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0.0 INTROOOOTION 

A ct.ti flQw computer II 1 IWhinl wtth lrChitectur9 ·rldfellly · diffentnt from 

that of •xfttfna comput..._ It can perfol'llt -. ... -.,~ ... - on meny different 

parts of • proar1m. A typicll dlbl. Qow ~ Ml :meny lffttalic prOteuora, and cen 

utiUze ell Of them limulttneoully, NCh •ecuUnl ,adfferent~· 

To hMdle ll'l'•Y• Md ot"8r ... at,...., .... , flow COMPUtet' Must. heve • 

det1 structure ~ Jlcility- w •llKWY thlt· Nt • sitllH•· fadllty to perfotm meny 

operetiona concurrently. Such •-det• structure ..-ry ii U. ••Ject· of ""' thHit. 

A det• flow computer o~•• Ha are.at •JMted to its ebillty to '9rform many 

operations et once, even·"'°""'·~ individull ..,.._ii M,f-.r thllft.en•cotmtntiOMI 

computer. The 11me Is true of the melftOr~. T'- ... _., foc·lle ...,_.nted here hft a 

retriev.e delay just • 1relt ... ~~ . ..,.....,.._ .- .,.....,.. technofoay wffl be 

proposed. How,ever, it his~ enormous dat- tr_,_ r• a.1 ... ·of·:it.•...-.Y to h8ftdte · 

concurrent tr1n11etiona. TNa concurrency II _.. pauitl,..,by • ...a ·tw- 8t Wert1a 

celled pmchet communicltlon. 

Section 1 of this thesis ii en overview of deta flow computers and the type of 

memory that such • ~ _requir• for ;1trAStwe prec11- S.stfon 2 ts 1 treatment of 

p1eket communicetion syatHJI; ,...._ how thtir ...._., ia defined. In section 3 the bnic 

memory unit is described, Ilona with• •cache• mechenism end an ,~,.· lMthod· to 

improve its performence. In 1eetion 4 an implementation of the memory usina shift reaisters 

or m11netlc disks will ~ flv•n, show'"' bow tbe,-.f*Mt..- of .auch .~lrcM ten be 

overcome throup the &a of plCllfl ~•••......._ IMtila'..ltx ..... ._ ...,.cts of the 
' ' : , ' 

proceui"I unit th1t UHi t ...... llOQ',:lftd ..... I 11•lliA11:tlw.~11•11k•·pt°'1IM and the 

cost of overcom1n& It. ~ 7 .,,.~ .~Uonl-;futW•·l'll••c:h.· 



' 
1.0 DA TA FLOW COMPUTERS 

Al the MM iftcrHMS tor 9YW f.., ctMfuterlt W ~ for imprOYlna 

perforftNll!D tw h9 •- -•lllllrlllllle·.•rwl fft ~ lild ,. yMn.1J • radiuHy new 

desip known • • ...... ••• m (a}pt (Uttl9J. A cM!uJilMttr ...,ter has only 

one kkus of _,..._ u.t .e., ... ,.w • • ,,..,. It -, aiVH IMtant at which 

Instructions •• necua-. MiMy te n1-. -9 ltM •·--•M•..t a thl'9 c.., i~• 
performance slsnilicantly, end SOM co....,, uae • iMtruction ........... to echieve this (3) 

(9). Ho,w•vw, U.. a..-. et lo•ah••--••·-llllfl4M tueh computers are 
enorMOualy c-...1. O&t.r ........ t• ._, ... '...,atlliW t'ii...,,wy include •array 

A deta flew COMputer IChi.we •Uilfflftll ~by usi• • different 

interNll ,.,,....... ........... ,,.., .... ·····of •i'ilJ ................ list 

of l...trudieM I• a. ••ul•lt It\ •,...... .,.,, .. ......,. ill ,.,....,..d • a data !le. 
._ A ctet.-. uh•••·• a:._....,. .... ...,.._... ... inltrUdiens and 

........ ~ ................. , .... lflltratl• .. ,,. ............. ..; eucutfon 

Is •'-•i•1'6 ~ a,r ~-. .,,.,.,... - *'......_ft~ when• of it• deta 

.Wees h..,e produc8CI rwutts IAd II of. Us .. tinltiON .. ,..._ to rWIYe data. This 

allows wy IMtrucliaM Uw.1,.._,. U. ,_..to be ...cua1d .-.wlUlly. 

T .. tlllailta .. a .... JJ'llf•CMMI 1111a.•-,._•tt.t .... on the 

"'" ot u. ., .... Uch ... -- ....... ~- ............. ' 

·~·-·· ..... 
Al\ ........ ...., .......................................... Yer ... 

of tt. input •ct _.. . ...._. 'Mf II of ila .... _,..ft 9tlijty. When an 

iMlruciieftiau11ute•·n...._·•U. .. if.pott1ra -.·~bed. '!M 
fumtlon .,_,..,-.the...., ....... i. •••11•·.r. ...,., .... vatun m the 

absorbed toheM • input dtttL A kJMn cont ... the function Ytlue le ,aeced 
°" Heh output •C. 
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There ire 1 number of w1ys of h1ndlina decisions ind iter1tion control. 

Perhepa the lhnplest Is the UM of spedll Instructions ~ L lftd E: Thete receive 1 boole1n 

vllue on one Input (the "control• Input) end u.e It to centrol the P••• of dlt1 from enother 

Input. Their eucutton n.llel n • followt: 

The M. (merp) has 1 control input end two cW1 inputs llbetted "T" Ind 'r. To · 

be reldy for enculiol\ there ... t be • boole.- token on U. we ledna to its 

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

Mitchel thlt boole1n toMrt nut hive a tOMn. Md elt euJ1M1t •cs 11USt be 

empty. When It Is •-=uted, the ~ toMn lftd U. -.,1'Un at the input 

lndic1ted by the control token ere 1bsorbecl. Copies of the to"-n 1t the 

.. 11cted data input ere pllCM on each output arc. Input tou• ere !:!!!. 
required 1t ttw non 11lected data input, and if ll'ty we ,,...nt they •• not 

• . - ·: .f; ~ .. ~" 1 - ·. • ;. 

-.orbed 

The T (true 11t1) lftd F (fllM 1ate) Instructions hive a control input Ind • d1t1 
- ; - . --, ,., ' "(t ·~;·~;·t-- ;;~ ' 

input. They· ere relldy for execution whenever both input trcs. conhlin tokfns 

•ncl 111 output 1rcs ~e 11npty. When they ere\ 'iiec~~ -t~ im>uts ~re 
absorbed. If 'the control Input matchel the ~ _;, the ~~~·~ coplll of 

. ' .-.~. .··": .,:. . - :- . .' ~ •. :"...-~ :'};'•:j ~t,, ': "'l!!:""· ~, ,',. ~-

, ... dat1 inpUt .,. pllCed on the output · lt'CI. If not, no toMnl .,. pieced on .. 
the output lrCI. 

Constents Clft be pnerltld throush tht \119 of functjwll , 9f. pO 8f&"""9"tl. An 
. ' . . . ,~ - - ' -; .: ,, ' . . 

Instruction to perform such 1 function his no input wcs, so, in ICCOl'dlnce with the execution 

rule, It pl8Cel tobna on its output we • f•t •.they •• retllOYWl . 
- • ' - .;.-: ' .• ~'-- - • . : c r"-! - '.1:~ . . 



• 
Mire la• ........ If •data flow tctll• te """'"'- ttw factorial functlona 

out 

llaoleM Inputs to M, T, nt, tnatrudfonl .... drlWft. open •rowt. Tokens existifts in the 

Initial conttauratlon of tht ,,.., .. ••drawn• flltecMft drdet. 

The ~ of • At• ftow 1c.._ Uftdtr the encution rules has • very 

lmportlftt prOPfffY .. ·ft It *ltrf!!!n!l!· Thtt Mlfll tlt•t th9 outf,Hlt of the proaram Is 

•termtned only by the tnput,''w 19 .. ,...,.. 'ot h ·~·of IMtructiaft executions. All 

rune of 1uch • ,...., ....... h ..... ~ wtlf yWd h.,.. ....ta. ~Y follows 
"· '," '_.. ' ·,~ ' ' 

frent the faet1 tMt 

( 1) Eech lftttrudlon ,....... a retult wNch it a functfclft only of the values of 

"' ........................... of ....... tldl111M1nltl. 

(2) The Ylfue of I ......... not ~In.,, wey ..... ft Nlhfll Oft M arc. 

Cl) The encuttoft rulft, lftd ftld (2) tboYe, .....,Y ttw ICtw•a n a valid 



It is •n est.bllshed result th1t such ., lntercOnn.ct~ of. determinate· systems It determin1te 

[1] [14]. 

1.0.1 DATA FLOW COMPUTER ARCHITECTURE 

·The memory system 1nehtructure procetsor thlt we the subject of this thesis . 
•i . . ' 

ere Intended to be pert of 1 computer of the type dncrlbed by E>erMvs end M11unn [6] [7] • 

S~h 1 computer ·is ~ed of units w~h utt Rf£ke~ ~!Rf'·~~] for .trnfer of . 

. d1t1. The only means of dft1 tr1n1mi11ion ""°"' thete unitt It the tr-misllon of fixed size 
. . , -·. . -·,· . .. ·:·· , (' _;Jfi~<~· ~~ ' 1 <. 

me1111es citied Myts. There 11 no •"' or 1ynchronizlnl lnformttfon. 

The four main perts of the d1t.1 f~ ~., •• tf.w 1,.tr1~1,n Ml"'°~¥· 

1rbitratlon network. functic!nel !!!!1!, end diltrlbySton netRrk. For itrcture P,ocn1i111t the 
" ' ' ... ., ' 1 ,:_ . - ' , • " ,., . ~-.... '· •• \ • -.: ' ' 

structure control!fr 8"d 1tryctyrf memOix ere llddecl. 
• ' F ' 

instruetton 

memory . 

· functional 

unit• 

1tructure 

tofttro"9r 

structure· 

arbltr1tlon ........... 

To execute 1 d1t1 flow proaram, its 1chem1 is encoded Into tt. instruction 

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

proaram is load, Heh cell Is fll.led with the operation code (•ithmetic oper1tion, mer1e. 
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structure..,_..._. .tc.) a the lddret1 ef a ............. The teller •• the cells to 

which out...,. ere• peliM. The iMtruction ult .. ha¥e recew.r r .. laters to cont1in 

lftc....,. .,..._._ -.... • ••n.,y ,...._, ........ •n••• ,., • Ntructioft cell eMits 

en C!p!fatioft ,.,.. cm11l1 .. If a"'.....,...._ Ill tlltt.,.. .. ,.,.._ ftlllsters. Md 

My atwn .....,. ha a ..... ,._:b1r .. lMlfUCtion cells.. e.ch sending 

eperation ,...._.,. -~· ThlM ttrn•1 fll ...... ,"!t ., .... by tM •kitration 

................... ., ........... ,.. ....... --. - of the lrbitration 
' - " ·. - ,., ' 

Mtwork ere l8l'W ...... tea ................... h ·IJ~i.•.fSIPS!ieal units • 

. In the c=-e .r ..._. ""'"'• !Mtf ...... ._. .. ...e to h *Wm cgntroHer. 

The functionet.,. er ...... _.., ... ••• h In•••• ........ ll'd fortn, for each 
<''1 ,' 

dHllMttOft, a ·!Ill. 11!!!11 Cll'11ilU. of h dlltiMtten d*- lfld 1 copy of the 1etual 

result. The r91tM ,...._ ao to the Mltt!l!e ~.wW. they .,. lortect by llddress 

Md sent to the ............ ....WW ,....., of U.. ~ instruction cell. (The 

.. tlnetioft adllrw ....._ U.. r111• ..,.,.,.) 1f h ............ a • druetwe operation. 

U. ekuchn ceMrlllW _,, ... ....., .. Sf!!lft 1t!1!!9 to ._ •sM)' Ind receive 

r9ult HCMll beck ..... h COUFM of Is flOlllMAllieft. 

The llfNI#,. ._ltltian ...... ..._ l•lMt•Pl h .-cution rule: An 

lnatruction eel....., Wiit untl Ila....._ erca•, ...-. ~,._..,.of Rt dealinations, •• 

-.1y ...,.,. .... • "'''"''" ,...._ n.r. ii n. ,._fir •JMtructioft cell to ..... its 

destiftatioM• l'M9hlen. n. ,..111lllm Is re•••&I - _......_. ,.. .. .,y, actmowled&ment 

totwne Mftt ,,_ • .W. ••ll•M to the _.. ...._ tht _._...,.., .,. treated liM 

inviailale ......,... ncept tMt they cont• no .-. , ..,. • ceH ii executed, it m1y send 

result JNICkets to MM ........... Md ...._.,., to Dthert. A cell Is not reedy to be 

executed until lt h• rec11ved Ill NCeSC"Y ....a -• f!!!l .U MCMW'Y acknowledges. 

Acknowledpe .,. ,._., m the Pf'Olr• wheN n•••9'Y te _.. that, wheft 1 cell has 

receNecl llf .,.._..., aM IChnowledpl, it• ......._, rec1iver recl.ters wilt be empty. 

n... Khftowl•dtM ahDuW not be~ with the_.. ........... to be developed 

. later. 
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A const•nt need not be hnplemented " • ••P•r•t• node of the det• flow 

scheme. It cen tltnply a. loldecU• u.,,..W.r ,_..,of U. -~cell thllt .,.., it, 

nl merkecl In such • Wrf that ttw inlt...tton cell U... M that ,_.ter la lhNyt full. 

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

cl•rem. it the !m1. cpwgr, Thlt 11 a......, of CG1wentienllc_.I\ which hll& ac:cen to 

tt. memory .... Mid control .. '""'lanl .of. the ................ It la .. ueect for.. ~tic 

testms lnCI for lnitltl lollclns of ttw lnetructlon ....ory lfMI ........ "*"°'Y· It.-.. '* 
pertldpate In .,. ac:tu.I data ......... atlon. 
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1.1 DATA snu;nJ8 

.. ..., .. ._....,.._...._.,11 ....... ..,,...r,ttlstn 

moat c ... Mellllty ..................................... tflllr vtlluH. (Some 

..,.. ... wltktl UM ..._. et n.M ..._ .- • ,_,..., .,._,__ lftd other sianat 

pnNll ... , ... 1 ................................................ each llf'C. 

teweww, w.:111,r1• ... ,....,. 'VlfY fllll*.,.,. ••..,..Ilic tltrudur.._, For 

thie......., .. p 1p111 ..... .....,,.,__,. .... ..., ..... ti.·tliMJ !!yetm velues. 

TM- .. 1 .. teet t1'9., ..,_.,. .... ,..oa w ll•taf II flit '1t!m tree, which .is · 

recurst\19ty d911•d• •...,,.tree le• ...... ittsr:...,tr:.,._ .... •t, or is• 

concatenetlOlt., ... ......., ............................................... . 

LISP. [4] [la),_ ••Atn111, .. ..,...,.. ............ ••••r wi1 be .. umec1 
to be blnery .,.... 

The •••"'-Y .._.. n ti dltt Wl1w ..._ ._ ltructwn thet the 

COMptlter Caft hlfldll, .... h ., ... *ltct 1'J!. ••1nhry •tect1 U.. *ahl include 

................ v--.,... etc. 

The ,nnctpll .,... ..... on a dlta ...... ii •dioft. A !!!!I!!!. !!!ection 

tllMs • stnd4ft _, • .... lllt. ff h ..,.... ii ••llll'Y lltd Mt !!f, the retUlt of the 

Mfectioft ie UI....,_ If lw structure ii·!!!. .. ,... ii J!!. Oltwwi••• the structure is tt. 

concetwtioft ti twe ttruetu1-. _, .._ ..... flf .. 1•1dl9o la .. first or 8"0nCI of these 

if the Wt it zero or w ,...,1et1wty. A "l''MM 11t1• tM1t a..._. w1 a strinl of 

- ........................................................... in ...,.nee. 

The bit etrinl le aled h 11t1cter. IAt S tae h follWll ......_ 



.. _; ... 
.... ... ~ . .. . .,.. , "• , . .•'f· "'· ,• ....... _. - .,. '" 
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1 

SELECT[S. '1'] •. 5 (• ..... Mlectton) 

SELECT(S. ~1'] • SELECT(SEL£CT[SELECT[S, 'O'l Vl '1'] • 4 (•compound •lectlon) 

The t.,. ·MNni.,.. or "vetue• of a •truchn can be •fined to be the set of 

or~ pair• of selectors thet ylelcl ele...tery vllues:...,. then !!!, alons with those velues. 

