,.,. ••••·of two, CX> is Just the 
approp,tat• nuMber of hip ...., bits of X. 
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When i comm1nd 11 received for lddre11 X, the COfflffl■nd p■cket It placed in 

tht TL 1t 1ddra11. CX>, or the fir.st frta ackkHI theraafter if CX> 11 full. A11umin1 a 

uniform di1trlbution of lddrflNI _,.ar1,. in COfllllNlndl, tht TL lhould beJmiformiy filled. 
• I • ,- •, 

Al the IMfflOl'y pointer· rotlt11 throuah the lfttnlOry, another pointer, mllntlinins about the 

tame .,.u1ar potltlort,.rbfltet fhrqh ttw TL, pickifll ~- t~ ;,.~ trlN■c,fion t~ p,arf~m. 

The TL It oraantzed much· nu tht "'or.red hllh llblt• •vl11d by Ambia and 

Knuth _[2]' • with moclfitlttont to allow for lti c1rc•1ty ll'id for .~ f ~t that ;~.ffll .,. bei"I 

removed from It. In an or•rad hllh table, each lttm _h•• a !!!!h lddrf!•• It ·1, placed In. the 

tabla ,t lt1 hnh addrH1 or In the conti1uous ~ .. Of ltama after tht hnh address. Thi• 

bfock 11 In lncrauln1 order of d1t1 value. T-hia wderin1 make• It poHlbJ• to determine 

whether an Item is In the table much MOre _quickly than in • conventional. hnh table. 

Althouth ordered 1-h t_lblt• are lnft~ for entirely different applications 

than the transt1eli0n list of 1 ~ket fflHIOry, 'tht concept ii wall ~ted to thlt application. 

The "vatua• of an item ift Jht t• ii ·tht word addr111 ..,.,.... in the packet.· Lat a(P) · 

denote this addra11 for packa1 P, and eatf .ft tm.t.' "CCD addr111•. The •huh addre11• 

corresPondina to CCO addre11 X 11 just .ex>, -,1nec1 earlier. (Hnh flfttions are usually 

desis~ to be random, but that property 11 not clfflrtbte here.) The helh addr111 of pachet 

P is therefore Cl(P)). 

Because tht' TL i1 a rina inst,~ of a linear lilt, a different •flnition of order is 

needed. The concepts of •,,.,tar thM• lfld ,._ than" are repllOICI e,y·:•clock'!iH from". and 

"counterclockwi~• from". Sil\Ce -'YJtem It :lloth .clodlwiN. •·eounterctockwl11 from any 
. . 

other item, the or•r of· two Items must be defined relative to a third. This i1 done throuah 

the use of interv• deftoteo in ordinary. ffllthematlell- notatlilN\ ·.(X, V] ii the int•rv•I ·from X 

clockwise to Y •. Jf X S Y,:it hM. lit cuatOfflary 1Menin1: It 1C ·> V, f>C,' VJ is h wt of nufflbert 

from X up to the hi1ha1t addrH1, and then ·trom zero up to V. ~• and .... ., open• 

Intervals have their customary meanina, that 11, [X, Y) means [X, Y] exclusive of Y, ate. (X, Vl 

and [Y, X) are de•lv· ~ ot uch othtr if JC -·v; · 

Tht orderina of h•h lddresSH and word addrfl111 11 axpr"•ed in tarma of 



• 
whether or Mt M •mint is ift -. ..,_ z. • tit Y> ...,. fllrat if OM -starts at X and 

"'°"' ~- uad•t t 1lllfoNt Y. 

Th& ......... fer ---.., In 1\. ii .,it ......... frolli ; . • - t J-; ,., " , 

., 11 .................... ~ ..... , __ '-'!··-',..,. ~·-~--·---- .... , 
•u.•11•.....,111tta, ........ MILIII .. , .. , •• ln•ffOll1NIOM. This 

is bNt ....... t 1111-. I.It CCQ. 1 .• I Ill ____ ,41W'!':1li,II 1-tl ....... 
-. ' ' . - ,' ,_ . . . , ; . . ~- ' . ' ' -

.. ..,. ..... 

c.llOMJlll_..--,ty. Cel2CIINll••,.._.wlll...,._t6,whosehnh 

actdrw ii 1 but ,.. :lapt-11 ........ l II M. 

n • ,. ..... .., 111 tran ........ dl111a ... .,. ,-.ta,.,,..,. to the 

•- CCD Ndr,-. S1111■1~the e111, ui. ••-•••r_..,,,1,.,._t 

One or..,. RT4-> P11Cltllt. , ... tt.<18:pJIIL:,_,., ....... iate 

.............. wll•ffld---•---:-,tlllltLlft·a~'l ... nte of UWJC.,_, ..... 

OM or MOre FtT'., pacMtt, folllNd-., aaut. ._ ... _,......., rMdlei 

tt. .............. ffil l.tJllf-11) ,., .. wit ·be t8'II out. fellowed by 
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• DONE pacul 

A sln1I• UPD packet. The data will be written Into the.CGO'.:Whu tbe 

. appropriate addr ... Is reached. 

No ,other &tltN ... ,pou_.... ,Thit ....... , itil • YillltillAol, I ..... to .... 

an lA> packet when ~ .,. Jtt<•> 91' Q.l.p••· ~,;,JI ..- IIO it ,si.Mlrt·~ an 

lJIO is ~tidy ~~ .. ~J•J!t'.:~~r-, ~-•nJf, •.. ~~Jt ·8"ft when 
l ' .,, ,, ,. < 

Ill IJID' ,..... t~:ct.,tl If ~.~ f,_,.,.,, .... ,. .............. in a 
LOAD'., -t. . . . . . . 

Intuitively, the rule for a well f~Nd transaction list is that ..._ ·fines 

pros.....,. ~wise froM a cell to those ilNII with that eel's hash addrNS must never 

croa Nch other or PIN owr M -.,ty cell If .. ltNI with CCO addreu 43 were placed 

into cell I, 1h11 rule woutd be Ylollted, since the line froM. 4 to 43 would cross thll line fro11t !5 

to !55. The lnwllon ......... MUii inltNd put th9 · 43 Into cell 5 Ind 1110Ye thll 95 to cell 6. 

FlrtherMON, Ill it.,. with the ... hllh ...... wt be ordered by 0CD ....._ In the 

....... , 11 ls -'wiN fNMn 11. 

To 1...,1 an II-. start at Its hllh ....._ end surch clockwise la'ltil an empty 

cell or • cell cont■lninl M item with hllhlr (fflDl'9 dockwiN) 0CO ......_ Is found. In the 

former c■-, lnNrt the new ltM. In the latter CINt iNert the new Item after Nki"I apace 

for it by suhinl the old..., and Ill thole contlpoualy foltowinl It, one space clockwise. In 

tht ........ 1.....-tion of lteM 10 W8Uld ,.... puahlna 11, 11, 25, 32, and !55 clockwise. 

lwrtlon of 42 would ,....,. puahlns only tt. 55. 

While lncomins command packets are belna placed In the Tl by the above 

procedure, packets _.. beifW rMOYed and sent to tt. ca, memory. This I• accomplished 

throu1h the use of a transacHon list ,Pointer (TLI,') which rotates clockwise rouahly in 

synchronization with tt. CCO address Pointer. When the tt. CCO pointer points to CCD cell 

10, the TLP points to TL lddresa 1. Since a paclutt for addreu 11 Is found there, It waits until 

the CCD pointer • 11, rMOYeS the pacllet ff'OM the Tl, and perfor1111 the indicated e>peralion 



.. 
on the cont•nl1 of eec, ...,. ... 11. The Tl,.P b theft i...,,.etely advanced to the next 

•tlon. 2. Sha the ,__. thllN .,..,ifiN ,.._ It, it wlilt .... U. ea) pointer • 16 

1111d then , • .....,.. h ...... lfld wfor• h •••r~- _,......_ The TI.P the IIIOYfl to 3 .................... 
The r..-cwtl ., lteffll ,,_ TL .... ff "'""'IFV to Mllfffy the ruin for • 

wel..,..,d t,..,.. lilt. ff ti It r1111NM ,,_ .. , .... * the lhile front cell 2 to 

It .. 21 •11•• thl'•· M -,ty .. , wNdi ..... .._ U. ~ liven previously. ,.._......, ... .....,. . .,_ wN1tt,... n 111•••·1t"lliW• te"a.·iht "r-,vt1 , .. 1on·, 
N tt ,...,.1,1-. ,_ ... ._,._.,...,.-,... 1dftw·ftllle . .._W io ,-s throulh 
h rHIOYal ,....,._ TIit r~al ,..- ......... ,t itt ......,._wiN eftd by the 

-......V. .....,- •• ... at It ....,._-, ltv 1\.1'. Mw ,...... 11 wt 11, the example .......... 
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removal r~~!! 
•(RP.TLP) 

Wl'9nlver III Item II l'lftlOYNt_ Rfl. •· eet .. tq thl .._, ..... of that item. In 

the •• ..... lftllr 29 it 1'N11MN1. • will be Ill to 2 (26'1 helh,IICldNu),,tllld. TI.P wiH be 

advanced to 4. . 

(1) Y J. k c Tl addr ... ..,... H j " k and Tl.(j) fl f!!!!lx. " l'l(k), 

[ Ca(Tl(I))> • J ] . ( [ Ce(Tl.(k))> • " ] 

(11let It, the WerYal fFOM the.._., ...... of an lttM. to the .Jlam itlelf. is never 

contained within the corn.,....,_ hit.,.,. for ..,.._ II-. i. .. the liflN ...,... cross.) 

(2) Y j c ( • , TLP >, TL(j) • !!!!e!x. 
(That It, celit in the rHIOVII ,..-, _.. con.idlred to be NIPIY•> 

(3) Y j, k c TI. address space, If TL(j) • ~ 111 Tl(k) and j - [ RP , TlP ), 

j - ( Cll(TL(k))>, k] 

(That is, the lntervll from the hash lddrNs of an item to the Item ltMlf does 

not contain any empty cells not In the removal reaion.) 

(4) Y j, kc TI. addrNI space, If Cl(Tl(J))> • Cl(Tl(k))> and j c [ <a(TI.(k))>, k], 

then a(TL(k)) ~ li(TL(j)) 



to 

(That II, ff two iteN have the HM htsh addrw, the_,,. ctockwlse one has the hi1her 

0CO _.,..., i.e. ell the fNICUh ·hwma w ._.fll • ,.. .,. ordered by CCO address.) 

(!S) Y j, k c TL addrea -,ace, if j c [ Cl(Tl(;)>> , k ). and l(TUj)) • a(Tl(k)), 

then Y nt c (j , k j atTUMt> • a(Tl(j)). 

(That ii. 1111 itMI wtlh .,.,oa, _..,_ .. ldjlclnt. 11111 te n1CNS•Y to be sure that, 

whln • -.-,ce cif adjacent m'~ 1»1CMk tftd • a,,..,. found, it it possible to 

return h LOMJ't>·~ tolle••d by• OONI, ... _...., that there .-e unseen 

packets .. where , ... , .. to~ ... cce " 

(I) Y j, kc n lddN11 IPIC9, tt·J C [ Ct(TI..(jl>, k) 111d a(TL(j)) • l(TL(k)), 

then "ft.(J)-ww··pllc,Wtn 'tht,f .. : ..... ~, 

(That itt(tftl,1teMNfflf1'te..-.. ···-............ , .. ~t·Nina 
MOSt dockwtae., Thia ,ropa,ty ntakN tt ,_..,._._ return • CU£ packet • soon • 

• a.R ii encountered in the removal scan, since the packets •• enccM'ltered in the 

same -- .. ............... ....... ' , .. · ., .,. 

The fnNl'tlGlt alprttlw .,..._ __ _.. --•••il'I tlW'Ouch: the removal 

reaion. If the san st_.. outlide of tt. ...., ..... ....,.,._~ the .tt..•il placed 

In the flrtt _., . .,..._,.._ ......... .,,, ............ ~,_,..._., part of the 

, .. ion. lf·thelNilt--••...-_.__,._.....,._ .... ..,. ...-h re1ion 

and st•t• after its end. If the scan bqiM In the first ceH of the , .. ion, It skips to the end if 

Its CCO addr ... ii 1re■ter than or equal to that of the fflffl jwt ,-t the end. Otherwise, it is 

mserted in the first ...... ,.... ............ 



To inNrt1 

22-27 
30-33 

34-315 

31-42 

G-n,00-07 
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,.._.,r rqiol'I 

OD. Ihle: 

"",_. ~ •t RP :.--4 

put.■, -~-•t RP ~ ' 
Pu.t at\pilh .... -.f.43. 
"1.i1,.u.43 
JM4 at 0 

The alaoriUIM for l.....tlfll an Item Into the TL Is 11Yen In •pendlx Ill A. If the 

11. •--, cont■lnl ., \JID p■tket for the .... ■cldrNS, it instead perto,1111 the Indicated 

action, perhapl modtfylns tht tA> pacut and per•trl!Jlllit•~•,tt,IICMl.1t.:RESO. 

The rtfflOYII llaorithn\ it _.what ~- The, TL it..,..,-nted to .by TLP is 
' .. ., . 

next to be remoYtd. The 0CO '9inter Jnclc.._ tt,11 ~Hl.• • ...._ et tba rm output. 

Fl'OIII the standpoint of the .qr ... ,.. ~.#le CTI. U.CGD.....,. 1IIUlt a.COl'llidlred 

to be Inexorably adYtndfll ..., control pt -'·..-:• WtlC)P. · h,...,,_ ... ncy is the 

~ controllina the lhl«. of the .<;I) lhlft ~- .or,. in .thlt, YM' ·of •·· .....,.tic· di&k 

memory, It is the lnforn,etlon bet,- read frOIII the din's. u..,;,. tracu. 

The fact that the 0CO pointer 11 synchronized to external events means that it 
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...... 
!CCOI 

memory 

dmce 

The refflOYII llaorlthln watt, for an ADDR packet at CCDI ,natchi"I the address 

contained in tht paaet in the tranuctlon U.t pointed to by TLP. When found, it performs the 

indicated tr-■ctlon, perhaps Mftdins I packet out at RESO. It then •t• AP to the hash 

addr"' of the item which WN just prOCNNd, which ffllY 1horten the removal , .. ion. The 

item Is then er■-d from the tranuction 11st, and TlP It ldvanced to the next position. If TLP 

now point• to an item havina the , .. CCO lddreM, that item Is procened also, usiftl the 

•- data. AH tr-■ctiont aMns the 11N lddlNI are htndled in this w1y. Any reference 

count chanpa are noted, nl the moclfied ,.,.,_nee count ii written back Into memory with • 

WRITE pacll.et 1t CCOO. 

When TLP retchn I cell which doN not contain • transaction for the 11me 

lldclr..., eithtr it la for I different lddrNI or it it empty. In the former c ... , the 1y1tem 
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waits for the CCD to reach the new address. In the latter case, it sets RP • TLP, destroying 

the removal re1ion, and then advances both RP and TLP, In step with the AODR packets that 

1lve the CCD address, until It finds a transaction to perform. 

The algorithm for the rotating memory is given in appendix Ill a 
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5.0 STRLCTlR CONTROLLER DESIGN CONSIOEM?IONS 

In this MCtlon we will •xamine • few of. the. considerations tW ..,., 10 Into 

the deli1n of an effldent 1tructure controhr. 