Thus ti• structure S d9notH the tet 

f!. aiMpty fMdH a aubltructure with no elementery items at Ill 

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

corrMpondins to 8ftY finite Mt of or.,ed pelrs of •lectorl ~.v..._ (•......,. 

!!!.!) such that no Hlector in the 1et is an lnitill 1ubstrms of anott•r. The structure !!!!. 
denot.- the -.ty tet. .. 

S£l.ECT(1truc, ul] • 

The ele~)' vllue \l .. lf ttruc-.t• t•• _.,,.,> 
U.ftned if '(I, y>. •trls. whlare ....................... of·tel 

The •~ture { <l,V>,J<Hi'ltv>·C*- ).,..,.._: 
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Structures Utt ba ~with.._ NE t!f ....,._ ••• ..... • .,_. o&tject (1tructure 

or eleftMmtery .,.._) ..... • .,_ at•.._. . .-.•.,_ ......... HIM¥ina whatever 

eubstf'UCNre .......... Hk!M .... flt ... •t11a1r1til ..... 

(•true - I C-. v> t - ot .a er 1 is M inltW •"*"- tf tht ...,.}) U ( <sef. new-v•> ) ...... ~ ...... ...,,. 
Catrue .. , I..__. t..,tf •• • i9 •..,. •••illllf h ..._}) U 

( .._., _,,.,.,. ••:AJNlll ...... - ... ......., ......... !!!: 

9 

1 4 

Struetur. ._ bit 1Mpl1 .... d • • ... fllw c-.• in the IW way that 

they •• ee11•nly 11 1IH•112W Oft ordlfttnt •• ••rt ... • ..._. W. el ._.. .... • •MOl'Y· 

tt. .-... ift •••ry af a eel ....,.. U. ,...,1•nlati11t1 of U. twe .-tructures. In 

elther c--. a struchn ii,...,. ..... .., •--11 tdif'_.k.., ..... Tiw .... IMCJJUftt of 

infor....._ tMt .,....,.,, ._...._. ................... ,_ _. ttta ,.,..-.ntation 
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memory and the appropriate hlllYel of the dat1 used, under control of the Mlectlon bits. 

1.1.2 SHARING 

Such 1n imple1n11nt1tion leldl to tt. ponibffity of a tinale structure In memory 

bei,. 1hwed (or ,.nty lhered) by MYerll pri of the C01n1M41fl0n;. ,In 1 data flow computer, 

two tokens Miaht haw the ..,... Pointer • their v... ~ ii of COUl'M very desirltble for 

economie,al "'91110r'.Y .u...~ i.t ~ .... ~ ........ ~1llflt, ......... ij-that 
I - • • • 

modlficltion.of ,_.., •. ._. n.~ .. c•.••111·ll9Mlll•seln.t8Nt·othtrtttan thre . . . 

intended one, ff 1tructurea haYe parts In c:own. 11) . .-,.,.....,a••• ,........., !tfh Is 

COMidered a renonable and even de1irlble effect. For exMtple, the LISP lan1u11e h11 

instructions to modify, exillinl structures. In 1 dat1 flow computer, however, this c1MOt be 

permitted for ,._,,. of deterninecy. In orcW for 1 data flow COllpUter to be determinate, 

the me.n,. (in the .. t-theoretic ..... 1tven previously) of a tC>Mn beari"I 1 structure value 

must not china• while that tOken resides on an we. Since other instructions, includin1 

APPEN>'s, CM be executed while 1 token resk:IH on 1n arc, APPDD MUSI never chqe any 

.-.tructt.lres that ... shared with other structures. 

In the propoeed 1tructure procenl,. faciffty, each cell h• 1 reference count 

which lltllMt lt .. Y to ten what tubltructurea .,.. ahlred. WtleMver the APPEN> processor 

is tempted to MOClfy a celt that 11 lhared with -'her atructure, it MIM1 1 copy of the cell 

Md modifies the copy inatHd. For example, If S ii 1 Pointer to the foffowi"I structure in 

memory: 

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, 

•nd 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 CON1'ROU.ER 

In this MCtion we will outline the behlYlor of a proceuina mechanism thet uses 

the atructwe memory to provide • structure flldllty for the dete flow computer. The buic 

laeh9Yior of ttw structwe controller Is that It receiwt .,etion packets from ttw erbttretion 

,.twork Ind cWvert r....n PllCMt• to ttw dlttrlbutton ,....k. It_,. the state informetion 

for atructwe operetlona in Pf'Olr..., end perforMI "*"°'Y .,...,.,. by •ndina packets to 

the memory end rec.lvina p11CMt1 in return. 

The purpGM of this section It to show how tt• structure controller will use the 

nwmory, rtittwr than to 1tve ••tailed speciftcetlon for tt. structwe • ....,.,.. Therefore,• 

number of dealan dHtlloftl wm be nuicle erbltr•,~ For ttw mo.t part, the reqUirements of 

the atructwe Memory ere l,.,..,.nt of these •tslonl. For exemple, the Memory desi1n 

would not chMs• If terntry trees were ueed inlteld of binary ones. 

Some -..els of the .. Ip of the structure controller will be considered in 

MOre •tell In section 5. 

1.2.1 DATA FORMAT 

The meMory tptce ii div~ into "°'*•or •c.111•, N,Ch.of which holds one 

node of 1 structure. Since the MllftOry It UMd for the 1tor111 of binary tren, the words 

representlna nontermlnel ~ -t• ~.....,. to . ._ ,..._ .. fltt convention wilt be 

m .. th8t Ill words of tt. meMOry will be divided Into hllves, ailled tt. left helf end the ri1ht 

helf. Eech h .. f has '" •etem• bit bit. "9dlc• wt.• ft ~ IA •l""tlf'.Y Item (termln•I 

node) or• pointer to -.tf\fr wor~ II) tM .....,..~. If~ aaiU•·l, U. hilt word cont.ms an 
~ . .. . -

elementary velua. The l..,pr,tet• of. thet ltllf word.ii IM11t:U._... r•p•uaibitity of 

the r .. t of the~-. unltl,l It II iJ: .. ltle 1t .... e _.. ._. ay •..nt•y wl• 

other th8n !!!. limply • 1 ~*" of,.~ ~· .ty,. ._.,. .......,. ,..... · "°"'' 
number, ch•ecter, etc.) mu1t be·~ Into tht hllf word Ilona with the detL 

The structwe 1rephtcelly represented • follows: 



...... .•. 
~ Ii;., . . . .. .. f ' ·.' r . I ...... 

• 

I l 

........... Ul ........... Wld, ............. ,.I If...., wha ..... ; aft 

Mtifawtt,.lntsn•• hllll'•..,. ht..'IOll1Ja 1fl• .. 1 1 llJ;•••rfult n differ only 

lllaMt¥· •••••• .,...,.,...,wont"c11M .. Wll •-''fGr ..,._II.) 

,._..,at 1121 .,, ._ .... _._.rVa .... ,.., Mpt iAe·cettectkm of 

~ .............. _ .................. , ... ~.lflridilr ............. .. 
r•,•t111•1r'14 _.;....,,Wilt.,. dlH•••llllt ft."•lln Sta>:-...., the stf'ucture 

COfttNlw .... a_. • ...,"'--* •--It.._,,,_, •. ., 919 hh. ·Whenever 

a,_. la ••tu•M .. flL, 11tp1N1f9 e.1t·••,1w~titwtlfd'uM ..... It it returned to a . 

freeator111 Hsl 
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EKh node of a structure hq a rtttmne:..,., whieh is the number of 

pointers to that node ttt,t ext.t,, wtwU. in otber ,..._ or fn tM rett of the COMpUter. (The 
' . - ' · .. · ·,; . .. .· -

letter Include• op,r•• weithJ& lft inltr~ion ~- ,_,_. ta ,treMit throu1h the 

erbitretion Md distribution networks.) The. •~twe .ctntrdlw incr9J11•, or clecr9eses the 

reference count of eec:h node u pointers to it are crHted and destroyed. When the 

reference count It dlcr'..., .to• Iha node ......,_:iit•retur•cUo •·ff'et 1t0ra1e 

list. Whenever tbil ,,...,., ,lf1Y ..... that ..... ,........, ... ., .... llnd so the 

reference counts of the~ POiftted to_. • .........,. 

The choice of a ref.,... .. count 1trlte f,or wiory .......,_,1 instead of 

tlw •merk and seen• method ~ ••dJn UP~ w• .-.for ttne:1WIOM: 

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

must.find every reference to every•._ .......... rller'ances exist in 

packets .in trwit, It would lil8 ,_..,~,,lo tloP :u. . .mm.·con.putltion end 

wlit untiJ Ill pte11et1 •top M1¥in1Hftr•:••b•..,.... ..,.nee,. 

(2) The rttference cOMnt is needecl enp9)' in, ordfl\1• ..... _..,..,. copyins 

rule efficiently. Wtt.-~ thlwuctq . .ar•),_., .. ,~ •node 

•part of,., ~.,,-atiof\lt.,. c1c>,,....,.4'·tht·,..,•rence.ceunt 

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

(3) The objection.• to t._, r•fer•n~ C:O\lnt ""~ ~ .IHftY Ji1t proceasing 

1y1tems, that It 11 difficult to NCOYer cir~ .. ......, ... not. WIY ,_re. 

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

1.2.3 TI£ STRlCTIR OPERATIONS 

The structure controller t, be proposed lMplement1 ttw followina proaram level 

operations: 



~ ••••)- -n.,..-tar- la a bit: .... of •finite length. The 

•uatwe t. ••••.., •: lt9et h tiilS .., . ._ ••w·, •t•tina with 

._..,., 11 .. -.-A ..... lllt•1 tt ............... Mt Mlects 

....................... -- ......... lit ..................... ned, 

·ab1 .... :itJa~•• ... ......._ 

APPEM:htar: ............ ····-~· ...................... to the aiven 
w.W· . ._._.._,.... ... ._.,,ib'lljw•1illlt1'*'· Whatever 

was et tW....., l• "-•"I• ......... ., .... In tMr retult. The 

object may t. 1l1M1ntery or a 1tructure. Alff: ...,t of n. oriainel 1tructure 

u.t itt:*n _., ............. "" litl•atlM la nit lll8dtflect. The 
..,.,., ..._-" .,. • .,._ • ...,,. . ._ .. , •. .._.,Y to be 

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

1Jla ... _.... c••lf....,. 111n•l11t ... ..W .._MM !!!! which, while 

..... .._._,is ..... n. *-•• """'"°' •••...,.,. I! ll' vtiM • • te .. wnat node of a 

structure to 'fl.i11•1·M._. ... ...,_._ _,., ... ...,... lriif./. fMirt"of •structure 

MeY be ••t.a ......_ llw ...._ U. ..._.JI Hiit a, a r11t1H ._ .._ !ff, ltld· a •h''#Cture 

............ ._., , .......... ., ....... rn·1•••••M!!•t1Q11cmy 
8V1111..._ .. , . ._, ..... lllN'·._._.,.,lftt•t· .. · 1'11•1tflii:' .. d .. aH ltructur .. , 
repl8ci,. _.!!1-.ittaa ut ..,. • .,......, .... ._..~ • 

..,.. .,.. two .,. .,.,...._ perfer• illllalWH» - the centrolJer. If any 

operatiM r1tw1-·• ..._.._ ••tfll•'• ...... ll1"1•:it111; ._ Nference count 

of h ,..... ..t • FUii •tt11rw -••H'ii> - tf •· tlirlla~ ..... a atrudure 
V--. tt.lt ......__...,.. • ..,..Olli ·1tra•1Mih • ..,.....,.._ such 

.... , •. wt !m ...,., ............................... the •Ject• bei"I 

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

The structure controtter communicates with ·the . ..._>' by •ndinl cCHMtand 

..-cuts Md receivi"I result p11c:ket1. The•• packet• are 1iven names dncribina the 

operation to be performed. 

To relCI 1 word .of memory, 1 FET <i.-•i packet ii .-.nt, alvinl the 4lddre11. 

The memory returns 1 LOAD pldrat with t._ data. letwe.ll the; FU Md the corretPONlina 
,, . . ' :,. •·' ·: 

LOAD, meny other pecket1 mt1ht be Hnt ind received. Thlt 11 • consequence of the 

parllhtlism of the d1t1 flow computer: j~t Ii with the other fW'Ctionll •t., the rate 1t 

which structure oper1tiont •• performed cen be tncrelNd by lllowina "*'Y oper1tions to 

be In pro1reH timultaneoualy. Thi• concurrency it '"de possible by the use of packet 

communic1tion 1t the memory interf.a. The FET J*Mt .that besAM· • operation and· the 

LOAD pecket th1t ends It ere dltttnct events . "9Cf miaht " ..,.,...., by a areal number of 

other picket tr1n1mi11lon1 and receptions. EICh LOAD pecket ta ldentif led with the F£T 

packet that C1Ul8d it by meMt of the i11•, to be dNc:rlbed Iller. 

Eech LOAD pecket contlintJ the lddr"' of tht word .tnd it. reference count. 11 

well 11 the data. The lddrett It sn,blbty not Ulfdby t~~l'~•·•trolter,.W ii~ 

• pert of the specification of the memory mcMlule ~~ it la neefll•d, tty the cache 

mechenlsm to be described in section 3.2. The structure .controller -..es the reference CGU'lt . . " ' -.,,..;,( 

in order to tell when 1 node mey be written on without beq ~ (lf count • .1) end when 

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

To incre111 or decrHse the reference count of 1 word, the FET+ or FET­

packeta, r"pectively, ere tent. Thete tre timiltr to m •. e•cept thatlhe ,.,.,.nee .count it 

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

LOAD peckett. In some CIMI the structure controller doet not UM the dlt1 in 1 LOAD+ or 

LOAD- pecket, but It don not rellly coat ""Ythiftl f~ the fftUIOl:Y. to send It. 

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

(•upd1te•) picket 1lvln1 the 1ddre11, d1t1, ind reference count. The reference count is 



• 
~-. _... 1M _.,_._,., h """"' ...... ...._ • ltbitrary count to be 

liven. (In iln llCtvat _.. ...... ._ of 1 dNlitM e11 .. 1·••11 _. "'"'*"V, ww:we1111ry fields 

weuld.,. ........... , ........ ""' ......... , ................ ·teuftt in 

.. , .......................... UIMf , ....... n. .... y .... ftO 

,....., .... UllO ... .... 

r-. ._ 11•• toMmMIMt -.t "* tMllDfy ,......... The OLR _,acket waits 

until alt,.,.._.,_..._.,..._ . .,__.. ... , ..... ,_..- tetut"' a DONE packet. 

ft ii.,..,..., .. ----•1A1lllar It 111.-..11 ,._..., .... ~of the ceche. 

1.2.5 M TMft&O 

...,, m. 11t•, ,., m"" ,... - ........... tM ..... ft.td that 

~ ...................... , ........... ft ...... ti • With 1hle 

r"'1ft ............. - ........... - ................ ift the ............ 
....... the iftstn.ctitm tefl 

tttn. • ._., ...... "" • "* ......... clrMflflr •••..,.. ttw ..,...., todlt, ttwt 

,,, ........................................ f ...... "" Ncetft tM 

,....~ n.. ...... ,,,....., ............... " ••11 •••••i .... *"' 20 bit• 10na. 
TN ..,__.. ._., ... ,Wt _, ... 1fllM tM t*I ftlltl If tM. *tttch• tCMltlnlnd to the 

MeftlOW Jt tfllll t• -. ttMt ..... hr ·dllllle "'* ift h ,.-. ....-. lft thlt cne of more 

complicatM ·~ .......... Mh ............................... ii • ,., .. 

amount tit tt• W.Mlttlft tMt .... M r11•n1181N1 tf••• ... ...., __.., tteMectiOM . . 

that -. Ult tftt ....... 1·tJ1tMt1r .. M alattw ti ........... ,..,...._ ,,.,.. fa tt. 

•t• ;to.,.. ""''" ....... ..,..•tit lMimltllw , ... .-. tftt ,.....,..,.. ..._.., bits, 

_, • tw •11•111. ..,.._ ...... tt td tllt .,._ M11W'• IOOMI • ...... 

,...,. "* M •8'1 tf ...... Illa ~ OM . ..,_. is to ihthlde ell 

of It fft h t11 ffett Of calflHtMda to h ...,. ,, .. thl stfuttvrtt ... ..., ,...,., ~ te 

stont Illy tftfOt mll1WM IMWt tM ttltt Of OfilCitftl ithittut'• ..,......... Whttft the resutt 
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pecket comet beck from the memory, the structure controller looks at the entire pecket 

Incl~"' the t• fleld. -... ~ ~ • ~.,.,..,..,.,.,a..nq~t to •nd b.ck to 
~ ' -, . . ' 

the memory. Thia method {~ -~ ~; .. ~,,~~.---H• ., ........ bat it 
~ <- • .,. • ' • ' 

requir" '" extremely wide _data path .fof alt '*""Y ~tr~~.M ..,_,,..,.;to very 

clfflcult problems of ~"' ·~ 

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

controller. This requtr11 thtt tM controller haw 1 lllHWWY ••AlllNldlY .of D MS or ·" 

more for every structure operetlon that ctn be In Pf01N11 at OM time. In this c ... only the 

eddreu of the block of ....,Y...,tn.._Jt., ..._ ~•r•,..t'.·ai»UI: in the t• 
- ' ; ' . ~ ' . ,.. ' 

field. If 296 ...-..~•tr~ .......... -..Jtr111.-. .... , ..... _, .... to•·a · 
bits. 

In either c•• ~"".,... to the ....,Y _. :•-:ffekl. The -~ 
I.ff · · - ' • . · 

~ tt. t1J bO to.~ ,controller in. JM ..... p.ut. 

1..2.6 TIE DATA AN> REfPEta (XUa' flEU)S . 

The contents of ,._ ..-ry .-4 _.....of ..... ftltld· _. • referera 

count field. The data f~ is f~ ,..-.. intQ tYtt~...,; ,_.,,,..,,,.._Wutor '**" 
~ - ' ~ ~·- . - . . 

pe;hllpa •bit to indicate that the celf II on tha tt,..ttor• llttj:_.. ••••·fv•'·lndil.tor 

fields for .._.ntery vllluM. All of these •• sianiftcMt only to the structure controller, and 

.,. irrelevent to, the ... ,_ y. ~J•~ c..- .._ caqtttM .._..._ .• -. •• iae•neous 

field. In practice, It nilht be llM.ut 40 to 80 till i..,._ 
. '· - " . 

From the .._.mory•1 atendpojnt. .the refer_,.CQUat :Jli:.li"'flb' part of:. the data . 

...ociated withe.ch word. In..., tr~""' I#!. ... ......,..,.,..,_ part. 8f 

It. NMOry lyttem, al~ , .. · •!~aP ·~~ -~,,Wit-~:.~ ~.: .... ,.,.,._ 
count. In 1 typical realizetfon, the ,.._rerq ~Jiltfd~'1,.._. l.JQ~11 tth:tona. 

' ; ,. ,._· 

lncomi"I end outaotns packets thlt reed or- write 1 word of memory have data 

and reference count fielcla that corrnpond prKitefy ·to the fields In Metnory. 



• ....... ,, ... , •••••••. , . 
... ,,' ;"r••·----W.MliiilltlJ .... j.Mii ........ , ..... ,._ ........... . 

'Mir• 1 a ••tll•'lll · · · 
llli!llfJtt ,.._ a el , .... Ut4':4ll•r1•ht9MIJ 
............. 1111'1 

· .~. au 1r.a• Ffltldfclf•flll1llddll' .. t:•~·'i1i;:r~,;.·· 
~--·•ti IL JflW ..... bu 1•u•t;•1--.-rr.~~ ~~,::~ 
.. p. t111 II 111J,ar ..... I Al!t4••. •tuttll •. Jnt11•n11•••. ·­
...... - ••l111 Ja..111JlJl.lllflilUIOllf[l:•Jjl~-~~~ .... 
-' ':rta •1Liii!8J' •••, ·.· -d II .111•1'111 .. lt:lllc16"it:~, •• ,. la . ·. . . 

lll1~1 •1 t aaant .· .. I Im ••••tll'flllllllJI •illMUl\1~\flf I) ;:•~rt~;<>: ....... ll •Jltlt ,,. llP:t·•······--­
'lt••lat ,,.......... 1111 ,., •• ,. 
a(ll 11 rtn Ulllll • •• ·sm t•rt• Ill 
..... ¥> •• 

........... 
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There It I pertlll orw on hlttoriel: )( ~ Y If )( It en lnitlll 1ubtequence of Y. 

Forexemple: 

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

but (1 I 2 I 4) end (1 I 3 I 4) do not utiafy thlt reltliOft.in .itt.J •dJlr. 

Since histories only 1row lonpr • t ..... 1"' • ..._ Md :fY,.. •lr..ty 6" • 

history never c..,._, 1 history at 1 later lnltent It llways 1reat.r then or equal to a history 

.t en e•hr inltent. 

The lencth of port history )( It -ted pc~ en.·.~ ;Jt9C ... of x .,. 
x, ' x, . . . ><pq. 

There II no •fined tiN ordltr llllOf'I ~l •rlv•·-~ ,orta, IO.ll is 

....._ to represent U.. • • ..,_ .....,__ lnatffd, • hi!t!,ry· mn. is UMd, which is • 

collection of tntoriet, one per: port •. ~ ,.,till orclttr on..._...., • ...,~ to •rays: 

A ~ 8 if etch history of A It sreater ~.or •.. J~.~., .~f~ l)lstory··of B. IJM. · 

historiet, history •rays lncre .. • t~ ,, ...... :.,...- r '.· 

The description of how • systelft is expected to behlYe is quite simple. It is • 

description, for every Input history array, of what output~ ... .,.., tt. syatent w,IH 

eventually produce. "Eventu1t1y• Mans In finite ti• for finite histories. For infinite 

histories, It MW thet, for eny IC, the flrtt I< p1CMt1. will b4t ~ i~ fin,i'9 tiMe. This is 

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

entire output In finite tlM. 

A description of the dependence of ou,t~ .. tory '!'WI on Jnput '"ays I• 
.- ~ - . , 

called a fynctW !l!Clfifation. It is 1 cMcriptlon of how. ~ ~tM is ,.,_~Jo behave. 
~ ,_ ,- . x .· A : ~- . .,. - .. 

The 1n1jor problem1 In t,_ flekl of pecktt ~ion ·~- •• .,,ovina thll • syatem 
" 

built in a certain w1y o~ys 1 certlin functio'1al, spe~t6"t.lpn... "'d provina that the 

Interconnection of systelftl known to obey certlin fWtetional specificetiona obeys some other 



• 
f unc:tlonll ·1p1cffaiN8n. 

n, •.., .,,,.. ...,_, 1hl ......... , .• , .... ~ ........ itftat 1here is ·only one 

ponlbl9 output ...,...,., 'ttfa .,,.._.,. ti •I!! 1!h• ••••toms..._.. 'funetioltal, but th.t term 

wiU .not•~-... ~ ... ._.._. ............ _,, .• ,, rl•4"pdt wrays to output 

.,..,.., ...., .., ·tf ..... « ....... ..., .... ,, .... ,. '1tle .,....., .. wll eventU8ffy be 

produced. If.,..._. ..... ._,....,_;~'tlitMte:tiW ~·· lf -~ tC,:.. 'output history 

f(V) witl 1Je .......... , ..... '1$litl I r•lllilh41lllJld ..... ifll•rrill• ...,..., f(Y) ~ f()(). 

FreMW.« _ _.,.._ ........ ttl 1!!l!Ml!!&rtft--= 

'If ~il1111N1Mft8M...., t•8'f11•:tl•.,_.·~ ,...,._,the system is 

• '"'_.._ ............................. ~iem,'but 

fOO is .,.._ !!!. et eH ..., ...... ..._., ,•ulflL "-••• ,._. 'tM -.pecfficatkms of 

,. • ..,..,.._.,_.,,._.._,._ __ ,,•1dliiu-*in1 A,,~·Wlt:Ji. &Wen leter. 

W411"' udtltl • • 'llf .... ..__, 11111D1t11Wttii1•ti'MM .ystems to be ..... , .... - ............ •1···· ···lil111lita1&· ...................... etion 
·- . " ·~ ~. ._, ~ ~" : -·:· .-: . . ., 

netwoR • "9t. • 'l•ls•anu11tu: •-••n•••• ill lh.,_ ..,,...., lifld its 

functait wn •tle'l\11tJ(bd"• ••llrllllr*'--1'11!1dtt11ad•1•11••••'1l . 

.... ,,.... .... ., .. ·SJ••· d& •Ill•• ·tla ifD ll• ••• ililt 'ht • eyttem ·built 

In • _......, •1s:.- we 111114 '81.W•fll tt:ei-.....-.4' .ifl8 wWU••~ !to describe tn • 
,.~ ,.,_ ..,.._ • ., .......... ,....._ ....... :,..,., • ..,;wit ts m-
too , .... ,h1111l111•uMiUMe .....,.., •• -~----•:r•d II ..._.. sydetn is 

••mbllld ''""" .. ,.,.., .... • .._._ ...... nuhial'1Ulflifan-itM, It is ef course easy 

to dlwt·h h ;'"":••·•lllh, .,..,_ Whll ... d 4'w ~••• ,.a•• ''" cenn.eted to 

nett·--· ... ., ... 16 ........... II ... ~ 110111 ..... ,~ •ill be 

...... --.... , .... ~ ....... - ,..,.,...,, ifj.jfi\Mlli ............ U1119. This 
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lan1u•1• ls • subset of the Architecture Description Lanau .. • (10) which Is under 

development. 

In the l .. u.p we will '- for atvina ..-tptW. specifications, peckets will 

look like date recordl with a title end one or MOI'.•., ~~ fields,. for exempie: "WRITE(3, n•. 
This format II pwely COSMetlc. In the ectull hardwere lmplelllentation, e packet Is nothina but 

• cOtlection of bits. The fields •e lilltpty, dMliont of thea .bits into ..,...., thet tt. sender 
. . . ' - ·. ·. . " ~' ' ' - , .. ' 

and receiver both 11r• upon. The tftlea ... just enc:odi,.. of enother field. 

2.0.3 AN EXAMPLE OF A DETERMINATE MDOY 

A functionll end dncrlptiw speciflcetlon of e system cllled MEM will now be 

liven. MEM is e rlftdom llCC8U llllNf'Y wjth • ~ pQrt 1N --~•·output port OUT. Two 

types of pakets may be Mvered to It: 

WRITE(lddr, dlta) writes ti• dlta Into thie (Mn lddr ... 

READ(addr) tetchH the data from the liven llddreu 

The •addr• 8"d •date• fie .. contain numbers tMI ,.,.. .!NM ...... finite end .fixed speces. 

There is one output PKM.t type: 

RTR(addr, date) -

(RTR 1tlndl tor •retrievei 

Every READ pteket dlliv.,.tld to MEM reeultt in tr..-..eon of • RTR packet 

bearina the lddress end te. cwrent comentsof ttt.....,..y. E~WllTE plCket stores its 

d8ta in the memory. end returns no mutt IMICMt. The. inJtW.cantent1"ot·.- .,. ... of ttw 

memory is zero. 

For e 1iven Input history, the contents of the '""'°'Y ••Y be easily 

determined. The contents of etch word is limply the date fWcl ot the.. . a.a WRIT£ paclwt . . 

hlvi"I that ldclr..., or zero If there Is no such packet. The function f MEM reelind by this 



metnOry 11: 

• 

lfa•.,_NstoryMIY• ....... 1-.;, 
fcr#'J.,.,.. 

tmltiddr, .... ff .... (It.,....., ............... , 
...... VSIUll&f._;.,...atilUatcl kM\O 

•• • • .,. ... --~· .......... WllT£ 

au n•ll.,•••_..,....., ••••• 1•M .............................. 
Ntt.tiem ............. .,, ........ ....._, __ .,, ......... field ... ........................ ,' ' ' 

A _.n• .... ._.... •. ,___, ........... ht MEM ru!iz!s 
, ... 'that ... tMt .............. , x ts,., .......... * ...... 1 • ..., ttwtnit output 

'*tery f ttl.t/4-

lWI· •• •t•l•n MyS ..wr11..,tieit ._. h ..... of . ...._ This ii • bllSic 

property of ... ·hiatory ..................... ,...... -~ - eYen for • device whose 

.............. ._. ............... "*:tllllr,h •••bl• .. •·NntiOn the states. Of 

CCM'M, flw .. _,, .............. d1ftt ...... ti ,,........, '1f ... lftput hiatory. Since 

the ....... , ....... ·-·-· ........... ~ .. ., ..... ft cont.ms 
enoup infornwrtlirMt ti MllN mtnl h ....._ 

• _.,..,..-. ttft syttsm ttEM MY M-... .'"'9 syahttft wtes a real 

ra,,._ ._. ••1'Yf,.. .... ,flt w...W;• _.. ,,.._ ¥M ef the . ._,.. 
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field of lncoinins plCMts. W. choose 101M obvioul c~ Wween the values of 

fhe •llddr• field end word lddr...... Eich word ctn contain lnY of the possible values of the 

•data• field of lnc:omins WRITE plCMts. W. choole ION obYkM COf',.......4P here also. 

The melftOl'y is lnftWlzecl with Ill wor• contlinina zero. 

The al1orlthM of the IMPle•ntatlon of MEM 11 as folfowa: If a packet 

WRITE(..,., dt!a) is ~,...,. #~.ll114 la~._,- ....,.,.a U. WOf'tt;llddress 1iven 

by the llddr field. If a paclutt READ(eddr) is recei'""'-.Mlf. ... tl .._,........,.. ..., .... is 

nondestruct1¥91y rNd. and Ii pacMt RTA(eddr, data) contllinins the data fetched from meMOry, 

is returned. 

Thia system 1ft1Y be I~ by the Pf'Olf'• which follows. "Memory• is 

., array wt*h ,....,. ..,...,.. ~· 
~·' . . , ' " , . , ... " '. 

process ... !l A 

!m!lt•lN 
°'f'Jdl.9!!9Uf 
m COllllUftd, lddr. data 

!!:!:IX. •MOry !!!!!. 0 

I wait for Input 

A: !!!!!!, packet ii availlble at IN !!!J 
command =- plCMt ,,.. .port .lft 

I M11yze input packet 

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

send RTR<lddr, memory(tlddr)) at port OUT 

!!.!!. 



!ll •••n • WNTI*'*• tllWa 

~·19--

(1) The •lll• ..... • tor ~ 1N1 t ....... ffll ....... .,. ._,..._,. priMitlve. Sffahtty ....... ""'''"" ·-.......... . 
(2) The ••IM'U&iM RTRtlddf.dtll) 11MN •1 ID ...Ut .._. fll'dl IN filled wlth the 

c;urrettt v ... .,.. .. in_.. llWI c1tta•. 

(3) The • ..... • tn CONlt_. hit itt UMl .,....._ "It.,.. • --.-r ...... "if 9*het 

is a WRITE 1tteket .,..._ flrtt field It r. 

(4) n. '111 plCMt .. ,....,,.. ,, ..... ii lft ......... lttt1.....a ............. v ....... 

..,..,.,. ift the ......... to NMt tM Ylluet of ................. of........ 1!!. 
t .... • WRJTIClddr.-r....,. -., U. type of lbt!a 11 Mt Wiim. R It "' .,,.,. ottwrwt .. 

... .. to ... flnt filld of !.bJ!a ................ fllld'. 

We now DflMt that thit ••••etton 1etilfilt t._ ~ t., . First, we need to 

show th•t the .....,Y stat. ..,. tM •Yt• •t• C• ., .. _. by h u.,ut hittory) under 

the foltowinl ~= 

nro if tlw input hietory contlins no ,....tt WRfffCX.• .. ) 
Y if the hittory ... COftttitt Mh ......_Mid the a.t it WRITIOC,Y> 
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true for eny hfatory of leftsth K end prove it for K+l. 

, If Iffr.1 • READ<-:>. nothina W,¥ wdtt.n into fMllDr¥· '-*"Mn receipt of IN1 

end lffr.1 , so the memory 1tate cld not chirp. The~ of WR1m~.-t) pacMJa did 

not chqe either. 

If Iffr.1 • WRITE<•, dlt1), no mMIOfY ctll ottwr U-· alt, ~eel, and the 

exiatence of WRITE<x.-> JNICMI• cld .• not chlnp for X ,.:.; 1" IOJlt•• Qf,...,..ory ~II 

llddr 11 now datL Md the l1a1t WRITE(-.,-) in the ~en'~ t.· now ~-.WRIT.£(~, 

•t•). 

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

wlH 1how thet f .J.'1o) will tppelf' at the output. Thia proof ii lllO by induction. If P<I • 0, 

'•" • E. •t the lmplement•tton 1pecifle1 no output except in re1p0nse to input. Now 

• .,_. >r • X 1x1 - x.n.1 • let X • X 1x1 - XN • 8'/ induction, f .J.'1o) 1PP9•ed 8t the 

output when X w• the Input history. When x,..1 •rived, the syatem trlftllltltted no output if 

••• •• • WRITE. ind tr1n1Mftted RTR(lddr, memory(lddr)) if x,..1 wee RE.Al)(Mdr). 