5.0.1 Cl£CklNG THAT TI£ CONTROLLER OBEYS FIIIJStl 

The structure controller .never lauH an I.Fl) . . . •. -,....• ,the reference 

count 11 known to be one. Sinc;e this ii -. ~ ~be "' ar.,,..tlo• .,....,. • that cell, 

IO the requirewt1 off-- are 1111t. Thil ia.~,ff,Mw-.·on the rut of ·ttle 

COfflpUter correct~ rNlilinl fCIIIJIIIUIIIIII • A ref.,.... . .-...• alilln, a., Iha COlllpUter 

could lead to an IA> PKMt Nina ...,.t ~ t.here ·•• tr~ . . . . ..... 

5.0.2 PRlCISE REFEREtCE ACCOUNTltG.WITH l~1$E:~ (X)IJ(TS 

In checkfnl t~ '• 11tilflel the ,.., .. of ttw sw~ controller, there Is • 

point of poaible ...., that nNdl to be chlcMd. Since LOAD'*> ,ac--t• may be returned 

fro111 the lllelllOfY in 8ft Of., dtffer~nt frpm ,.,. oUt,e .. F&T.'•> :~-- ll ••· thown in 

aection 3.0.2 that tht reference count, r•turned · from ttw fflHIOr)' NY. be unusual, perhaps 

even neaatlve. II it poelibleJor thil to mt,rfere;. ~ Mia cell ~ _..,Ism? The 

.,.._r 11 no, • Iona • ttw followins rule is obeyed: 

After increNina • reference count (wtth • FET'\ do not pan ttw result to any 

dNtlnation until the correspondina LOAD+ has returned. 

For example, if an instruction cell Indicates two destinations for its result, the 

reference count of the rNutt must be i~lllld -.tth , ~ t,efort U.~mult is sent to the 

dNtination cells. If one of thole. celll IJ. •.SELECT.that..,. a Ftr t•ndula the r...,ence 
' ~ ·.,, ' ~ .• '· ' . ' . . . ' 

count, the m• muat act first. Furthtrniore. U II npt •~ to,(rety.,.-0n U.. nro latency 
,.. ' ·., 

arbitrator to be ,ure the m+ a,ta to t,- ~,_,•~ Ult f£t"" •. TM RT .. fflUII not be 

Nnt untlt the LOAD+ ..... ,. ,,_ the fir' ht!' Nlll'._ Thil ii ..... ll1l11 d~y ftOI •nclifll 
the r•ult to the destination cell untH the LOAD+ ha been received. 



It is easy to SN that ne eel wlf 1fil to t,e ,......., thet should be reclaimed. 

At the titM the INt "owNf'• ef I oft ..._. a m• t• 4iMercl it, there are .no other 

..,.,_ ,.., .. ,, • tf1t • • flllt UJMr--- e.t·teC.,_• wHI have the correct 

reference CCMtt, whteh tt zero. 

To '" thet ne eel wltl 1Nt •WIM., redl••d M shouldn't INt, consider • 

cell with referenee count 2, owne4 by tnttruetteft .U. ,c lftCI Y. Suppose X performs • 

1tructwe ..-altllft that ._... It copy, so M'a m-· ft ,....._ Wt 111U1t show that if Y 

does !!!!. chcenl ... capy, .... uwr ...................... will not .have reference 

count Z9l'O. Thi Oftly w,·h ,_,_. ._,.. _.. 11h1.ay .., .. .-_,. le ff Y also causes • 

m-. liMe V ... Mt--, '-dlttlNf ltl-, .... -• ,rr' MUlt hwe been i11ued 

flrat. (That it, ttw ....,_, count ...., IClullV • • r.~1,-thea; cfewn to 2 and then 1.) 

The MMOf'Y ,.._,.. ttw folfo•"'I ••w ti CIMJI: 

The lffvetlcMt te N 11111111d It that 1ft ·wflich tht IIOOftd _, thlrct UW> pacul1 •• reversed: 

This can, happen, NCIUN the nr(.wr, Y) "not tent l#ltl ... LOAO+(addr,-,--,Y) has been 

returned. 

5.0.3 MEt.«>RV LATaCV 

MM'• fateMy •• left unspecified anfy ,., the Jllll'PON of provina correctness 

of MM and it• uwr. WM11 tctually ~ • ,raetkaf ...-., Memory, it may be 

neceaeery to . ..,. • Mah .. , .. of 1atpey Imo ...... .,... in order ·to obtain 100d 

perlorllleflCe. .for ...... , •. , ......... .,r.11•1lldl ... ; .......... I charc• coupled shift 

,....... tlleY lie II••••• • hwe ....... ·or.,...,. of CO:Jritn ... pendlfia• at one time, 
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althou1h its correctness does not depend on thil. 

5A>.4 THROlXH'UT Nil DISTRIBUTED PROCESSING 

One of the fundamental principles of data flow c~ers 11 that, if enouah 

parallelism exists in the proar.am, a computer be able to rll{' arbitrarily f:,st for a alven '°lie 
speed. To do this, if lftUlt distribute the computation and be fr ... of bottteneclw. If • data 

flow comput•r could only have one multiply· unit, that wo\M be • bottleneck, since It would 

limit the rate at which multiplies could be. performM. The data flow concept must not place 

any restrictions at all on the number of multipliers thtit a computer can have (althouah any 

1iven computer of course has a fixed mn,tber). ~re •fflUlt not even .be bottlenecks in ports 
•• ·, I 

throuah which pacll,els must pns. If every multiply operation pacMl. had to pns throuah one 

input port of an al-.lor on Its way to the multipliers, that would be unaceep._.., since th9 

loalc speed plqs a limit on tha rate at which paclwts c,n pNt .fhrouah a port. For extmple, 

if • port could handle packets 100 times f •ttr than • """1ipller could procen t~m tnd "' 
packets had top• thrqh °"' pc,rt, it would,.. that·no.,. then 100 multipliers c:CMM, 

be usefully employed. 

In the c... of simple funct~al urtits such • multipliers, it is not difficult to 

■void bottlenecks. Multiple functional units may·~ UNd, and the arbitr.atiot'I ll:ld distribution 

networks that cor .. 1eet them to the inatructton cefft may be dNlarwd to be frN of bottlenecks 

and thul maintain ·any desired throuahput rate[!]. For thl , .. reason, multiple structwe 

controllers are UNd,, each with its own port, conrwded to the arbitration and distribution 

networks of the data flow computer, Also, muttfple memory units are UMd, becauN th9 total 

memory transaction rate 11 areater than c,n P•• throuah a ,1,.i.. pefr of CM>I/RESO ports. 

It is not possible to c~p.artmentalize the structure operation facilities II can 

be done with simple functional units. Connectinl nch structure controller to one memory 
-~:, , ' ' ' • • .. .·, < ' 

module is not correct, because Heh structure controller must "ave ,acces, to the ~ntlre 

memory address space. The structure controllers must be connected to the memories throuah 
• ! , ' ·,., ' 

an Interconnection network consi1ttna of arbitrators and ditlributors tor packet• 1oina in •ach 

direction. Command packets froffl the structure controllers have part of the lddreu field 



removed and used to N4ec:t the eutput port ef tM dl'lt,..,, just n wn.done for the 

multiple ,__,)' COMICtion ift NCtitMI 3.1. 1ft fllil --,, elCh ...... COfttroller • .... • the 

full addretl ..-, whilt Ndt ••••>' .... ,..,,,. .., • ... ,-t of U. total address 

space. The COMM1t1III __.ta fNMn the ...._. • ...,.. Clllfttt'Otlers are nter1•d in 

arbitrators. which ••NII h ., .... port --• to h tae ....., • tttat "'9 result packet 

wttt be r•turned •• file COf'NCt .....-. ....... t:llliWII out ef the A£SO ports of th• 

ffllHIIOfy ....... pat ffwoup dietrilMtton thtt - tha .... INtt of tfle t .. field, ■nd 

arbftrators M UN Ill 1No111i1,a port ftUlllber t. r1•Mtruct the Ml ....... 