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

f ...,P.> conceten.ted with 

E If x,..1 •WRITE(--,--) , 

RTR(llddr, NMOry(llddr)) If x,..1 • AEAD(llddr), where the memory 

••••• 11 that left by)( 

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

responae to >r. 

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

• f.._..(X) concaten1ted with RTR(addr, z), where z •the data field of the Int WRITE(addr,--) 



• 
........ _. ____ ......... 1 '.. ., .... ., . 

~".;; ~ itVtH~ ~ ~ tff~oi l{I "t~f~,.; 'f' ; ', 

1llltt1 JI 111 ••1t811 f&J'-"' 

..... , 
n 11 .. •••• .... 

•••• ilwi11W••·lliillli*111iflM• .. ..... , ..... , ..• 
•'lflMFJV."1Jp ............ . 

'. 

. /' 
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2.1 NOM>ETERMJNACY 

Nondeterminate 1yatetne cen ta 1 wide variety of forM1, end the problem of 

form.Uzi,. the behevior of .U ~terft11Nte.1yst.,. • fff. too ~•-•11:~0· -.ilt'eated in this 

thesis. Only the types of ,~tenNntey tt11t •lie. II\ ~tlon wiUJ, U. structure facility 

for the date flow IMChine wit be tre1tect. 

The prindpll type of ~· that wHI ••~kt .~t ,,._,Y systems 

.. the retllCMI of the~ thlt ""'""' ~t····~·u. .......... the . ' .. · ... ·, . . . ~ 

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

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

The ayat8"' MEM la too aimple to display this. sort. of l'IOlldeter,·~· For eumple, MEM 

would return RTR(l,lU 11soon11 it .received the first READ packet. It woul(t ,q y-1 "Mo•• 
that it wu 1bout to receive a MCOnd READ p1eket which would. 1ive it the option of 

produciftl it1 output PllCMtl lft either of two or•rs. Liter, we will nNaHt impl ... ntations of 

ayat .. which can .. ....,uffy t.U ldv1nt11e of this nonc9't•~· For now, we will just 

have to accept th1t 1uch lmphnnentatfons (that Is, de•&Hu apecificetlons) exist, end 

ex.-. the form that the functionel 1peclflc1tion for such 1 1y1tem misht take. 

2.1.1 FltCTIONAL SPECIFICATIONS OF ~T£.SYSTEM$ 

A nondeterminate systfm can 1ive any .of .~ral l•&•I output histories In 

response to e 1lven Input hiatcwy. The ltfunctton• deflninl the sysl•~ ~. Is therefore 

multiple vllued. One way to handle this situation la to treat the behavior of • system ff bein& 

defined by e rel1tlon instead of a function. The Method ~ be used here, which is completely 

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

system f NDMEM thlt we •e developlna. 



f~l,11) I..,..., J ... l) I fDIX2J) • 

n. . ..,. .... _,..._MflOte._.,w._i'"*--that X Is not a 

YeiW i .... ~' llilf .......... tf .......... le UR .. ....: This is ....... t frM the 

1ituatien in wWch • .__.~&Ma rlee te a...- .,...., .....,•'r.Spa,.. (pecket) from 

the 1y1tem. Alt •.,,.,• ,.ut· ii certaWy ...,.. ••••11 ..._ _.,.. the systeM behavior is 

.,.,..1,..W ... ·tlllll••MW• N11d •!i·;1t*>1d'1T11111•'·--- that were not 

MM. .,.. • pdt1t11i•I·..,._.,....,.., • .a-.iMt'.ta ...,,'·'r ........ ,., at some 

levels of .W ht the ••avipl• et • .,.., ttfl c.aaMlnt ti ..... .,,., Conditions It one 

CM ,,..,_ t"8t tlltelt WM't occur whM tM ., ...... ._..ttJt• IM'lllll°ty. 

A tunctlilNlf dlnriptiee ot a ,. .... ., ..... qetl• t. ttwefore a definition of 

a function which ...,. ·infot ....,... ffn _..·et - IQteries. It is usually most 

convenient kt dl1cr._ tt • • "' 1111• 1111 111111 ...._ hf aa fie .,. flt fOO fer a tiYen X. and 

that ,.., ...... ..,_ . .._._._..__. .. , •• 1•0 ot~,rsl1•a, •the tunctioMI 

•1e...,81n ... ._ 

.. ,Ot.VJ• 

"zt'ltV>•· 

The rule for ,....._et • fwtiM· ts • falln: A.,..._ ra ..... f if, aiwft input history 

X wattt f(X) ...._...tv. • •9U11 llllly'..,.... ...,,..._..,._~Wt tOO. 

lhe ....... wluMtfUnetiilJlW Nll111•by' ""*litlliU Ill syslw MUSt obey a .......... ..., ,, .... ..., ...... ... 



NON:lETERMINATE t.O«>TONICITY ~ITV> 

If Q lftd P .. Input histories Ind Q ~ P, then for 

lftY output., ._.aey X. Ip "P), Jf f(Q) It none,..ty tNre 

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

Rauihly apnklns. this lllHnl that receipt of • ~.a input tymbol will never 

..u the •Y•t•n,t unabJe to pr~"~ 18~¥· .TM .rrflOM of,rJ.he "11~tien ·11 t<O> is 

llOl•mpty• ii to lllow ~ tt. ,_lblltty tb;lt:-' ..... -.~ ~ ... t• IYtletn. 
'·o· .: • } :, :·; :_~ ' • • < •- • ' .''c ' • • 

We ctn now1~ '"'I~ . .,.tf~,,_ .~ .~ .. ......,Y . . ' . 

,_ 
If x • input his~ tnd v - outpJat. t;ftory, 

v 11 ,in '..PV' 

(1) y consist. only of plChatt RTR<--.->. end 

<2> For 111 ..,,, tt.,,....., of ~r• • l •ta. 
"• ·, ., . ·. . . . ... . 

....a.r Of R'J'.R(Mtclr .~):) -~ v. -
(3) For Ill - ~!<. .... K~ ~Un Y, if it ...... if-RTR(eddr,v81) 

where l•t WRJTE(lddr,-) in)( before.~cllMCleddr) In X 

It WAITE(addr-,vtt) ftlUChaWRITf(lddr;""")ftlttt, or val • O 

Jf no WAP'E.(addr,-) •xit.tJ,a..,_ . ....,.,IUlX,-drlin X 

The ~~t·"'~ ._ thl Af:#lf'l)',~ •·datJ1;et....-,ift •RTA ....-1 is 

the d•t• in the memory (thtt II. the daialtl·U. ..... r~·YA.¥~ ""'"'"·••na that 

cell) at the inltent c;»f thl. ~ COIJMftnl corr ...... to U...91ll . . M .u. J..,.. the RTR 

pmcket is sent out, MOther WRITE ~.lllilht tNMt•.-dY be9ft.r....-. •t .tNt WRJTE 

will h8Y8 no effect on this RTR pl!Cket. 



• 
£111 ... 

output: 

•• t11ll2111t•·6'1t .. ,.....4llll.fl!.._ nl•'-*E•wncli:henlin& 
tt. .... ._49'2_,t , .. ._.....,.., •• 11••1 ..... ut...thlthvlilue 

lbeNd--. 

....,.. ...... •••-••bnutft • ,., • .,.il .. ·•uH 11_..:: . 

.._... 'W.at•tcC11111J 
(1').._ ..... 1 JUS:d--&lll• .. ~tllf•· di Clt'' ...... ly • ..... ......................... ...... . 

,•r.t.·a c 1_.., .. ....,_,.._.._ ••• :ift,m••.tiatt'f 
.__.._ .. --. •• ;.111a•1:A1l£111 a-...: 
6lt __,.' !1U11 ......... • I ...,,, Fill i 11111, 

................................... in ..................... , .. ,.,. ... ,., .. ~ ........................... . 
..... ,, d 

W.•ll•llb'lltt ......... SF •• 11 ............... onithe Memory be 

inatenteti11•, • :&t 11 ifllt wry Ulillfd •w • •11rt11* •11rdia1r ef h .._. twtween 
a REM .-•t _,._ _. ...... _. •ull. .,._..._._ .•.•. _.. 11Mt be the 

conte••' .. 'lltllti.,,._. ... ...,. •• , ••• flUbt4t? ,,.. .. would like the 

.............. _._.._ .... cn.•y .... 1119Jl11 '1i.i ..... ih.-REA01RTW 
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SYSTEM d (purported relllzatlon of·'....,> 

(1) When • WRITE COtNMnd comes in, write the word of memory instantly. 

(2) When a READ ~end ..-,In, 1ut the wsw,READ<addr) in the 
,• . . ., •-

Pltndina Raad Buffer <PRS>. 
(3) Tlke ...._ .. off tt- PR8 at e,. time tnd 11.!bject to 

the 11me restrictions•~ ...,v.~~ ._y. 

"'81S••.it ~...PY .removed .• the . .,..,.:.t, flFO~ 
Heh address. When the,.. ..... ~-},if, t8Mn from.the 

,. : ~ ' ;,·- . ·' 

Pltndina Read Buffer, t.tch ttw data from ll9fnOry and forM 

• ........ RTR<•Mt->- S1tn1Utw tatter -~ 
Finished Read .8uf1'r (fR8). 

(4) TIM .......... off the FA8 1t lftY· time lftd in any order 

subject to ttw -... r•t.rtc'IQnl • w-.., form a RTR . . ._ ' . - ~ 

P8CMt. end Mnd It .. output ~ t"9 t~ 

This lmple"*:'t•ti9n -, ,!l2l r•oll'29 f_.. . la t• t*IMat ti• araph after 

ttw •flnitlon of t....,, ttw fh:at ffR pac~t .Mbt a.. v~ .•·•a.# this m,1 • ...matien i• 
"'9CI. O'he eec:ond RTR pllCMt wlH lllway1 have data vllw 2.) 

W. tniaht like ttw system to tlhe even ~' liberty, by. pedor.,. Nnmry 

writes,• weH •re• whenever It withes. Such'"..._ • ..._ ..... ._ n follows: 

System e3 (purparted relilzatlen of f ,.,.J 
(1) Whan a WRITE pacMt CONS in, put the 1111111• WRITE(acldr,data) 

on the Pendi"I Write IMfer .<PWB>. 
(2) S•• • (2) in System •2. 

(3) Take mea111• off the PW1J tubjfet to the..,. rNtrictloaJ 

"before, Ind write the data Into memory. 

(4) S..... H (3) In SysteM •2, except that there Is 1n ldditlonli 



·• 

• ....................... ..,., ............ . 
•••rp.1fa1111•a..t._.. .. _. ....... . 

C9lS..•44lifti9t1•111JC ' 

'TI'lil'•ftll'•r•..,.t....,. llll1silt ..... lilllt• el and Syst•m tt3 ~ 

,.,._ f_.tt ,...,.,..... •. __. ..,. ... .,. .• J .. '..._~._. . ..,.,.,. tr1nMCtions 

... ift ,..,..,_ ...... , ................. us .. , ......... aim paket must have 

been received for ev•ry AIAD·,atwf''aM ldd:W ... ftl ,_... "'4. · Fortun•tely. tt Is not 

clfflcult to ..,. ............ N-1Pl:•nt ii, llllr It II•_, •··l•a ,., .......... fWtetioMt 

spedftcatlM fer ............ _..., ..................... . 

~ .......... .,.... ............ ... 
.,... ............... ;·~··· . ., ... .. 
............................ ., ....... Yer ... 

It...., of -- b9 .._.,·u1ll•• ..,,....,,. ht; in 0,., for• rellltzation 

., ,...., .. ..,.. ... ..,..,.:,...;••••rr .,.,....,, . ._•ifflut• 1 .. feet, the 

... r of • tystw111 1t11ut• ....,. • ,_ ,........,. •· I• ~ n fllOUible. Such 

,.trid,IM cM· ,._.., • 11111ifllit -, ,...,.,. ...... ww· ,..._..,. nondeterminate 

func•1t ,.. •• ~.,11111·.-. ...,, ,_ .., .• ;.-...-.. Wnmtt ........ specific.tions 

............... , ......... bUt ........ of ....... ~ 

The ,..,.,. .. nt that NDMEM'• ....,. ftOt tend •WRITE c0ntmand when any 

AEAO/RfR tr_,...., .. ift ,,..,.... CM be Mlf tty ~· I 'fit ....... the followifts 

nondet ......... ,. ... , ........... ,_.,. 

, __ 
If V • Input thtory of USER Ind >C • output Nttory, 

(not• the ...... of m,ut ........... that x ... y 
f'9fw to ....... ,..._,lb1a1• ht_.U. ., .... • ltt ...,) 
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then x It lft ..... .m tt 
U) X ~-~ p ..... lfAIJC ..... _..WRI,.....-). · 

(2) For Ill .... for llW ......,..,..)ta l;th:nlliwtOt 

~) .. ;pr ..... ,ftlnJ; .. , ............. 

. of· RTR(tddr1~) .. ln:Y. 

The function •,..... ts e8lily teen to be N>-monotonlc. Thi9 Is becw the 

rntricttona on the UMr~~,o,uttauli,...·becWW.......,.wr\' mcrenes. As Y 

........_ "'9 Jnlll,I~ ,..,....., of -..1•*11:1111111•1w 1t:'tt«'4 S U.''ntiMber·of 

RTR( ... ,'." .. )•s In Y- "9Yef .,_. . .,.,..tr• to Wlei; ...... w tff\1qtit .r.ye -~•not 

-~-· (If""·~ .................. ., ......... i ...... Md 

While s~ 4'3 ... not ,Jty tt.lf· ....... ....,: ..... , .......... if 
connected to• mer that realw f...- To prCM ~the IMportant step is to show that eech 

READ<•> .PIC~t:~~ 1,~f~·~- ..... d. by-,ttllt •st recent 

WRITE(llddr,-) pecMt ~ .. tt. 9vtn ~>-fllMUw: ...... allW'. 

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

pendi~ WRITE(~,,('."'.). -~s "'·''" ·-~--le-1t,1J~,, .... _.-...,._... recent 
WRIT&eddr,-) ..... in ... """' ....... hit ... ,.... out of the PW8 end iftte· , ... 

... Mi'Y unit, so Ha data It In •mory word !.dE: If there •• WRITE(tddr,-) PICMI• in the 

PWB et ti' the lllOat ......tty iMerted pacNI t-.. '- ...... ,Ill,._._..,-) pacut 

.In the Input stream. Therefore, lettlnl 

o ... <n. tf there ts IUCh • pactwt 

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

we must show thtt the.~ to ... .-nf~MkrMlt-tn41:11m'.,..t'1' e....;<t,>. Lett, • 

the lnlt"°''· when.tt. JUQ(*l ,...Juvel the~ ,_.._...., tt.il 9 ..... tt) dr:Nis not 
ch ... from. to to tr SI,. .._.....,);,.._ .. ...,.,ttw~aM; iMlt.'Mtft the user. 

Since the corrnponclns RTR(addr,··> plCMt hM not yet been ....,.11ed by the 1yatem (and 



woni be untff llftw t1>. '1 ... Ml ...... rwl• llv tllt ................ there la a READ/RTR 

tf'enaectiOft,....... oa Bi!:, t0 U....., is not ••••• _. Wtaecldr,-·) P•cketa. 

Therefore, wNdll• 1JYm81•,... ..... lit .. ·1119 la ,.,,I tt .. ·thy youftplt II '°"' -.............. , .... __ .._._, .. 11118 ... -> ,_.... in the PWB. 

o...., does not-..... ,. ............ !!!'••••t•,~ ..... ifh PWB, o..,,. the 

conleftta of •r•ry, which .. ,_, eh ....... lllltt•• ..., u i srat ef a WRITE(addr,-) 

P9CMt ft'GM h PW9 ._ ••191 h ••t. of nu 1ry WWd at: 

tNN: aa•• tr-IMl1• .._ • ........,_,_.... in the PWB to one 

or mor• , ...... __ .. .., ia111t · 1111 .. ..,. 1lliJ •••••• C8t to eonakSer Is the 

clseppe•MCe9' tflJt ........... r-+,....._ .. ,.,_; YNt·r*lwt la cleerly.the 

younpel, .. o..,..c;.t·~···••n·-· .......... ~-This ... is written 

Into ••O."'Y by ,. 3 of "9 •••....t..._ D...,u.t ...., ••n••m> • data written 

into •WY •tlillleia ....... M ••111-•M "'1a•r•W..i;fto> •D .... (t1). 