D1 reNwes and 

UNI ,art of 

outpUtport 

Al inserts 

fnput,ort 

into t .. 
(except UPD 

paclwts). 

SC 

lnterconMdton netwoe k 

IC 

MM 

A2 inlerts 

tn,utport ........ 

D2feMOVffand 

.... part of 

, .. tq select 

output port. 

The trntflleftt of address ffetds and t11 fields is sy,MMtrical. One could think 

of •11 pendfns sb'ucture operations as occupyfna • ., .. ..-.•. Just • each Memory module 

supports • smatl part Of h total addren ..-, NClh structtn arntrollet supports • small 

part of the tGttl t11 e,ac:e. Thi job of the Interconnection Mtwork is to make the entire 
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llddr••• .-c• av.Uable to each 1tructure contr.U.,, and ta •i• Hie ent♦re t•1 space 

IIYailabll IQ<ffCh ~.unit.· 

It la not ,._...,y for 1M network to,,tace t-he clfstrtbutors before the 

arbitrators. Such• network would have a._,... ...... •:ttw1hducf•of the number of 

structure controllen and the l'Ullber of NIIIOf'Y unltl, which may be excessive. It 11 possible 

to mix arbitrators ■net dlstrtllutor1 In• network.in such a way fhath,._ is rfflOMbfe but 

bottlenecks .,. 8YOidld. 

-. ta> ,_.. cto not have • lat ·Held .anct dD not live fllse to mutt 
pacula at RESO, it ft . ._..,.,. tlllt ttw ......,.,.., dlat,tlnllR-carr,tna _..h from 

the ,trutture ~•a8-,. to h •IIIOrY ndul11:~.._ t .... d Al end Dl it, ·tlle Jtrecediril 

diaar■111) have latency zero., ~ •··• • tbat, 'tfMn a· etruct• C4Mtro_, receiYff an 

anowteclp for an lJID PICMt. It wHI be 1uaranteed that the p■cMt hit patNd throuah the 

arbitr .... -·• .............. : af;MJ··--- W.-, ~ w·:wroduced Into 

another ... ol·lht ........ St.w••·lta ... ,notdlnet· ....... :coftl,., ....,_. 
write on • cell. . ...._ ~apt.lift& the .. attan of a ._lure. When It receiYN an 

acknowlqe for tMt UP,0-........, II ..,.., '.U.t the atfulture i1 ---•le:. •"41 so it 
retwna it to the,.., of the .. canp,t,r. AA~ _.,..n .._,......,, .. -..,.. recewed 

this structure, "'IY fire, C8Ullnl· a SELECT operation to be pnerat.t. The allocator 1111y Nnd 

the SELECT operation ptCMt to another ,tructure controller, wNch then aendt out • FET 

packet with the ... lddrtM. If there II bufftrina btfore the arbitrator that Nrpa packet■ 

from the two structure controllers, the ariptal ll'D packet Miaht 1ttll be in such a buffer, so 

the FET pacut PIINI throup the arbitrator firat. If this h■ppena, the old data will be read, 

rather than the new data aupplied by the lJII) packet. By 1N1ktfts aure that the distributor 

and arbitrator have latency nro, the LPD pecket cannot pt ,tuck in a buffer. When the first 

structure controller receivel an ICknowiedae for the lJII) packet, that packet is known to 

have been accepted by the arbitrator, and hence it wHI precede any tubsequent FET packet. 

If it 11 not feaaible for the intarconnection network to use diatributors and 

arbitrators that have no memory, it ii necesaary to put t11 fields in all lPO 1pec:ification 

paalna throuah the network. An •adapter unit• Is placed between the network and each 



· memory 1118ckM. The ad..., .-..... .ti ,.._. 1M1up ..... ,I.JPD packets. When it 

rec:eiMes ~~ --.-. hld,M _. ·Ahlll*• ~--•• ••••Y w tJAOK(tq) 

back to the ...._ .... atitn Mlwork. 1llt ___, • I 11M ---~ • ,tn.ac:ture to 
the 'flt of .. ,_,.. • ., Ultlil 41 tw ..... .1MIQK , ..... W .. !19 ·HMNnda that it has 

wd. ••• _....,. ...... ,.. .... •• rdu•• •1t11• Jf _,icieftt routq 
netwocu w•••• ._ .... .,._ ... 

To . .....wn jwt .... fr .. .ter• .tilit .... Cf' .... t bottteMCk, so each 

struduf!e ON&,.._ ....... ·••• • ••-- • 11•r ....._ •·..-.I in order to cr..a..,..,..._._ ...................... ..,..._..,. .. tul8et_. 

for ..- !tlllllllarJ Rlt .... H I 1l1•·--•·-W'l1-■■11 ii tlDla they .,. 

... ,u .............. ,. .................. , ...... . 

.. ..... ., ..... 1 .. .II ........... ~1• ........... Nth of 

....................... ._I ua--·---.-,t.tllJO. The 

UJDO .... - ........ - ..... ...., ., ••"-•······· ....... ., ......... 
catlN tlllt 4:II Jd • 1111', unt.11 • ••. 11t ■ 11tt b trMI •• ""•••~ et ,,_ ci,11s to 

all c...._, .... 11, ... , 1 tll1\llail•••----·•••••• 
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UIOnetwork 

lN) 

(to Ul8U 

lH) 

(to UIDI) 

Each struc,t"'e coatroUer, In. "41lion to ,-rtor...,. •tructure·,operations, 

lllllintainl • free ••• Utt. ·Whenever an ~ • .rtte ... • UIOO. .it ••• • cell 
fr~ tha list and tr...at• ti.in a UIO ~~.~ . ..,.,_ ·-•• ...,.,.._. _,,.. scheme is 

used for recoveri"I unuaed c,111,. the c:ont..., •• ,._,. ..._ raf..-.nce counts 10 

to zero. Every ta ft reducN • reference COll'lt by illUina a m- COffllMftd. •__,.. the 

LOAD- pacut that it returned. If It show• • reference count of zero, the word is reclaimed. 

This involves placlna the word in ... frM .tcwap H.t anct;,....,. whatever pointer• it 

contained •• dNtroyed. r~ their reference CQ\Unla it theif 11!!1 bi.It_.. off. If either 

or both of the latter referel'.a counts p to zer~-1-' wordt . .,.Helai111■d by the same 

process. 

The procedure I• recurlive, and it an unpiNNnt tw,e 9f l'ftlWMn because the 

completion of each oPerlllon cen produce tw. • _,. °"'"'°"' :lo perfonn. Affllouah the i • - . . . 

recur•ion always terminates, 1 hup. amount of. •tor• may be required to hold the list of 

words that need to have their reference count, reduced. The,..,..._ al its went can be 

observed in the c .. of • lqe tree, no subtr• of which ii thered with anythina else, whose 

root node ii chcerded. Alt nodes have an initial reference count of 1; so, when each node hu 

fts count reduced, it 1oea to zero, IMkfna It necessary to reduce the counts of both of that 

node•• offsprlna. 

To implement this procedure by simply inuina two m- packets whenever • 
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worcr, Nferenc:e count aoes to zero (that ii, .._.._, • t.OAO- is receivecl bearins • count 

of zero). would crNta • mt,ect.,. •••• t11li'Ut11 •-- of h proliferation of packets. 

Instead, the procedure tW ehcMM be UNCI it tW _,, U. rilht ..,,.,. of • word should 

be treated at U. tne ttle __, It plwd on Iha ,,_ ..,._. Net TIie Poh,ter to the left 

offsprina wffl retMift In the .,.. wllile ft ia on ttlt he ...,_. lat. The recursion in this 

procedure 11 under control, since only OM MW ap .,,._ it craat1d for ·every operation that 

is comptetK When• word is t.. ftOM·hfNe •r• llt,tht ,.,..._. COid of its left 

offsprffll ts reducN, wNdl May cw OM or ..,. ..... ·to lie .-.dlin 1.f. ..,_. the word is 

UNd. 

(1) Wlllu..., • ...,_ ...,... ce.t·tt ~•lltad; ---• h tOAD"' packet 

lllet ........................... ., ............. the,, .. 
...... .... ., ......... fllllf ............. ; .. Nference 
coullla .. .., ......... ,.._ .. -. ,_.., ..... .._.,obe 

(2) •••v. an •--•••• t, re111i\fllll fNllt ·,e,t D, a,t • word froM the 
,,_ ••• ,. .... _, .............. ; .... .,, ....... llDO. 

en. ........... Wt ,_,.,. tint ....., ........ :- ... MfflOI')' 

re....._. 

cat ......_, • tNlh Cilll II ftllclld 1or cra11• ot • .__.. noc1t. •• ,.,.. 
--' UIDC_,,._, •• _. t1D1 •-•••·..__,·~••the ....... ., ........ ·--bft et1'1•-- ...... ~ ...... 
count of tfle dlll 1111ct 'WONI. 1'1111-, _.. ._1U Illa lfMud. 



103 

5.0.6 MAINTAINING INTEGRITY aF TI£ REFERENCE A0COI.M'ING MECHANISM 

The pc,niblllty of an . ,rror. In the refer._ .. aecounUtll and· cell .....,.ment 

mechanism 11 ■ tr~•- probleffl. betMe, •. ....._. ift ...,. 2;1J.• it is· impontble ' 

for the memory to detect I reference ■ccounti"I error by it, UNr. Furthermore, the effects 

of 1uch an error •e UftPfeclctlbll, and._ --·•<•••••lllly unrellt• parts of the 

computation. However, U.• .... • few thltlp thll att • doM ••• • the prONbility· of 

1uch an error beil'II undetectH. 

· Fir,t, ■II caUt on the frN •*• Hit can • ••ud:in-.. • .,, pe,haps by • 

bit reserved for thil .,...,,,.. Aftv reference Afa ■ _._.,_......, than for. U. purpose Gf 

removil'II It from the free 1torap lilt ll • ... .._ error. AIIOi·theft:ee ■tor• fist CM be 

or1anized In 1uch I way thet callt are---·•°"'"•......,....._ ._1otw, ttwret.y 

maximizil'II the time that • cell stays on the Utt onc- it i, ,utJ..,&:r If a celt is •rOMOUSfy 

redllhwl while • •...--• pOinlar .to it eJCiltl. ff .wlll lh1tLprl!IIIIDlv .till .,. . .,_ the free 

•tor• kt when the ...,. .__. ii UNC4 .o the_.... 11ft N 4alected. 

Another wr, of ~ intearltx of ,.,....,. .ceunta.il to conduct an •aucfit• . . 

of the entire computer. This can be done et the end of the computation. and tit MY ,olt,t 

durifll the computation. The holt COlllpUter fflUlt chlble Ill l•truction cells and wait for all 

pencl"I operation■ to dur out of the •tructln .-........ .,...,-. .. fPUllill networks. All 

reference ~ount1 can then be checud tpintt the co,tlentt- of ,,t,-Jn,ut r•ister. of the 

instruction cellL 
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occur. The cache hnplernent1tion alY9n in NCtion 3.2 avokll Un prObleM by reservina space 

for the LOAD<., pacut in ..,.., Jf • lJID ,,..._ ..tw ..,.. to ttw. M1wy; it ft done 

in re1pon,e to input from the Yllt rather thin fl'Ollt the "1!'1£¥f Thta way, If the Nmory 

temporarily refUIN to tceept the lJIO, the cache can IIMply refuee to accept Input from lt1 

uaer. 

In both the 1tructure controller end the cache, the coat incurred N • reault of 

this problem la ,n NIOUnt of ,..-y "'111 to II the .,_... that can be llmult1neously 

penclfll in alt -lower leYetL In the.c:ontroller, W. • h.W..inflDr.fflltlOn'for aft concurrently 

execut1n1 1tructur,. operatlcU,\1. In thecacM,·• calf· ffliattt behf·•tate P for every ' 

W.,/1.0AD'., cycle that If ~ 11 fltat.nta,t, S-.-11 wl',4ft etet• P 11 UN1e11, the 

cache mu1t be that much larpr then It otherwise would be, for 1 1iwn level of performance. 

In the CIN of the atructure controller, the wry space• needltd somewhere 

in any .case. If . I 1re.1t number qi NfflOrY t,-..ctlona,art ,be,tllftdiftl llmultaneously, I 

"rotatt,.• MelllOl'y, such N WN dNcribid in NCtion 4.0, it ~ ... UNd. If I 

IMIIICN,_. structure cont~ ii -.,the.._ inforNtiott for_..,. eperetionl is stored 

In the t• flelda lnlteed of the contrGIIIN'. lut the taas·of .,.....,. .. ...,. GpW'1tloM tilUlt be 

atorad in the tr-.ctlOn ht of the rotetq MfflOrY,. •· whlteYw ,pace' wN saved in the 

wntroller Is uaed up In the tr....uon Hit. 

Why, then, would I memoryless structure controtter be· more desirable? The 

reason is that memory apace ln1ide the controller i1 much more expensive than in the 

transaction list. The controller. nut be .,_ to prOCfll lnforNIIOn· N fest N the hiahest 

level of the Nmory hierarchy. If that hiahNt .hweJ is a cache utiftf hiah 1peed (ind 

expensive) devices, the controller nut be ..,.uy ,-1. The rot-. INIIIOl'y is at the bottom 

of the hierarchy, so it• trwaction Hit C-" UN I llower a fNs • ...,.,,,. toatc fllfflffy. 

In order to UN I IMIIO&'yleM 1tructwe co11tr.oller or • cache which doe1 not 

use "P" cells, the •mory 1ystH1 below the contf!Oller. or the c1ehe -MUtt obey the foltowina 

"find latency law•: 
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Whenever • ,_. _... ft tr......._. 11 --,. ffle .,._ MUSt accept • 

, ..... cw. ....... ,... •• ..., ....... ,. ........... u it 
,_ ,,._ .. M•flll WO. I_. •• ._.,,._...., Ml not accept 

anytNflll .......... 

The rNIOfl I.PO ,..... are • ..., caN ft N tMy • Ml ....,.._ any result, so the 

systeM should be ... to .....,. tMM ·ift dmlled 11u.a11e. 

SoMe •m•i; .,.... .., -. •• A fllil •111 .... .._.mentation of MM 

clffrly don. A ,..... 11,t11nMlliH ca tlllbt ._ Illa .,_,._ M hM fixed size. 