At tt.a t1, ..... .._•Ml••••>,..tre.,..tt.e ,.._there are no_ 
WRITE(8ddr,-) pu'11b 11t•Nt,11¥f'ilit .... ,~ ...... ...., ,.,.,.... D....,00) • 

D..,,.ct1) • CGI ... ef MIMlry went !91!t. at tr lut .... tt. MMXactdr) pecut la tllken from 

the PRB.·tt. MWry .... ,..., ............ t ..... ~~) pcket in the FR8. 

Thet ................... , bnlllt-..fto». ....... ...-·..rwiMnttliiy be returned 
tohwer. 

TW..Hr•• •'*•••..,...,,.....It: 

Whether or net a &Mtn iMPl••nt.U.. ef a ..._ realizes a 

aiw• twt• .., •••• • .._.... . .._ .,.._...._ user 

rftllw-. OU. •cifie fUMlioR. 

There iii no wey to pt around this fld, TMre: .... lyfte11t1 that correctly 

realize UMfvl functionl . .,_ co.plea.I)' ._......._ ~•>' .,.._,.eoft.iecfed to systems 

that obey certlift ,.., but lllllllw lft .• ......, •a1ti1t1•• ....rwa.. Furthinnore, the · .. 
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system often can, tell whether the -..er has broken the rules. In the c ... of system e3 

eov., th\I ·~t• .WDUlct . ._. '-"'.Ible to tell .Wllf\ •· Wiii .... , ..... , pecMt ceme in 

.._ • REAQ/RTR .,.,.. ...... ._ P••• •wrd<!fli lllut wt,..·1:.- the system hu 
no way of Jutow .... ........, itt UIW:il ~b•t.lftl. 

The .structure controller wt p.ecMl ....,y ••;for·• ·41ft How ~r Is 

such • system. Perhlpl the MOit fMpOrtlnt exllnple of the structure controller end memory's 

d9pe~.·O!" ti. llehmc.r of>their.., ia·~ret---cwt11nd11rbla• collection 

proble~ _The, r~ ~.'t.hll Ul,tf' (i.e. tt.-. floW t11tr 1hr)_. o&.y lft•orcfer to assure · 

correct reference llCCOUntlnl •• • follows: 

(1) No pointer to I structure may be duplicated without &ivi"I I 

CotnJllnd .. incr ... 11'}.,fll.MI CCIUM. 

(2)_No~to ..... u.,...,,.... .. .., •• 1ven ...... .,...,.fllc ..... 
n... rules ,.,...,t .. that thl reference COWtt for 1 -node is et leltt ·n amt 

•the...._, of Pointers to the,.. contlined enywhent in the COMpUter. (Actually, the 

,.._ -6'.lpe ..e. ... the,,f....._:count ll:•"'ll .... to .. U.·rlllllllir'of,'91Mer1 to the 

node.. ~wr, t• "°""' fQr '-• •n,.,..._.~ •. ~._. eUi1l111·1tracture 

f.U. to"·~ Md ""*MmOfY ..-..> 

NDw '""°" the CMPUter (ttt.I la, the ·tt~·contron.r-. ericf. llletnOf'y's 
user) viol .. tt.. r1lle •t . ..,_ h ,.,.,_..c:omt to 1 ,C1Cilllll toe IMlll. Ev.ntu•lly the 

refererq ~ may_.~ ~ro ~ .,,,.... to tllil:iftOde stllt•,... . ....,...,.. Wften 

the c-...1 ~ to '8fe.oth9 ,..orv. •P'• redli• th9 .... ~_. ihlft'tfwllll ef free --. 
Two po11ibilitie1 then arise. If 1n Immediate atte1npt Is made to use the 

•spurious• pointer to the celt, in a SELECT Instruction for ex....., the structure controller will 

send a READ COMIMnd to the ""'*"'Y· The rMlftOl'Y will know that this ts an Hlea•I command, 

that la, ttt.t the user has viol.ted Its spedflc.tlon. It c11n then sl1naf an appropriate error 

- ·--·---



.................. the •• , ........................ ht and used by 

the 1lr~c11a ,.., ._ ...... _.._ ......... ,,, .... .,. .. pointer ii Uled, 

there la no •• U. •••r'f e. t.I M • lllR11l1 ._ ••-- ft ._ • choice but to 

llail ill lllll a '9W 111111 ._ .. ._,•11ut1r ltlllt • ww to check for errors 

in the._ .... el 11i1r11111 ......_ MIMlrdt el ......... •acil'IHI M fiction 9.0.6 • 

.... I ay•1• ........... 11!1 I QIM .. ik ._. ........ fUIER, which tt. 

UW' ... ., ...................... ' .................. ...efZ.ttons 11etuelly 

OCC\W when the twe Qlh I .. CIRFU .. lt4irt ........ ii. ll••tr that hy could both 

vto1.te their •••citlua·1 ......... W1•ll1 .. ...., Lit._•••••• I• T. Eeeh Is .............. 
JI w ritllll'n• ._ ._, U...,.. t. a ..a --of Yiol.tion. That is, 

thereis•....._. .. .._ • ._.._,m11tfwM, .. .,_ .... ...,SJ'1'111' .. 'outputhiSt0ry. ,. 
'Jhieh ._. not leply fellow f"9 Ms ...,. hatory.- ._. II • ....;, tewe.- sfi&ht {even if 

It Is only ........ c..- - ............. ., •ttric ................ , in t .. behwior 

of S. l'h9r...,• , .. .....- hittl.'Y It..,,.,. .. •·1'\ ..,H...ry ~ before t
0 

, at a 

thne whM T ._Mt w•mti111l1••1 ewt..._'lt ........._. T:Mn if S .net T 

.both~ tt _.ct• u. ... w, ...... 1:s w T.,.._. ilMllut the Malfunction of 

tt. ..... at ............. -- ........... - .. ...... ff ...... that~ tt both 

sys.._ cendltioMly otaey .._.. functioMt .......... they will aM)' tt.eir ~ifications In 

prKtice. 
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W. now IM'"' ..... ot. how, • ....._ i._ hMCtioMI apedficetion of • 

ueer. Suppoee t._ l)'lteM MEM hll .. tnlctlYe retdout, IO .thlt it requirn that the unr 

rewrtte eny dlta thtt it ,.._, .. l•P•• _...,,._..,.~.._ff',t._ !llM dat• must be 

rewritten, Md that It lllUlt be .._ -...etely, thet ii, no other tr......_ NY teke piece 

et ,,._ ,-. ............ tbf.:,_ -and • re.,._• tfar• II en•ftetnpt at • function•I 

.epedflcatian for U9at ..... VSIR ....,, ·twtw• ..._.._ ~Wt9Fun1Ut relilMli thli RTR 
' , J:·.·~-- • 

pec:ut, we wfll require h rewrite to be • conaequence of ,._ RTR. 

f ... 

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

For .n llddr n ft.,;¥ te.;l"tml_.) _..#t:Y, ... 1"'811dfJr,date), 

tben U. i'9' IE.U)(lddr) .tn X It t~1111dl1tei.,1111._.e a. X lly WAITE(llddr pate) 

lWortunetely..U. doM !!2f. .....,.,.. U. wer--te wtlit fer h RTR pacMt efter 

.. nc1,.. lfty READ, not ..... lfty .... ,.. .. ""'" the .. ,~:i,.. ............ wet 

Mlahtlend 

(READ(!) I REA0(2)) 

· l)ttil h RTR(l,data) pldwt COMH back, the user Im not broMn eny rules. 

When the RTRU,cWa) ... CON beck, the UMr wiH have retroactively broMn t .. rules end 

be UNlble to do lft'/thina ebcMlt it. Since we would HM to liMplify • lllUCh • possible tt. 

tuk of provln1 that 1y1tems obey function•! 1peclffcatton1, we need to make the 

speclflcetlonl raft.ct te. types of dldtions thet •YI._. M8M In prectlce. It donni meke 

..,.. for • 1ystHt to perfornt 101M operetlon or Miit .._ rMUlt pacMt on ,._ b8111 of en 

Input packet !!2!. hwirll •rlYed Ind not .....,. llbout to wrlYe, IO f&aa , n liven mbow, it 

urre9IOnlble. 



._ ;pc lbl•• ,fa tthet \lfURI *9 .fllOt • ••••ftiic. ·11t,... ~. refer to the 

notatlon:ilr*-4llflllllllDlllld• 11•u•l1 ,....,.., .. ,,.,,_ ·" · ··· · ··· ;,,"',,, 

..... Q t fl, JC ii inf_,) ... , • .,. ... 1R11•1£• '~for ........ 
REMXU~ MIRllidiil .. ·1-lllL1'1illllf uat._Wlff .. i\iiiJll ••ta·!!«. 

.................... 1,ttw.1•--·d~·-~Jf,ft ....... 

·r· . ib• alllll•t,"1Gltl•d•il•-&•s•..-
. :·tf "._, •• ,..«u bdat,-,J11n tt .., •• :Mlledclr..ctat•> 
· lllltliR.C.4fJh1•til•ifl'-1*11r·•Htt·~ 

Thilita..trw••• •rwllntc. 



2.2 PACKET ACKM>WLEDGMENTS AN> SAFETY 

All of the 1yatw CGnlic*tNI so far. heve W to retP!Ond to incomin& p11eket1 

however f•t they were •nt by tlwlr ...,, tnd t...,.;.,.. AD litlit.to the rate at which the 

..-er could und thelft. In the first Implementation of MBA, the nwmory unit h• to accept the 

COINMndl directly, and hence - to .... It.~' '"'"''I' $)Cit• .a. implementifts 
NJMEM. ... 1 llilht lmprowM1nt In thlt It only NI to put the comMndl Into It• buffers 

infinitely qulcWy, ufttH OM retliw thet unlelt the lllMOl'Y unit .itulf is inflnltely f nt the 

buffers have to be Infinitely l•p. 

This is clellt'ly WMICC9pt.,_ no intef..,_tion of speed-independent .modules 

cen malut such ~ The problem ~ one ~t !!f11x.. NI pKket ·IHV be sent until its 
destination is rndy to receive It. The safety probl9M arl ... et teYeral levets. in ct.ta flow 

COMpUlen. Hll'e we •• concerned with It only ti It•. mott IJlct.'OICQpic level The solution to 

the probleln is to KMowtectae Heh plCMt t~.....- That Is, for eech port transmittina 

ct.ta, there is ....,. port tr..-ttmc acknowledp packets in the opposite direction. Every 

deta SNICMt nut be Kknowleclpd before the next deta _.., can be sent on tt., same p0rt. 

We will rwquire 111 ports of !!! 1yatet111 to have such an llCknowledp port. 

(Even 1yatent1 which would be slfe.wi"'°"' ~ports will hlYlt them. 

This is becw of the ....,....,., in which padwt1 ere tr.,.HecL A ~t trwmission is 

lnclc.tecl by 1 zero to one tr.-ltion of 1 •r..,..t• lipal. Att ~ li&MI from the 

receiver It needed to tell the trwmltter to r ... t the request siplL) 

The Implementation of the system MEM may be modified to acknowledae Input 

co.nands only after the tr1n1actlon on the actull memory unit It completed. This wiff make it 

i111111os1ib9e for the ... r to •nd 1 command while the memory It busy. Of cow•" ttw output 

port must lllso hew ecknowledps, since the system to·whkh the··RTR pecllets are sent nti&ht 

be slow "1d need to be protected •ainst overrwta on Jts '"'ut. $o U. elprithm for AMEM 

(MEM with ackno•leda•> lftiaht be: 

( 1) If 1 WRITE packet 11 received, update the memory (t1ke your time I) 



• 
............ k, ... , •• , ............. , .... ,,.rt. 

(2)1f ... ,..... .. , ..................... , ... ., .. .. ............. 
<a If ••,.1•••"'1 llPF111hul • .. ...,., •n••• .-t • 

.................... 21211 ...... ' .. 

ltas d11l11t.ef ••1..,tlfl1<,11•ttlll•••·-- 11 tr.-.11on of 

noru ,.,.._ --,••1111• ..... ..,,., .. J f1RuUllln ., ......... Thet is. 

the ........... _ .......................... , ............... .., ..... 

.,...,...,,J.t• t- -··J-Ul ... W-~--·-,_. . ..,....,..X 
_.•••• •• ••• •r·t_, ·••••· •1tJlllr'W11r...,._..:Jlliff"...t..-..,. .............. 

U> IYI • n••''' et ,...tn >e 
(l)Y

1 
•MMb •. _ _. ........... )( 

.( ..... ,, ............... ,.., ... ft, ....... 

(3) P<J• IVAI ........ , Of:--.mx 
(4)6(~ •• -... (I),,,. s IYt"S "~ .. 1 

C8t ,.. ... l :S "I'~" 

n tt,-v • .,....1hlt h'lfwttl11,11 ••*' t118i1,,..:.. Cf), <2>, C3>, anc:t 

(~)oft..,. (It is .ary ........ to MIM.) Pam Ml, .. 11111·-••-• tf'8 -stMdard 
Ac:kno• ds• AMtrtcuan• that we wfft .......,. !ti..,. ... .,. !I 1W* to -..,. 
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Stll'ICWd AcknOwledp Aettriction (S.A.R.) - weak form 

If )( 11 81'1 lnpµt port encl )(A 11 ltt ....... JIOl'l. 

(1) X6.~~-onty of ••• 
(2) l>CAI S P<I 

If Y Is en output pprtnl YA II. Its ......... ~. 

(3) Ms IYAI. 1 

rlwn that 1 ayst• lftd lt1""' ._.h.._tt)lt,.- form oft,. S.A.A.,.we c1n 

•llily show thlt they obey , .. foffowlna: 

If Z it en input or~ IPOf'i end 2- it llt ,._....,.._pt,, 
(1) ZA corllllta only of •eek• 

(2) IZAI s Ill s IZ"I + 1 

Proof: If Z 11 .,. input port of the system lftd., output port of the user, (1) end IZ"I S IZI 
follow froM ,,. SAR. on t,. system Oettlna Z • X)S -'J~l~,t ,_.. ,,. t.,.SAA 

on the ....,. a.ttmc z • Y). If z ts ., output port of the 1y1t• end .,. input port of the user, 

Just exchMp •ayst•• Ind '.'--·· 

spedfic•tfon. 

In MY proof' thlt I system , ...... I function. It 1Ufflce1 to •how that It obey• 

the welk form of the s.A.ll contlnaant on It• ""' obeyln& ttw 1t,.. form. 

W. c1n now prove that AMEM rellffzel pert• (5) lftd (I) of fAMEM, that la, the 

S.A.R. In strOf'll form. 



• 

Flrtt, ,....., ., .... "'x 
• ....., ff ....... • JCA lft .... _.,.. flt' (t)flf WI ll•••:tt.tlon 
• pc~ ... .....,., - ....... "A ............ .,., . ., ... lillJtl...CatiM 

.. "•' -,,, 
M>wM•....,flt ... lltX 

lit pq - """"'*'. ......... ., ......... 1111 .. ...,, 

• IX1 .. "'•' • ,,, ., .... ...... 
~ IK# • 1 •lllJ•ffJ ._.,..,..,_,, 

:. fYI ~ IYJ +I 

Aleo IXJ • ,.-, flf ....... x •f'J fdlet'*1...., 
~ tu:•er ef Wll1lt la JC • ffl ,,_MA,., _,, ........ .,...,.. ........................................... ) 
•pcf 

Sine• the St..,,.,d Ack'""""- ffftttictffHt fWttwfy Ha.tis the way 

•llnow.._....,.. n .._... ift .. ful1J11:llt ••••...., ef •.,.._.,It ti not '*'"""'°" 
for •,...,.of - •••II• ,_.. M lrt • ..-,, W'llt W. fJ1Jt1ltn•11tlltioft of the 

•Y*feM. ..,..., ........ ., •• IJtfJllH•ltllll• .. IWIN _, .,_, ......... in ht 

1o1o-.w.,: 

-----··· .. ·--·-·-·· ----------------------.-------
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c.nonicll P1ehet Alceptlon (RCVPKT) 

(1) W8it until a pac:het has arrtwd on the input Port (it Miaht have ••ady arrived by the 

time this 1tep ii encuted)I tw It• det1 

<2> Send '" anowledp tor it 

(1) Send the pac:het 

(2) Wait for an ac:knowledp 

The•• operations will eppear in tt. •v•htM -fMpleMntatlon l1n1ua1• 11 

.,unctions• that taM port """91 • ....-.nt• end mppear ilt .... NilllM ...... ntL The data 

conveyed by the :- II t,_ content• of the p1eMt. Aniarnent ......,., .-..,. these 

operations .. HM Input/output operations in ordinary computer prosrlMI in that they "hMs 
•• the procr- ...tH the packet communic:ltlon h8a tlMn pl1a. -Var :- RCVPICT(port)• waits 

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

expreuion• wllita until tt. trlnlllittecl PICMt '- been ac:knowledpd. Pr01rama mey UM 

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

by two proceasea on t,. ...... pGrt. 