Whenever III itllltil UIIMOlllef h 11.•••••·-• -•• flll·t •••.t.ttiOfl of the· 
rotelifll ...... , ................................. ceuld' --,y be 

modified to • -.I 

The ., .... Mt • flit-, ._ _, ...,_, ·• 1r1 the horizontal 

compoattioa of UM _.. _,,,.._;_... • ,....,-11111•1 tM ltllllitdlcifctlon network 

betwNft the..,.._.,_.,. .. ,.. M ••••J..._ lttihr~-·c,ttfie horitontat 
inter ................. .,.....,..,.._...,...,-,:._... WII _..trllMMfts • 

result ,...._ II wll ....a•..- •--• 1'111 ·NNflll ,....- -•••• 11-. ,,_ arbftrator 

and beeeMN a ,_ .. Dia ,, •• ,. ... , • • •••••1. tMlli acatpl another 

COlllfflMd. If ... ClllhlliMld .. • ......................... 1twt transmitted 

the rNUft, fflll unit MIIN nit N .. It .._ ti. .... it -•• • • wa, for the units to ............. ,,11.,, ................... . 
In tM CIN ef .. ...., ...,._,. • ...... ,.1111111 · _, ,.... transactions 

in the cache.., ••1r.v,c1MlliMIII Hlll■INf 1,1111........_ • c1M1W·f111Mbet of pendin1 

tr....UO.. • tl'lt • ..,, .... ,_. ...,, .-. ,.._ ta:ie111twd'by' Mn MeMOry, 

another co••d ........... ..._ te.,. w•ty. Ill•..,., Mh COftltlNlnds only 

occur when ffwe .,. ~ ....._ If U. clCN NIii .tnto ••111llr pod tuck and .pts • 

continuous ttrifl&.r ..._ .._ it __...., .. e11111 .. • t1r1x-,. In__, io maintain 

constant tatenq. it __, hive to ,.,_ -, .... -•• W.. ••••t• ·'fhls tOUfd result 

In some trwactton. re1t1alftifta ,-dfll ftldtfWtety. .. 1N1 J11118'illllly won't c.,.. • data 



JO, 
c~jAA]l~~~ ij~fl ~ ,'.~ ~-.-~ 

,... , ...... ., • .... ••-.• .._._ • •lflrar: ·--•11•• 

. ' 

,. ,,.,; ''c •;d-; 'r' ✓,t\,><tfrt,:""• .,,·, J~:a,;,•;,: (/l'.u lf~ti3'.;~~ ~c:hya ·•1uq,10, dl -~ti g,1; ~c ~hu~ !ffl 
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7.0 SUOOESTIONS FOR Nn'HEtt AIKARCM 

One Of tt. .principal problems , .... ,.. in the .,.. of the desi1n of systems 

usi"I tt'9 ~ .. ...,.... •lfllcl• It • Ml•illlftf fJf t ,rilttfta1 and systematic 

prOCNlft',., -.trudftft iHM• flillf,ftft II _...,, t1·111M"--· Nnclit'NI specifications. 

An ilnpOrtant tet--·. ,_, M · tlllk; It tM ••••M tit • ,,._tit lftlf e6nctse Architecture 

DHcrlption l..,... (All.). Witt\ ftllt hit, of thl AGL. tM ta utr • dlYided into two parts: 

( 1) 0itvetopment of I proof Nthodoloff • M tyttw ......... ift the ADl 

Clft be ,rOWtl to Wt functioMI •• lffilall .... 

(2) Developffient of I system construetleff Nfl'IOdol .. y so that systems 

....,. ... , 1ft the AOL can be CIOi'lltfuetN wfttl _,,..,_ that ftllt phystcll ..,.. wllt,... tht All.~ 

For this purpote, tfle AOL MUii bl .._ .,.. to correspond neatly to the 

hardware dwloes ..,,.,. IIIUl ,-Nl"fut tnDUlft te ... __,. ~'"' history errays 

tractlble. 

Another retlllinfrll prol,11111 is, of coune, to •••• fw,ctional specifications for 

Ill parts of the data flow ...,... ~ lftdudlna ffill .,.._ cowtraler, and 1ive proofs 

of their correctness. The functional ~ ef .. 1011•.-, lttelf (that is, the structure 

controller'• UNI') II Mldld, JMOfll othlf thlnp. te ... thlt ne ...,_ence C0Wtt violations 

wiH occur. 

An efficient structure controller ,_. to be ......, with special attention to 

the needs of P,OII' ... that .,. IMY to 1rttt. 

The deadlock prGbleM nNdl to be"""""" c,refutfy, to lff if it is worthwhile 

to build • memorylNs ttruchn controNer. 
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APPEN>DC I 

Proof that the concatenetfon of two,fl'O bufftn ii a FR bclffer, and hffllthl are lddltlve. 

This proof is aiven not becw the atateNftt la of fundwntll Interest, but • an example of 

the method of proylna .......... 1111 ..... of ,ya..., lhowi"I IC~I In 

detail 

Lat a FIFO of size M .. heive:lnput,_.-t. X and output pert Z. 

Lat another FIFO of Ila N ,.._ _. port. Z • output port Y, 

and 1et u. por1a z anc1 u. .._.,.,..... por1a z" .,.,~ 

M N 

U > IZI • nin { P<I .IZ"I + 1 } 
(2) z. • x. 
(3) P<"I • "'"' { IKt , ~I + M J 

From the definition of the NCond FIFO, 

<4> M •:Min nzt ,rt"I + t J 
(!) v,. z. 
(I) ~I • min { IZI, IV"I + N) 
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C... I: Suppose P<I ~ IY "I + N 

By the strona toraaof i..St....._ . .._.,,,., ........,. · 

eittw lll•tz..l or 11•1%J•l 
If 1Z1 • JY -t. l, U..-, 

~.-..D'J,.•-• 
lzt S P<I 
:. IZ"I < P<I 

.............. 
<t,..n 

:. IY "' + N < P<I , which is • COIJll'AMllctll.l,• wa __.~,:•••• 

IZI • P<I . .._. .... ._._IW•4>~ 

IX"I • min { IXI, pq + M) (fr• 3) 

:. P<"I • P<I W.W ~-
P<I S tv•l • M + N ............ -..M~O) 

:. P<"I • Min { "·• IY_t + M + N} 

C..11: 5uppote PCI > IY"I + N 

If IZI • IZAI , then 

IZI • IXI <fro- 1, slnce IZI "IZi+ U 
IZI S tv_i + N (froM 6) 

:. IICI $ tva) + t4 .... II • .,..,adlct-. II - --~-l~I • 1 
IZAI .. IV~ + N (ha I, ..... ,. tzt> 
:. IZl•IYAl+N+l 

:. IV"' + 1 ~ IZI 
:. IVI • IV "I + 1 

IZI ~ IXI 
:. IY"I + 1 S P<I 
:. IVI • min { J>Q , IV "I + 1 } 

IXAI • Min { pq , IV"' + M + N ) 

In either CIN, 
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(from 2 and 5) 

which are the conditions for the interconnection being a FIFO of length M + N. 



Alaorlthm for the cache. 
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APP£NDnC II 

Actual lookup in the cache 11 no.t shown. IMle,ad, the special functions 

cac:he-c:tata(addr), ~),. wh11hllh..,),, lllt 1 ·• 1111••► we UNd.: These 

are treated • thoush they were arrays, and .,. Nwd to be cltfiNd wheMYer the aiven 

............ In thl -- ln-cldlf(lddr) NturM ma if the .,. ...... exist, in the 

cache. 

Can-gute(addr), where lddr don not •t 1ft U. cache, ten. whether it can 

be created, that II. whether ION cell '" tt, coluMn II unuaed or II In state T. 

If cpn-sreett(lddr) is true, cre1ti9!t1eff .. tt:,""'"Ndr) tells whether the 

former c ... holdl; ..._ if -. SIPb!::veale(addr) ...,,., ... lht IMertlon Into 1111 unwed cell 

Otherwise, celt-to-displaceCICldr) relwM the...,._ et• eel 1ft stale T, Nlectlna the least 

recently used iteM. 9'9:ff"!l•Cold. new),.,,.,_ h ..,._.nt. 
· procesm •.!!!:! !!. 0. A 

!!!2!!!.1!2!'.!!.0.a,MEMI 
output I!!!!! AESO, MEMJ 

llt cmct. item, addr, data. ,.,, old-addr, p 

~ m I!!!.!!!!!. I teh whether to wait for Input fl'Onl MIMI 

~ IIIHIOflll !!!!1. k!a I true whln tat ,_.. 11M at MEMO hes bNn acMOWfedaed 

~ memowalt !!!!, f!!!!. I true when need to 1111d.....,,. Oft MD«> 

~ wait-pkt I the thins to Mf'ld 

9t create-flee !mt,!!!!!, I true when need to crute • new cache celt 

~ create-pkt I comtund that led to creation 

~new-addr I ....._ field of create-pkt 
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Q: 

wait for acknowledp Oft pert MDM>Af 
tw the anow.., . 
fflHIOfl .. =- g 
1oto Q 

A: 

!!!!!!..memoflll 9t PICMt II IY.Ulble on-" MEMI 8 
nt =- !!!!!I I~ true H lhauld ta,_.. •·MIMI 
[ IMIIIOffll lb!! f 1, NntOry ready for COlllfflan,cff 

I!. IOllle-celt-i9-in-state-Q-or-Q' thin I IN if need to tend• a.R 

eddr :- addrea~f-a-cell-in1tate-Q-or-Q'l 

IMIIIOflll :- false; 

Nnd CU(llddr) !!!!. I!!! MDQ 

!! ucha1We<llddrl• V tbln. 1 _,..Q to R, Q! to R' 

cache..tlte(llddr) :- T 

!!!!. 
ceche1tete(lddr) :• T • 

!I!!.!!. memowait ll!!!!. 
memowait :• !!!!!f 
memofl11 :• fllse1 

I '" If l'INd to tend ~ after cr■•Mf'I • cell 

!!!!l wait-pkt !!!!. I!!!! MD,() 

!.!!!. !!. create-flat ll!!!!. I IH if tryina to crnt• • cell 

!! can-create(new-tddr) ll!!!!. 11• some cell In Its column -.,ty or in state n 
create-fl11 :- !I!!!. I yn, wHI create the cell 

!! crHtion-cell-lt-empty(new-eddr) !b!!!. 
c1Chl-cre1teinew-eddr) I old cell etnpfy, just putln new llddrH• ., .. -
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old-addr s-- !d-te dl•l1911Mw-tdlfr> I flftd-" te .._. .. 

!!. cache med(okt Id•> nm,_ 
IMMOf111 ;a !II!! I write out .....,. • ...,.. • 111011Wy 

9 ll'IJ(Dt ........................ ,. .............. ,, ... ....,. 

,...,. .......... ·-► fllW ... ,. f nlfe ..... .. 

I the new cache cell now Hists 

!!. create-pkt• l.PD(-•,--,--) !b!f1 f wttal ••~11.,. UUlld h creation? 

II! create-pkt• tJID(--, dtta.Ndl · t•••--w .,.,,.~ 
cache IIIOd(new.....,.. =-!r!Pl' ,. '· . 
cac:he-dlta(new-acldr) .- .._ 

cacht-ref(new-acldr) =- ref) 

cache~t••• ... ~_.,.,. 
!!!!. I CGlllfUnd •• ~ 

cache-MOd(naw-acldr) a- !lltfl 
cache .. late(Mw-lddr) a- ,.., 

wlil-,M 1■ .,. .. ,.. t·-- •••••• Wfflnlll 1·111n a Mtll8ry 

MefllOWlit :-true 

m:•!!:!f!. I can, create new hCht cell. MUtt w.et · 

!!!!. 
waftforpilllwt•-lal•aG.IMP•·tlllt.-. 

!!. p - 'CM>r bl! 

I +++++ procn, pacut ''°"' CM)I +++++ 

cmd :• ACVPKT(CWl)a 

!!. ca. Fm~n ... 
!l!,cftld•m<~ .... ; ... )I 

!!, ln-cpche(actdr) ll!!!!. 
1 ... , ...... ).,..!11!. 
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memofl .. :• fat..1 I 1t1te P, jUlt,__,ft Oft'Ward 

send effld !!!!. I!!!!. MEMO 

!!!!. l1t1teisRor.T 

I! cmd • m•<--,--) tt.n I need to _...,.,.,..nee count? 

cache-ref(lddr) :- cac....._.) + h ·· 

cache-mod(addr) :- k!!!i 
XMTPKT(AESO) :- LOAD+(addr, caehe--.C~ cache~f(addr), t81) 

!I!!. !!. cmd • FEr<-·,-> then 

cache-ref(addr) :- cache-ref(lddr) - 11 

cache-mod(lddr) =- ttYIJ 
XMTPKT(RESO) ,- LOAO-(lddr, cache-datl(lddr), cache-ref(addr), tea> 

else 

XMTPKT'8PO> .- UMDC.-, ca1b1. dlt.....,,cache-ref(addr), t•> 
!!!!. l•tateN 

new-addr :- addrJ I Nt flap so cell will be created 

crute-,kt =- cmds 

crNte-fl11 :• !!J!! 
.._ !! Cllld • UPD(-,-,-) ll!m 

!!!, cffld • lAXeddr, data, ref); 

!1 in-c,chl(lddr) I!!!!!. I nut be state R or 1' 

cache-datl(lddr) =- dat11 

cache-ref(addr) i-.,.,J 

cache-mod(lddr) ,. !!:Y!, 

!!!!. I state N 

new•addr :• addr1 I Nt fl111 so cell wHI be,,Cf'Nted 

cre1te-pld :- emd; 

create•fl11 ,. !.!:!!!. 
!!!!. I must be a.R 

!!! cmd • a.R(addr)J 

If ln-cache(addr) I 1t1te P, R or T 

If cache-state(lddr) • T then - -
cache-state(addr) :- "R' • 
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!fa !t. cache-.t-C...,.) • .,.. !l:lr1 
c_..,..,.,1).-"IP • 

m ht•f 
XMTPM'T(AUOl tat~ - ..... 

XMTPICT(IDO) ,. .... ,) 

I +++++ procet9 ptiCMt ,,_ MIMI ........ 

iteM =- RCW'kT(MEMl)I 

!!, ltetn • uw,(•~-,--,--,--) 1!i1!! 
!11 tt"' • LOAdtic.,., Ma. Nit, t-.>, 
!1 cadle-ftat.(aM) • ,..11111 I ldW' It it tn, .... , 

cache-data(.,.) =- dlt• 
cache-ref(.,.) =- ref) ~4'1'--
!1lllllffl0f1111!1m. I on Nnd pec1111 at .....,, 

__,...,.,.. IYN 

!l!!!a.RC...,>mm...,. 
cache-st-Clddr► s- T 

!!!!. 
cache-.tate(addr) =- V I no · 



!!f.!. !! cache-state(lddr) • "P' • !b!!l 
cache-data(addr) =- dat• 

cache-ref(addr) :• refa 

XMTPKT(RESO) :- item; 
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!! NfflOflaa ll!!!!. I can Nnd pacut at MEMO? 