It ia eny to Me th1t 1ny implement1tlon uains th9 RCVPl<T and XMTPKT 

operations obey1 the Stendard Acknowleda• Antriction. 

Systems need not u.. these cenonicll operations in or*' to be correct. For 

ex ... , thet Implementation of AMEM liven previously did not. That II why tt. proof that it 

obeyed the Standard AcMowted&e Antriction W• IO complicated. 

HBre 11 M iMPlementltlon of CMEM, 1 system whose behlvior is aimil• (but not 

~ticel) to AMEM: 



process starts at A 

input port X 

output~ Y 

array memory init 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 

rnemory(addr) :• d1t11 

soto A 
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. 2.3 LATENCY 

CMEM •nd AMEM beh•v• cHfferently In • 1ubtle ••Y· Suppo1e the u1er 

tr1Nmit11 READ packet Ind then refUlll to ec~.t•"RM~IMICMI that results. AMEM 
ref mes to llCknowledp the orislntl READ. Ind the entire 1yatHt con..•· to a belt, •Ince the · 

uur can, und enother COMNnd .PICMt W1til the prevloul one w11 ecMowfedaed. CMEM 

mcknowa.cls•• the READ ·P8CUt anywey {lt.~;--•tiutl~·· .p ... t. of the RCVPKT 

oper•tion). It then refUMI to ICknowledp MY further comman4, ....... until· t• RTR It 

mcknowledaed, becaute It 1•t1 huna up in the 1tatetMnt "XMTPKT(Y) :• RTR(addr,data)•. 

CMEM ~ • thouah.it .. ._."9ul......, ..... ,.of,storiftl OIW pecUt. 

,._,; 

'1'hit ..,,.,._ ..... Jtt U. fuNIC1111l 8'Hlftcltiln. .Una 2, 4, 9, tnd f ttf . . 

ttw apeclflcetlon ot r.., Cteetion UJ 1PP1Y te O..·lla UNt.1· •a .. tlfferent: 

U> IVI • ~ oJ READI. tn x 
<3) IK"I • IV"' + IKI - ........ oJ .IUOa In >e 

(

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

U> 1Y1 • ot < IXI ~ 2 Ind IV"' ~ runber of ·AEADt 1n oc - 111t pmcket» 

number of READa in ()( - lest ...-t>•---. 

{

IKI if IXl • o or 1 

C3> IK"I • or < l>CI ~ 2 Ind IV Al ~ ftUlftber of READ1 in OC - l•t ,.ut» 
.P<I - 1 otherwite 

Thia lffuatrat .. the feet that correct enalysil of the latency of • aysteM cen be 

quite complfc•ted and requir .. c1reful enatyail of the ... orithm. 



,,_.,.., .. , .. ,., • ._t,,..n·MIEM_...~.,.._ if-t-he user fails to 

anowtedp .tl·frM -·fJ•••s, ·1tt1t ., ff ·f<al • 1'4- .If 'ft•I • f'L,._. ._, 'Blity 9how that, for 

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

'O'o-1'fl994*1M·~,.,.....,'1f.,_,ta,·--19(AI ·c 'nUMber Ol ~Os 

in 9( -·flllt ...... •lf.t'Ht~ 

·TM ll••111Y••"P•l•ttt'tt!fM11t11M:'~11tw11.,...11Mttt·caft Reepl ind 

ecknowledp.-..., .. -.,._,.t-....wco•wlil'ltlnd:tty tt...,; that ii, the number of 

pe .. •1••••r-i41.._.._.l I '*"il!f~<r·e 11• '4'1£ ldd'_..._ .... ; .. '1heir behevior, 

ttte c:onctlf)t« ... ,., .... ,,., • ., ............ •1· 
8'11 •• • ·whtch tt ·ctn 1111 ·•t1111d ii 'ttll :NFO. « ·flNt.fft..;ftrst-out buffer. 

A FIFO~ ..... ._ ...... _ . ...._,;Jltrta4ii111ilHt.nh:---liJIOf1 ..cl :one output 

,....., -.hieh NtlULS_• ... tllltly .......... •1J11D.1t 'lllL .-..fl Ji.lb ... it.·• ·User 

Ns •IU•*ril d1U1J •. ;h1.•11llltH111111111111y'91•f9iMl"ti ... ,Wis: 

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

•W,·•«1 
(8) ~ •1111ft<l{t1'tf ,:1'Al"''N'} 

A FR of ............ -~ 1 ·11ft 1ltll h•11a11tld -with• ... d *9 N and the ,.......,,...,... 

output I!!!:! y 



A: !!!!!! P " N B 
k :• RCVPKT(X)s 

store. k at end .Of queue; 

p:•p+lJ 

12!2.AI 

B: !!!!!P _. 0 B 
m :- Item tlMn front front of .-.. 

XMTPICT(Y) =- "" 
p :• p - 11 

1oto 8 

For N • l this a.con.: 

proceu t1td! IL A 

!!!!!!tat x 
oput e!!i .Y 

~p 

A: p :- RCVPKT(X)J 

XMTPKTM :- Pa 
1oto A 

A FIFO of latency zero cannot be lmpleNnted by any 1y1htm usina the RCVPKT 

and XMTPKT operations, thouah It can be 1.,,1e ... ntect wfthr1 few pltCes ~f wire. 

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

N yields I FIFO of tensth M+N. 

------·-----·--- ---------r----



._. qda111 ..... ..., ift "'* ltllwr. I ii •c.-41 ,_.ible to make them 

..,Wateftt by ..... f1fO's to •tom ,.m. ,_ u11, .. I .- ._ thown tt.t CMEM is 
Identical to AtiaM wtfh e '1FO el 'llalfh Illa ., .. ...._ If I ...... 1111 ..._ tt.f. every 

aysteM x ......... 11, ...... - '"""" .... , .......... , ....... flllwy Hf'O, then 

the lel•nc:r of ._ «i 11111 I ..... ._ .. M111 lltl llf W. ............... tMt would 

._. .. tie .... to .. •lta ...... lo ....... A 1•1•111 '9 It: A*i .... o Of Weftcy wo 

wNd NMt '8 .... wtllllt __. lldl•Wll ... 1 - ...... :llltlllit .... II ....... output 

pedutts hew ... _._. &tJ••tldle'd. M81ta _.a CfUILlrt, •Cea_... lte Aid to 

heft llttlk:J l - ....... ,.. .............. tlfllt. ... - ........... such 

8ft ~ ..... ·-···- - ........... 'Jltllht d ... lti ......... , • 

._ Miit .,.._ _.. wry .,.,._. la a. &111lp • the stn1Cture 

controler n um11r,, • _. • .a.r- ,.._. tft-. tlllw .. .,. ..... 

1'tl •Mt• ta• w•1st•• tftlD t:.,. ..... _..,....,...,which 
tr1r11111ts .- tftuea•11 ,-. ti ....... .,...., • .. ''"'* .._ .-. Mput must 
bape11111•dta ...... 11t11111 • ...,., .. _...,, • ., .... .,.,._.:;Mferent 
,.... it ............. N••lllt 11,11 rt•llllln I._.. •••flll • ........ ,__, 
...,.,,... ftral Aft nils 1111 NII 11 .. flltt .. flA db a, 4ft ......... •1•1t1 it ·iNlcated 

-, 1 •arlCftptt fMta•., • llltaawlpt: 

"* c.,.. tdancvt •tllrl •r •• 

If X1,JC', ... JC"n ...... Yll ...... 

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

U} M •Min<!_, ;JY~.+ 1) 
h't 

(I) v ~ • [lit), ~ ...... , " p.-. .... tn .... fYal ...... of y 
at • i •NIL tt Utt •ll\ ._ •••• ~~. ~~. · · · ca,· ~co• ........... .,,. 
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Eec:h lnco..i"I plCMt Is t,..ed 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. 

Arbitrators are. the nt1Jor .. ~ ,~, U. m:a.&tr._.,.,, ,~\f#k of ... the data 

flow computer. The principal "!! of t,. .-bit~., In. ".~t.f~~~L.~Y it to lllow the 
addre11 1pace to be dtvtded f~to utlll JtiKaa. with. a separate ..... ,Y 111odufe handlina 

transactions on each piece. The LOAD .p~t1 ~ b~lf. frR.• the several modules are 
· ·;' · ::i' ·,·, •·c .• -Y ••• 

IM'led in an arbitrator, IO that the entire Interconnection of modules beheYft 11 if it were 

one memory system. 

Arbitrators of nonzero latency may be dtfinld 11 zero latency arbitrators with 

various FIFO buffera on the wtt. Such .~r~. "'',.~ in ~ pl8!8' throushout 

the data flow COMpUter, but t,.re Is one place where t,. arbitrat0t:':•t have latency zero. 

This 11 In the tr......,.. of pacMt1 froM the ttrudure controd.' ~-1~ :~. When the 

structure cont!roUer raceives "' ....... ~ a ~ it "" ~t tQ t"'11nemory, it must ',': '. , -~· •' ! . !(~•o"t',fi·~;: ""< --. • .~ ;,J • 

know that that ~tit •act.'!' My olf19-r JMICMt•-~."9iaht.UllQl•ntly be. unt to other 

Input ports of t,. arbitrator on thlt,~ u":,fkJ'.t;f .~-wl,l bll·•~ in aectlon 
5.0.4. 

An arbitrator ·of zero latency MY be realized by t,. followl"- proara111: 

process !!!!:!!. at A 

!!Jm!!. 22!:!! ·x I • • . X,. .. 
output I!!!:! y 

X!!. p, Input 

A: wait until a pecut ii 1Yaileble on any inps,d port, 

let p :• thlt port1 

I this ii nondeterMlnatel 

input :• the pact.et on port Pl . 

XMTPKT(Y) P1 <p , tnput>i 

.f .~. nQt ~IH&• yet 



................ ,. 
11.!!A 

A ftttr!l!tdlr II 1 .._MIMI• tyt ... wMt fMI ....... and N outputs, which 

trWfnltt fneoMl"I ........ toh ... ,_. M11dM~ atlaita ..... tft h '*"8f. lncoMinc .............. ,, ......... ~ ..... .,,. ...... ,( . ..,.·.,.the....,.. field 

lft "'9 ftMt ...... *t Jtl ... .......,. r:tiltl• h -~_..-.na 

FIFO buffert. 

If x 11 ..,.... ... v•. Y2, ••• vM ... ....,.. 
CY1 

t vf, ... 'f'I. XAJ c f ,..OC. Y~ 'I. ... v:> If 

(IJ • ' • (lj#J, rtl • . ....., ., ............... tn x 
II 

(2) Pt.t. t ~ .... 
(tJ y I y J. ~ • dlla ....,.. f'tt,.... ........ fft ~ ... Ci,•-: 

promt lll!D.11 A 

llmtf.!d.X 
2Yllfl!r. llCJ!. y I ' ' ' y N 

A: Wiit untH I paeUt .. 1Wtt•t1 Oft '°" X's 
I s-ttwpacMt Oft ...... XJ fdlfllt ldlelOwtlldp~ 

111 a • craort • dlta>a 

lCMfM<Y_...> 19 .... ' 

tend IC:MNfidll •'*'xi} 
ltf.tA 



Distributors ere the principll component of the dtstrll>utl~ network of the d1t1 

flow COtNMiter. 

An alloe1tor is a nondetermi'nate. veri1tion. of f,~i•lributar which transmits 

incomins peckets to one of severll output ports; Eich packet it Mnt to~,•"1 oµtput port that 

is reldy to receive it, that is, any port that h11 1eknow19dsed Ill· previous ptckets sent to it. 

An 1Hoc1tor Is normally used to "~ ,~~t'., ~. ~. \•'~ of)~fl ;.,., ,mways telectins 

any unit which is not busy. The structure control"r of 1 ~ta flop, ~er will typically be 

r~allzed In the form of seveFll ldenti~•• units in order· to inc.~t,,. ~~hput. Oper1tibn 

packets from the lnatructlon celll wtll·be sent t~ .• .UC.C~.~J9J".1tr.uctur• control units. 

(In fact, the other functional units of 1 dit1 flow computer wUI M,htn41. p.. UMe wey.) Alt 

N-output 1Hoc1tor realizes tt. fotlowlna function: 

·bulc (m111imlf l1tency) llloc1t~ fMLOC 

·r . ., 

If )( is Input .Ind yl 1 yl, ... yN .,. outputs, 
12 ...... 12 uN 

(Y • y ' ... r, x,.> c f AWIC(X, y II y 11 • •• TA) jf 

N 

(1) L IYi • IXI 
I • I 

N 

(2) IXAI • min { P<I , N - 1 + L f1t } 
II • I 

(3) Y1, y2, ••• yN are disjoint subsequences of X 

It m1y be Implemented by the followlna proaram: 

processes !!.!!:!. 1t A, B 

. Input P!!.!. X 

output l!?r!! Y1 ••• v" 
queue q !!!!. Nin!!. U, 2, ••. N) 

~pop mit.N 

A: wait until 1 p1eket Is 1Y1i11ble on port X; 



• 
i:-u. ....... .. 

k:•-iteMet ....... .. 

........... i, .............. ~. 
ti!!!•-·• ........... ._ ..... ,.,, 
1!!!.As 

• .......... ,,.,.. • ., .. .,,._....,.v1_, ............ 
t ........... . 
................ '"-.-tYl:1 ,..., .... ., . ...... ,., ... ... 
The tMlk: •titer pen . .-,. ... _. ..,_ Wener .,.. In the MMe of not 

~ lftY......,. _. tt.e ,,.,.., ...... ._ -------~ - such an 
ett.,..••• ..., .,.. fh9 .1ln...,,.. ,...., W. -.••....,....,. daes...,,. the 

1111n1 .... ....._ .............. 
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3.0 TI£ BASIC MEMlRV ~ 

Jn this section a foru specification of. tt.-t ~ ....... W' will. b4t P,en. 

MM Is the f'8'1dtmentll ~-,~ .. Qf U. ....... ·~ , ..... Wtl,MM .,..,.. a 
, ~ . . ' .. -, 

addresses. To incra .. totll information transfer rate. the address space of the entire packet 

memory syste111 may, - div~ Into.__. ..,_, .Jrith .w.W411Ntlw..,... each piece. 
' ••• ' • ·.: ,' • • ., ·- , >-<. • ' "• 

The MM unit1_1r.- ~.tbf'O,UJlh~rllof•.-.1d,~-"1d.for,_,,. 1yatern which Is 

Itself an MM.. Thlt II ,_Jzont_• ~-U• --~·-- ..,.....,,, ... in 

conventkNI ,.mory •rst.- To ·••••ttJw .,,... ~ "-'vilMll tr.nud'- • MM unit 
~ ~. .. ,,. - -

may hwe •cache MOdute ~,~_,.tp .it. ~1..,,Qj .... ""9'toi1t..:19il..tf en MM. 

This 11 "vertlc11• C0111P09itton, and 11 quite 1IMll., to the cache MMOrlH found In hi1h 

perfor.nce conventional computere. 

MM. htl one ~·port Q4)I (~co .... Ji)j ,.....,.,~ i,....t. from its 

UMr, and OM output port RESO C"relutt outi returnina rHUfts to tt. UMr. TM memory 

spece II dlvtded Into... ~.all&Clw.J¥•~ tlf,,~ .. rchqlbly), each of~ . . . . . . . . 

~ to one node of 1 etructure. E.,.,y .. ......., tnnat..,. refers to one word. and 

every I~ or outaofnl packet bur• the ...._. of that word In it• address field. The 

IMlllOf Y spae Is tt. 111119 lize • tt. .. ..,,,... • ..., .; U.- Is known to ttw user, so 

there c.. be no "nantxlstent lllMOl'Y ~ error. In most IMPlelllefttetlonl, the memory size 

would be if where.1111 ~,ffll4--.w ,.....itNilitl. 

Eech word in the 1Mf110rY containe 1 data field and a reference count field, 

which ere used by the struct1P conb;C,allltr • ..,..iMd,,ft,~ 1.2. LOAo<*> .and lPD · 

Packets hwe correaponcimc fietck. Furtt.,-., fiJ"*> .. JMCtclltd•ve a t .. field. which is 

returned WtChlnpd In the cor,....... l.IJN:J.*> pecut. 



3.0.1 LATENCY AMJ NTIM. MEMtJW CONJIM'S 

The ............ of MM to bit liwn Mlliw ... not - anvthinl Dut l.tency. 

This .. becw W't .., t. """*" to tlCinowltflr Mf'Y ,.... p1eket. When this 

'-"'"".., • ICMlw41lllJI 8WfY eoMtftlMI ,_...,,....,_.fl whit its 1ctuel lllency is. 

Hence,-.•••• dlrmr•n ef YiPt ........ It -•tiav. 

lftftftll fMtlMN'y eont.ftt• wHI lflO be left .,,...tfiecl. Jft the functlon1I 

specificlttorl of • ... ...,.,, the .._,.... Of inlUtl ...,.., .,... lft the stMdficltion of the 

sytt.M•e reaJI • '9 •..,, cMn•Mt itllt W. Mil lllf•U•• W 1 Wll1!. The .,.edflc.tion 

of MM W ., .... thlt tNlt ... Mt eecur. lft .t --- flow GIU'1uter, • fr.e stor111• 

list wit ..................................... ,. .. ] .......... Oft ewry cell 

m+<llddr, , .. , 

Cl.R(lddr) 

("fetch">,... ... 1ddl .................. "' 

l.M!PC••• • ..., ,.,, . ..., 

.............. , ... ~ .... ., ..... NtUml 

LOArf(lddr, .... "'· t11) 

rm· " tht reference count !DE. thl lncrwntl 

•er••••- ,.,...._tolMt lfr .,..., ,.....,. 
l.DM .. (Mdr, - ,.,, ...,. 

(•cteari wilts untH Ill F£T flJ»D. FEr /LOAD+, lftd 

FEr ftJJNJ- trtnHCtlofts on the lndlc.ted word hlY8 



UPO(llddr, dat1, ref) 
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("update, wrltn U. ataand .reference count 

Into the addressed word. It returns no rnult, 

and hence uses no t11-

MM Is nondeterminata n was the ex.-,le mHIOry NDMEM, in that result 

packets referrina to differeot cells are not c~r~ tO,.fPJHJll' in the same order as the 

comm.nds thet 1ave rlM to them. MM II f...U. ... ertninale in that lt tmlY ,...,,.,.. 

LOAD<•> psuts referrlna to ttw !!!!!!. cell. Such nondetennlnacy .would t10t .have made ..,.... 

for M>MEM. since RTR pecuts wtth ttw tlMI dlt1 end 11N lddr .. were lndistlnaulshable, 

but, In tt. cese of MM, LOAD'*> p1ekett may haYe.diffeNal,tap. 

Since LOAo<•> packets Involve 1 chan1e of reference count end m•Y be 

reordM'ed wbitrerlly, ttw queetlon erlMs: What "••• t• ttw ,,..,...... .... 8PIS••inl In 

such pecMts if they ere reordered? The aMwer is th1t the result ptckets have reference 

counts consistent with their own order, not the order of .. the orlainel cownd ,.:kits. 

ExlllllPle: 5uppoM the rtference count of cell A ii 1, ,,,ca the collllftlnd sequence 

Is sent. Some of the possible result• are 

or 

LOAD-(A, D, O, T3) 1 LOAD-(A, D, -1, T4) 1 LOAD+(A. D, O, TU 11,0AJ>+CA, 0, 1, T2) 

The reference count tempor1rily becomes nq1tlve! 

The reference count 1ppe1rlna In eny LOAD+ packet Is one more than the c9unt 

In the precectlna LOAD<*> ptcket. Similerly, the count in 1 LOAD- is one less than, and the 



thole for elf,_.. MttU•h If tlW Is .. .._., .... , .... ._ -..t d neYer beconw 

,.......,.. which , ........ ;_.;,., ........ , ........... ffeld. . 

._, ... UM' ..... •M ........ It llllllf •...., "'Y further COMUMnda of 

arty tYP9' for ........................... ,.1 •• - ....-r·'hlil tetumed. (The 

,_,...,U.aut•n••"'•._ .• .., .... ., ..... , .... ..,..._.its,..pose 
toeentt,..••••••1Ut1dk>· 

1..49 NII tlM, MW',.•t'• tfttlt •.,. ,._._. M '"'" while •ny 
tr8"18CtfoM ............ .._ .... ,....,eel. 

......... u ............... .., tit --,........ to~ ... .. 

The UNI" is,...., 14' llllll•lt•dlt--V .-. ,_.. _, ••.,...•""1....,Wed to 
11c:knoWfHltt....,. atn•naad 11th sydllll. tlf •ur• _, .•.• _.,,.,. Aclnowtedge 

RestriettOft. "hw .-1111• de "8t .......... •,.. •111; ot .... ,..._ types or invalid 

ftatdl In packeta. M ~ .., ... .._. ... ,,.._ M to' ,.... Mr • sat tMt Is in a.ch 

c .. obvioua .............. ,. 

Note; In rulH 2, 3, end 4 tht zeroth DONE In Y ,... the baainnlna of Y. The 

N+l" DONI Inv, .._.ff• fM·nuwtWr If-. ht v,._ ••·otv. SIMlllrly tor CLRs 

In X. The Intention Is t. llt tM DCN n Cl.It ........... • )f lftd Y Into lntervllls, which 

m8kes It ceth••lf tw·""'*·Of tt..,... ,,.,._ •: .... ............. lftCf fOtlowM· by DONE 

Of a.R P8CketL 



If X It Input Ind Y It output, Y c f.,,P.) if 

(1) For Ill lddr, the numb.er of IXJIXlddr) .... t• in 'iy .• tM ..... , of.~) 

,.Utt In )( 

(2) For • .tdr, K, Ind t., the runber of LOAD(lddr,--,-,hia) pachets between the K"' 
wl K+111 DONatMleir> In Y • .tbt ........ of m(tddr#I) ....... betwe• tt. tc9t 
wl K+lat Q.R(.tdr) in )( 

(3) For Ill .tdr, K, Ind t.,.u. ~of ~:(lddr,-.-,11> ..-...NhNen U. 

IC" Md K+l" DONE(lddr) In Y •the t'IUlllber of F£r(lddr,t11) pgut1 betwHn the 

K" n 1<+1" QJllddr) 1n >e 

(4) For .u .tdr, K, end t., the .,fUlber of LOAQ~~ • ...,-.ttl) .,...as w .. en tt. 

K" Md K+111 DONE{eddr) In y • the Nllftber of m4°(1ddr,tll) ptdult1 betwHn the 

IC" - 1(+111 Q.R(tlddt) In )( 

(!i) For all 1ddr, J, ind k, the J111 LOA0<*>(1ddr,--.,- .. ,-:-) in Y 11 

LOADC*>(addr,data,ref+D,--), where the l11t UPDC•y~;·•). Nfore· · the J1• 

FETC*>(eddr,--) in)( it UPO(eddr,dat1,ref) ind it''" _ _. by l.Fir.C*.>(addr,--) 

pacut1, and D • {nunlber of LOAO+(lddr,-,-,-> packets} - (number of LOAD­

(addr,-,--,--) pachet1} .ons the 1+111 to Jilt~.-.-.-}...,..., in V. 



(1) for .at Mltdr',....., • ••r 1lf .ctll(1 ~dri ..... flt« • the ftUlnber of 

JIU• M'>.t111ttJtil • ¥,.,..._._._., ..... Utt• ..... L'lilNE<tlddr> 
tn V, _,..._ .. •~rt• --...rr.-.-t .. ,... .., the last 

QJICuldrt in X. 

(2) For .ti ....,, ., t/11111 R'•llllilrr.-t ;Jn ·;I,• ••r -M ~,-) pi!Ckets 

,., ...... tt ,. , ...... ,.,., ~..-v"'! ........... ift l!f. 

~-flftillt,wJtlt•ti .. M__.;..._, ...... wy. AnUIM tlw 

••ry le twe ..,,_., •• 11111• • •• ,.,, ..,.,., .... 4lt:I • _,.,.,.._ CIUftt for 

each..-,,, .. , c111111sr ........................ :' 

l'!9!f ttm!. t!. A 

!m!i!.11!!!.·CICI ........ 
~ .......... , ...... ............................. 

!11 ••llllllll • mc.1c1r • ._ 
JllMKTCIEll) ,. LOAIC..,,, ,_ ••••ddr), ••.,,.t<edtlr>. t11> 

•lie if COftUMftCI • m-( .... ,-) then I~ -~ ref end return LOAD-........,_ ............. 

!!t COMMWI • nr'(eddr, tll)s 



mein-ref(lddr) :- mein-ref(lddr) - 11 

XMTPKT(RESO) :- LOAD-(lddr, IMlft-dlta(addr), mem-t'ef(addr), tea> 

!I!!.!!. cominand • FET+(--, .. -) ll!!!. i FET+ ... lncr.-nt ref a return LOAD+ 

!!! COllllftMd • nr<•>ceddr, t11>a 
m8M-t'8f(llddr) :• MM-t'ef(addr) + 11 

XMTPKTCAESO) :- LOAD+(lddr, IMM-dah1(1ddr), mem-t'ef(addr), t .. ) 

!!!!. !! cofNMnd • l.FD(--,--,--) then I ll'D - updlte memory 

COMIMnd • l.FD(lddr, ct.ta, ref)s 

mem-datl(lddr) :- dat11 

mem-ref(.tdr) :• ref 

!!!!. I a.R - return DONE 
!!! COIMtlnd • Cl.R(lddr)J 

XMTPKTCRESO) :• DONE(lddr)J 



" 

(1) fw w f ..... .,. itw..t...t _., ,,_.,.. d ••.....t peck9t1 
.i 

........... le ............ 1W .............. , ... ·lffed the 

lepl HIJllHl•I ft9M MM, W wtl I tflld lfiit .... Of the COllMUnds ......... 
(2) '• ... ·-.. •l•a.tv ...... .., ·~., ..... PKMl• f'...,, ........... ..... 
(3) '• .... f.._ ................... "'"""*' ..... for the 

II!!! ·--4 ........ -111 ... ., - Jll•ll• ................... the ,..,.,.. ............ .......... 
(4) the behlvilrtl ,,.,.,.... of MM -1 ill ..., are ....... 1tv iftdlpendent 

for ......... .... 

flrap1rty (4) -.. It poe1it"9 te e11w.t MM wsa-. • their user• ttvoush 

dietribvtor• Md .,.,......., and • ._. ..... ..,._ 1119 felowi"I c:onnectioN •• 

poeeible: 



CM>I RESO 
,-----------MM 

I 
, I 

I 

I 
I 

-- - ·-- -- - - - - - - -- - - - - - --- --- ----... 
If each of 'the sul boxes realizes f. (eonti"Jent on Its user reallzln1 

flM_.). the l•p deshtd box reaffnl f-- for 8 lq~ ~ ~ If the user of the , .... ..,.. box.,.._. f..._., elCh ........ box•tltl .-,. r~.f~. 
'· ' ~ '·'.,·· ";''f~·;·' 

· For this to work the distributor Md arbitrator MUit' ~ address fields 

properly. If there are . ?!' ~·YA unit~ tlw ~ 'ffeld Of t'9 W...Cor-~tiOn Is N bits 

toncer hn thet of the units. The flltrlbutor pickl out N bits .of • incotni .. 8ddrffs fieldS 

end _.. U.. • the output port numbers. (For lnterteaviftl ,_,..., it miaht be most 

effectiw to pick out the lellt liplttcMt bits.) Thole bits • not ...,... in the lddrft1 fields 

of the pecgt1 that .,. ..nt to the MM units. The ..aHtrator lnterts the input port number of 

nch inco.i .. packet iftto the lddre11 field fn the HM positlont as the bits that were 

relllOV9d by the distributor. 

This COfiiWCtion Is OM of ttw methods by which the transaction rate can be 

lncrened. Random access memory devket have the property th1t every read or write . 

trlftNCtion cws the ~ to becolM bUly for IOMI period of t• ui• which it cannot 

Mndle M'J other tr..actions. For ex_., 1 M>S RAM Miaht be MY for !500 nMOMCOndl 

durinl every trenuction, lftd therefore be*' to handle 2 Millon transactions per second. 

Puttms • FIFO buffer on It wit 1ncre ... Its lltency <•the term w• defined previously), but 

its transact.fen rate stays ttw tame. The only wey to tncre .. the c:W1 rate is to use many 

melllOry units. If a distributor Clft hlndte 64 million peckets per second on its Input port, and 

.,. arbitrator can handle 64 million p1eket1 per second on Its output port, It mi1ht be 

rellOnable to use 32 MOS RAM's, Heh in 1 ..,..ate MM unit n.s. are connected to • 32 



• 
port dtstrilMlter .and• ..... •Wtw•r. ftl9 •-.• .,.. 4 which pecMts come out of 

uch port ,of h .M: ..._ ti 2 .._flll • J ... _..., ..... 'tit ·which indlvid&MI units 

CM ... tt.na. .. Id di·- I 2l Ill-·-· 11 .......... °h.acldressspta, ~ \- . 

thia ....... Ullllllcliott ....... M .... ti• I 81 .. 11111... ... ~- •lay for 

Heh tte. wHI .... ,.. llll llllll'Mdl,Wtlllllt ·- - •'d 1111 ~of the .. ,....,. ......... ..... 
f:or tWI .6*c•eas-.. to_.. .. •t • h bll1._ d 1he indivjdual MM 

units, or the ... 111111 ~r di• :illlls•..., .. ..a*' 111 .._.._ • .,..... .. fftOl'e. If 

the MM untt. _.. ._ 1•slt11Mter till ,._.,,. ... net ..,.. ._ Ada••r .wtlf IMt UNble to 

............ 11nLMl.._ ............. ~ .. --.1&!1nd ... beetl 
,' ··: , .. con.....,.,.,. ... ,.., •w-. ... _. ....... •t c 111 .i-. ..,. ... units. 

,. 

In..---. ... ••ar9illllll• ,., • ._._._..., .. ....,. .. •1'11aill • b'...ction 

,. ,... .. ••••-••,. u•d 11as1•u1 sA•t1utJh11.wrw• :•1•••nds tor --·' _. .. . - .. 

....... ... _ .. illlll .. 1l'tr,ra1d•• ............ , ........... .......... 
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Multiple user connection 

~ 

: .. . 
' 

Thi1 i1 jU1t like the multiple memory COMKtion, but with the role1 of MM •nd the u1911 

exch8npd. If the IOlic:I box re.UZ. ftillll, Heh of the fnterf8C81 It .the top of the di•&r•m 

re.OW '• for a INiier ac1c1r ... space. If each of the ...,., of thll lntercomection realizes 

f ..... , then .the collectlen ~f all of theM ... Willa the .wr• Mll,..,ibutor r•.aizes 

f._.. on the ,...., acldreu •PIC9· 

As in the previous C8le, the erbitrator must IMP the Input port number into a 

lerpr ~ field,,and .• cWributor .-t ,...._,..,."~ part· of the 8ddre11 

field and me it• the output pert ............ Each.of. the me.tee. at.thf top.of h dlalr• 

, • ._. ., equ1v...e adchM space, and each .._. • different sublet of the memory 1pac• 

contained in the actual MM &1111. 

This connection would be I.Md if tt.re were several users, each presentins 

COllllMndl at such a slow rate that one meMOry module could h8ftdle all of theM. Such • 

situetion could arise if several cact. modules ere I.Md which have a sufficiently hiah "hit9 

r• u.t the rate of IMlllOl'Y requests erllifll from cact. misses is low. 
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3.2 VERTICAL COMPOSITION NG TME CtQ£ MD.U 

lft a. llCttert we lll1t1ibe "9 ad9 _.. -W- wNdt ~ts to an MM 

1ysteM..S,•CON:l .... NlltlHlft ... .,.. .... _ .... .,.._ 

-- -----· f"~-

CM 

,. ... .. 
MM 

• I 
4 

' I 
j 

1 
I 

I ~ 
,_ - -- - - - - - -- - - - - - ------' 

.............................................. realns ..... 