INfflOfl .. :- !!f!!I I yea 

!!!!I. a.R(lddr> ml!!!!:!. MDO 
cache-state(lddr) ~ ~ • 

!!!!. 
cache-state<addr> :- V • I no 

!!!!. I IIIUlt be state Q. rt, R, or R' 

!! 11 .. • LOAD•<--,-,--,-> ll!!1l I update ref and send LOAD 
cache-ref(addr) :• c:ache-ref(lddr) + ls 

cache-MOd(addr) =- me 
>CMTPKT(AESO) :- LOAD+(addr, data, cache-ref(addr), t•> 

!!!! !! item - uwn-,--,--,-) then 

cache-ref(addr) :• cache-ref(addr) - 11 

cache-MOd(addr) :• kY!f 
XMTPICT(AESO) :- LOAD.(addr, data, cache-ref(addr), t .. ) 

!!!.t. 
XMTPKT(RESO) :• LOAO(lddr, data, cachl-ref(llddr), t .. ) 

I fflUlt be O(H 

!!!, Item• D0t£(addr); 

!! cache-state(addr) • "R" ll!!!l I knOw it ii In cache 

cache-state(addr) :- 'T' 

!!!!. I fflUlt be state "R' • 

cache-state(addr) :- Ta 
XMTPKT<RESO) :- IXN(addr)I 

I ++++++ end of MEMI protMlffll ++++++ 
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APPEN>IX DI A 

The Insertion ataorlthln for the rotatJna --,ry. 

fl .. • fal18 I beceffle1 true If TL alrHdy hll lR PKMt for this addrNS 

P =- Ca()()> I ICll'I pointer • halh •d•.,. lnlttaHy, 

!!. IP " TlP and P • AP & I h8lh lddr • start of reMOYal , .. Ion? 

(C.00>" .. c.m.m.P))> !t ICX) <'11ffltft19» then 
Tl(P) =- )CJ 1-IMtrtlNalP 

IP :- RP + 1 mod 14 
pop=- pop ♦ 1 

I lhorten the rNIDYal rqlon 

I update Tl pOpUlltlon . 

!!!!. 
!! RP .. TlP !!!I. p • (RP, TlP) then I haJh lddrNI in reMOY8I ,..1on 

P :a TLP I ldvanca to enlf1lf ,._ • ...., 

I ,.,.at untH find .....,ty cell or Ht• rNIOYal reaion 

!!!!! (P • IP !!!I, AP " TLP) !!. TLP(P) • !!!!!tt !!. ,-• !!J!!. !f!. 
( 

I .. if Tl M"Ndy hat lA> with ,_ CCI> lddrets 

!! 11()() • a(Tl(P)) !!!! TL(P) • I.A)(-,-,-) !!!!a. . 
ft .. :- la .... 
I!, (Ca(Tl(P))> • Ca(X)> .a.OO.< a(]l..(P)» 

!t <a<X)> • [ Ca(TL(P))> , P l 111 x,, • .....,.. thin Iha cunent item? 

1!!!D. 
Y :• Tl(P)s 

Tl(P) :- >Ca 

x 1• Ya 

I HYe item frOIII Tl 

I h•rt X her• 

I lnNrt HYed lttm In next cell 

(which puahH everythlna pat here) 
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P:•P+lgM fldv.,.Ptonnt.a 

I flncl out whether to ...t x or ,.ac,a It 6'dy 

if llOt fltlltben -- - I inNrtit 

!!,P •IFefP,.V 

!!!!!l 
Tl(P) :- X, 

AP:•AP+l!!tM .... 
Tl(P) :w X, 

pop:• .... 1 

• IMlliltt: ... >tt'f' 

llhortenU.,1111,11,..... 

linNrtiteMattt 

, .... Tt.. ........ 

!!!!. • ., ......... , 
!!! TL(P) ............. ,.,,. 

!! X • I.PO(-,-.-t!J!!! 
TLCP) :- X I IMther lPQ. MW - r■1111l1cet old 

!!It!! X • RT(....,-)te 

let X • FE'fl-.!IP I FET, Iii U. data 

XMTPICT(AElr» .- LQMIC1d*• ..... Nlf. ... 
I!!!.!! x • m•c-,•-> ~ 

1et x • m+<-.taM Im+, aet the ... •...._,., 

Tl(P) :• ~. cWa, ref+l)J 

>CMTPl<T<RESO) aa ~(addr, ct.la, ref+l, t .. ) 

!l!!, !!. X • FEr(-.-) !I!!!! 
let x • FEr<-.t11~ I m·, pt t.dlla _,,_.... m 
TUP) :a,lfllGlddr • ..._ t11f"'lh 

XMTPKT(RE.SO) :e LOAO"'(addr, ctet., ref•l, t .. ) 

else l...tbeQJI 

XMTPICT(RESC» i- DONE(addr) 



Thi rot.tins memory ... orlthffl. 

procep 1t•t1 !!. A 

!!!2Y!, P2!:!t CM>I, CCOI 

output el!. RESO. CC00 
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APPOaXIRB 

~ P, X, Z, lddr, data; ref, Ille CCD-aldr, pOp !d!, O, Tl-ctlld, 

CCD-data, OCD-ref, CCD-newref, TLP, AP 

E!:!l.nlinM 

A: !! Tl(TLP) • !!!!h: !!!!!l 
AP ,. TUts I dntroy the refflO'III r .. lon 

while TUTLP) • ~ !!!! TlP " <CCD-edclt> ~ 
( 

TLP :- TLP + 1 fflOd Ma - I adv• uhtlf catch up to CCD-addr 

AP :a TLP I uep rMOYII rllion dllltroy9d 

l1ookfor1n,utpec1utt1 

[pop~M-1 

ll!!!l I TL ne•ly full, can, t• pacuh at CMDI 
Z :- RCVPKT(CCDl)s I nit for .,._.__,t plC1(el at CCDI 

!!tZ -~,~~ 
CCD-newref =- CCD-ref 

lc1n-acc:eptpacuton.ntw;ort 

wait for packet at CM>I or CCII, Nt ·p :- that port t nondeterminate! 

!! P • 'CCOr ll!!!l 
Z :a RCYPtCT(a:01)1 I ~t · •Mt at CCDI 
!!!. Z • ADDR(CCO-lddr, CCD-data, CCD-ref)s 

CCD-newref :- CC0-ref 

'-1!! 
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X z• RCVPl<T(a.t:)1)1 It• P11CMt at aa 
. I +++++++++++++++++++H'f ♦UUH 

I + iMert or otherwi,e •P••• fl.~ 
. ' 

I + (froM ..-ndix Ill A ) 

I +++++++++++++++++++++ •••••++• 

I perfonft 1111 tranuctlonl Mltchins 0C01ddr 

e!I. TL(TLP) ...... 911(1\,(1\P» ~-~:­
( 

TL-and z- TUTLP)I 

TUTLP) z- l!!l!b? 
PoP z-,op-ls 

AP z- c.(Tl~>J .. ltlllllrltAI . ...,.. ,..... IPlll'OPfiately · 

TLP z-TLP + 1.IJll .. 
!!. TL-cad•~) !ht!!, 

XMn'ICTfllUOl 4! ~ ••t . 
I!!!!!. TL-cMCI. me--,-> !!!m. 

I!! TL-and • RT<addr, tll); 
XM'f1ll(1'(f80) ,- UWX•~ CCD dztr,G _._.,, ·tas> 

.. if TL-cffld • FEr(-,-) U... -- -
!!l n. ... '!'· f',E,r<tltd,.,, _. . 
CCD-tw__, z- CCD ~. • '-' 

XMTPl<T(IESQ) s- ~~~CCO dlltai, «. ••~ ltl> 

m, !!. TL-and • fE'r<~,--) tlm. . . . 

!11 TL-cffld 'P,F£T·Caddr, ~ 
CXl),,ftewref z- CCD-newref - 11 

XMTPKt(IIESO) .,._ 1.0AO·c•• oco ·•rm_ ....... ,. t11> ' ' ,._ ·. , ,·, 
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!!!!. I must be UPO 

!!!. TL-cmd • UPO(lddr, d1t1, ref); 

XMTPKT(CCDO) :• WRITE(addr, data, ref) 

I rewrite reference count If It has changed 

[ CCO-ref • CCD-newref then 

XMTPKT(CCOO) :• WRITE(CCO-addr, CCD-data, CCD-newref); 
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