If the ....,. of - ........................... - .,,.. ..... r ... re ...... , ...... 
1terUol1 _. •1&eMtll IRt11..,1tltll•.., _..._, a.··tn the foltowina 

•• , ................ _ ... ,*' tillllil' ••t ...... ... 
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CM 

The purpoM of a cache it to retain the d1t1 of a 1m1ll 1ub1et of the main 

memory•• eddre11 apace, ••t'return r..-t1 for ct.ti in thtt 1Ulti9t directly without re8din1 

it ''°"' .... MMDI y. Since the cache hes much led data thin tht Nin memory, it can be 

built out of f•ter circuits Ind devket wHhout befnl prohibitively expentiV.. Hence any 

,....... for a datum thllt le "' the cache (1 •cache hit., II ........ very quickly. If the CKhe 

Is 9Ufftclefttly wel dell&MCI thet It hat 1 hish hlt rate, tlie overlll Pertornt8"Ce of the memory 

wil be nnrly 11 pod• that of the cache tteelf. 

A cahe nut be c:lnianed to maximize the hit rate by holdi111 thole memory 

11 ..... that are RMly to be adclretted. Thit it U1uatlY 'doft8 by lllUMint that the eddresses 

..... med Yll'f slowly with thM, Md so, when'" Item It referred to'6"ce~ It it likely to be 

"*'•rrecl to 11aln ·soon, and 1h0uld be pl.c.d in the c1ehe.· Therefore, when 1n item it 

eddr'ettecl which it not In the clChe (a •cache mitt"), tt• datum it fetched from......, mlHnory, 

plKed in the cache, Md• returned to the user. SubMquent reqwsts for that detum will 

be CKM hitL 

The size of the items• thlt the cache contlini llffect its performance. A c.che 

for the main tMMOry of 1 conventionll' c0MpUt•r mty we rlther f1t1e items consittina of, for 

eHmple, I tonMcutive wor• This it etfeclfw bet.,.' ret1r.nc.s to memory, Hpeci1Hy 

Instruction tetchel, tend to· h locldlnd In IPIC9· · Wt.I\ a· cache ,.. occur• on tny word, • 

block ot 8 coruc:utlve wor• It read frOtft Main ....-Y lnCt 'foaditd into· ·the cache. Since 

r1f erence1 In the lllllftldltte future ere tiMly tO be In this block, the lit r1te 11 increased. 
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to be stored in t._ c8CM Ilona with tt• itema. The column ....._ .. implicit from the 

position In tt. clChe. 

This or1eni••tl.,. works well for 1 suprlsiftaly ... It 1'1Ulftber of rows In the 

c11et.. For .. _,., the Miiin .._ry c8CM on the Bt310/19 ooMput•r- ltat only four 

rowt. (The fUllber of rowt ,fe ,.,.,..... •· l'cldla ~J · ·T• dtt....,. whether 1 1lven 

itellt Is in the ~-only .............. c:omps.._._.,,to-tN;--- 1'hlle Clft ••HY be ................... 
The ~.,., IUnber of a word In tt. full addreu space Is typically taen from 

the klw bits of ik ........ The ,.. nuMber .,... fteM tt. 01 .... nl"I bfft. This allows 

COMeCUtlwly .tdr1•11.dttw to,.... in.h cache-ift'MJ••nt dluftlt• of.,.. row. 

Exa..,._: s.p,o.. the fuU acldreu~ epace•eont.._ 4096 Mdf'fltes, and 

....... COftli8t of. fow octal dilitL There are 8 coiunn, lftd tM low diait of tt. addrHS 

Is the coe... .... ., .. , n. ............... 

column number 

0 1 2 3 4 5 6 7 

rowaddnlH_!i61 660 6G !ICM ·444 425 e 425 

date A B c o· E F c;., M 

row address 412 417 447 313 314 315 270 241 

dtt• 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 lddr"' 4472, with data "IC". Wt.n a command Is 

receWecl requntlns the content. of location 4472, tM addreu Is dlvk*l Into the row (447) 



Md ti• cot....'(2)J --..z of thecicaahsis-ttfllHt•cMd:'*' 441~ Jt contains 543, 447, 

.. Ma. 4ea•••·-·•ttt11• ... nu lll\l•Ldlll .. lllLAEl,1 ........... ,..tecond'Of 
"'"" .. tt. .......... ., ..... , •• ;(tQ•~•ww. 

._.,.,,._..._._.toit.p..ti._._...._,,.. ..... , IUltber is known in 

11ctYwe,,,-...,a .. ....,,..._dt111tt•••••••&A•:4.• ·1n1•.,..ttt1t•lf\Ncentfy 

UMd Item. li'wi•11 tt11~-....... ..._..ttllltaUlltfFllJllflMllf;•i•·•11'dlid. If the 

least recenti¥·Ul9ill>~al'.4J:Jbil'lillilDlJ .. Ht*'l1il!lfltJttlll*W•,1tr'dll',....' is unt 

to Mfl -•·)l!t,conl111M•tt.. ndllla•:(IMe}:Mllttt.-.Ctilli n.row 1lllffis fs thilfn 

ch8npd to 21 ~ 

TheJdittet ....... of ........ l .. •·itPet ..... • ... 111.t1 ... itly u.t··Cllft'be 

IMdlt by._...,.._.. .. ....,_.h• .. ••• ••1.__. • ._ ... w,,.,.._.i....._ 
Whenever lftY· ,.,....._is._., tw 119'ft·counhlr' i...ert1t::-.•• atMra in its cotuMn 

... 1ncr11111l.._._, U..t•••~.......,...-filt1 t·~•• all• lii•t ... llllf-.... 
a.cw Nllh o...,-atton in tt. ..e.1J;uellJ•·1211111I ,_...,. • .,,...,_ colUllll'\ 

the ceche "*""fY it.tf .._... • Gl'llflllld' • ntlll ..... ...,_,fa.• "War4:r, that is, the .. ,.,., ..... , .............. ;-,, 
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If (CM>I, MEMI) • Input pOrta, end (AESO, MEW) • output ports, 

(RESO, MEM)) c f aJ.OIOI. MEMI) ff 

(l) RESO c f .J.OIOO 

(2) MEMO c f--MEMI) 

An lmple•nt1tlon of 1 systM r11Hzins f cu wlll now be 1iv•n. Etch word of 

tlw full ldc:tr .. SPKf la In one of iipt atat• ..,.._ N, P. P', 0, Q', R, R', Ind T. 

N - The word Is not in the uche It 1111. (Ska the ceclw is MUCh smtlter than · 

the full lddr ... spece, most words •• In this state et MY instant.) There 

•e no pendil'.'I ,...,. from ti• user to the svatem. There .,.. no 

pendlna COflMMftds from the cache .to the .... ' •mat'Y· 

P - Spece his .been reserved in the clChe for ,the word, trld at IHlt OM ITT:I:) 

Ml been Mnt to main memory, but no LOAD'*> '- COM .beck. One or lftOl"9 

m<*> /I.OM>'*> trans1etions •• Plndint to the cedw. Endty the ume 

tr .. tctlons ... pendi"I .to the Nin MMOry. 

P' - SIM • P, but • CLR ptcket has been receivecl froa the user. One or 

more me~ ~:I:) tr~tionl, plus • ClR, ... pendina to the ceche. 

The SIM transtctlons '!'lthout the CLR .,e pendinl to the main Mmory. 
I 

Q - The first LOAD'*> hn come beck from main memory. A Q..R plCMt will be 

sent 11 soon 11 main memory Is tble to accept tt. Zero or MOre 

FEY'~ /l.OAO'*> trntctlons •• pendinl to the clChe. Exectty the ume 

tr--=tlons ere pendffts to ttw main memory. 

------ - --------------
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command. While It It wtitlna, it· mtY refun. to ·accept furthtr .~· at CMDI, but It mutt 

alway1 be wllllns to accept packet• at MEMI. CM lltlY •ume that eny peck.et tent throuah . . . 

RESO will be accepted. 

The re11on why CM allocatH a· cache ceH for an Item and putt it Into 1tate P 11 

soon 11 the flrtt FEr<•> command comet from the us•r, it to avoid a deadlock, that it, • 
' I 

tituetion from which the 1yatem cannot proceed. If It limply •nt the peck.et out throuah 

MEMO Md did not lllocate t'- .cache cell. wrt!I the. iff'tt. IJ)AD'~ ~tc""' bllCk,. it would ' . . . .. ·.•' •'. ·. ···' 

use· its ow~ 1pace more efftclently, but would be in...,. of •tdlock. (P cellt ire useless, 

since they do not contain dttL) This wiff be·~~ IC' action If', . 

Jn the followina description of t~ cache f\llorithlft, V- ~tni--lon of the 

counters t~ •termine the le11t recently ""4:1 item It not thaw.n. 

STATEN 

FET'*>(addr, •-.> 1t CMDI - Cr11t• 1ptee In tbe.,wropri1ta.c;ache column. 

Either UH '" empty_ aptce (t~ altU'tion,~ onJY ..... ~ the, •Y ..... is 

first 1t1rted) or remove the le11t recently ueed Item In state T. If no item 

It in 1t.1t1 T, wllt'~if one e"tert tt.S,• J, ~ .... ~any,,f~lt pn 

CMDI while wlitiftl. (ltema In other 1tatM wiH.proarMt to 1t1te T~) ~n 

the Item to be. remowad t; found, write it. out if ltt "modify• flll It on, by 

tendlna in· l.FD packet. at ·MEMO. If main """'°'Y .It not .ecceptlna p11eket1 

1t .. ~ wait until it don. Thtri ~·tt• • new . ._. " 1'- ~tw J'fth the. 

1iven lddre11, •modify• • O, state • P. lAave the dtta . .- r.ierence count· 

fieldt unapecifftcl. Aita, -~ a FET'*> packet, ic9nticll lo tfw lncomi"I OM, 

out thrqh Ma«>. to ·fttch ''- dlta. 

CLR(tddr) at CM:>I - tend QONE(llddr) at AESO. 

UPD(llddr, data, ref) at CM>I - Create space In the cache 11 for fET'*>, perhaps 

tendina an lJID :Ptcket to •mory. Then create a new Item in the c1ehe 



wfth. the ~ ,..,,._ -...odtfy• • 1, dlt• _, ,..._ count from the 

colNftlftd.ntt••T. 

LOAD'*> or DONE at hEMI - un, OCN" bee ... no tr .. •tions •• pef'Miinl in ....... ..,,,. 
STATE P 

I 

~ ----·~ ............... al Ml.Mo. . 

.....,...,.,.._ ........ _,."•••It ... .,...... n ,....,. in 

theclehe. 

LOAD'~. deM.,.,,..., et MIMI .. O.•• "-._ ...... ,.,.,...count 
.................................... ~If the Miiin 

•11• 't It 1e0.11t ... •11111 ..... _,:I CUW.d*> •. .-., ... chana• t .. 

.......................... °''' 

STATE fP 

m«•>, t119.·:· ...... CMDI - Clft'f ....... , ...... ...., ....... ci..R/DONE 
' 

LOAD<~, dlte, ret. ~ at ME.Ml -~ ·tt. Ma ... reference count 

Into tt. ceche word, n __. h ... ,..._ out at RISO. If tt. IUin 

mtMOry ii ~ COM ..... .., I ~jltt 1ill*> ...ct China• this 
cact. itent to •tit• R'. If not, dtlnp to ... er. 
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DONE at MEMI - can't h1ppen. since no CLR h11been1ivan to m1ln memory. 

STATEQ 

Note: CM does not eccept any commend 1t CMDI whenever 1ny item is in st1te 

Q. Q is simply 1 temPorery st1te th1t Is w1itln1 to send 1 CLR(eddr) out through 

MDr«> Ind 10 Into st1te R. 

FETC*>, UPD, or CLR 1t CMDI - cen't h1pp1n, since etch• is not 1cc1ptin1 

commands. 

LOAo<*> 1t MEMI - 11me a st1t1 R. 

DOt£ at MEMI - can't happen. since CLR ha not been 11nt to m1ln memory. 

Mmin memory becomes 1ble to 1ecept 1 commend - Send CLR(lddr) throuah 

MD«>. chins• to st1t1 R. 

STATE '1 

Note: CM does not eccept 1ny comm1nd 1t CM:>I whenever 1ny Item is in st1te 

Q'. Q' Is simply 1 t1mpor1ry 1t1te th1t Is w1itin1 to send 1 CLR(1ddr) out 

throuah MDM:> ind 10 Into st1te R'. 

m<:t>, UPD, or CLR 1t CMDI - e1n't h1ppen, since c1che is not 1cceptln1 

commlftds. 

LO~*> 1t MEMI - 11me 11 st1te R. 

DONE 1t MEMI - c1ni h1ppen. since ClR h11 not been sent to m1in memory. 

Mlin memory becomes 1bl1 to eccept 1 comm1nd - Send CLR(lddr) throuah 
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STATER 

r:nC*>cMdr. tac> at CMDI .. Updlte U. ,.,,,... count ift tht cacha, Ind set 

the -...odffy. bl If tht.,..... .. m- .. m+ ...... ~ ......... 
newret. t-.> ftwoulh ROG, ....... dlt• w,..,., .. _,~ content• of 

the cache. Note: at the iMtlftt ttdl ""'""ft ,...,. Mty ttfll be 

fET'*>Jl.OAO'*> tr_. ....... ht .. ••Y· If ... tftoM Frf<*> 
pecMh we ...., tlwt tNe w. IMlt ._ _..••~ta LQAOC*» pllcMts 

won't be returned untR ..... TNI It .,. ctrcu11a1 ... whiclt cws ttw 
pt'Mtfel 1y1._ MM to occtlloMly returft ........ ,...., lft lft or•r 
clffereftt ,,. .......... me-........ ' 

l.l'D(llddt. data, rtf) It QG - U,CW. ttw _... Ill h •-,• bit. Note: if 

"' &R JtlCMt ._ reoelvwct ...,.. flt ttllt tt, w. Mw ,,_ Ille rutff for 
' ---' ·'"\ ............. ~ ................... , ............. . 

Q.RClddr) at CMDI ·a... to ..... tr. 

LOAo'*>tlddr, ct.ta. ref, t11J It MEMI ....... U. -,.,. ,_ ift the. PICMt. 

lfter'IMlnt or .........., the ,.,.,.._ ceunt in ... eadllt if tt. paeh91 ts 

LOMr 01 UMlf. Do Mt flt h ....,, • .,... ._ 1111tt M111•1 )' .......,. 

knowe ........ ,..,.,.... ............ ;~ ... , ........ 

t11> throulh 19:80, ""41rt ....,., •Ille •d1l1d ,.,..,.. count in 11'9 

caht. 

DQNE<lddr) at MEMI .. OIMp to ltn T. 
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STATER' 

nr<•>, UPD, or CLR 1t CMDI • c1n't h1ppen, tlnc1 u..r h11 1 CLR/DONE 

tranuc:tion Plnclni-

LOAD<*> at MEM1 - tame at ttate R. 

OONE(lddr) at MEMI - und DOt£(addr) thrqh RESO, chqe to state T. 

STATE T 

w*>(lddr, t11) at CM>I - Update the reference count in the ceche, and set 

the "moclty• bit If the packet wat FEr or FEr. Send LOAD<*>(addr, data, 

newref, t11> thn)uah RESO, where dtt1 end nawref are current content• of 

ceche. 

ll'D(addr, data, ref) 1t CM>I - Update the cache, ut the •modify• bit. 

Cl.R(addr) at aa - Send DOt£<1ddr> throuah AESO. 

LOAo<:t:> or DONE at MEMI - can't happen, tine• there are no pendin1 

transectlonl in Nin 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 MCtion 2.0.3. The memory state required in the specification is the contents of the · 

Int lJ'ID paclwt In the Input history. Ona must show that, for 1 cell In states Q, Q', R, R', or T, 

tt• data In tt. clche itself Is the 11me at that in the laat ll'D pecket at CY>J, and, if the 

modify bit it off, thit dtta is in Nin memory also. For states N, P, and P', the correct data Is 

in main memory, that i1, the l•t lFO at CM>I h• the slfM data •·the l•t UPO at MEMO. 

Thne propertlee nut be thown to be preaerved for .U 1tete trlMitloM, and It MUSI 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 

1ceount. 
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4.0 IMPLEMENTATION r1 MM USING A "IUTATllG• DEVICE 

"Rot•t1ns• MemOrlet such • ctwp coupled device (CCO) or ·.,...netic bubble• 

shift resisters. or m11netic •N. n rllhtly conslWecl to •~ unusable for the 
'' . . . 

Nin IHMOry of 1 coMPUt•r *"'"of their ncaulv• r•tri.v•,•l•Y• In a,d1t1 flow 

eolilputer, totat tranuctlon r•t! II If lmporttnt 1 crtterioft • l'llrhwal .. ay, lftd so the 

dlwlvmt .... of thHe ..... llt'Uly cll1PP•S.Mldni,._ ........ MOM .... • a NU 

store. On tt. ott.r hanct, f~ lMPr~ la MM ....... ·fMY ,.,.,. thete thtft 

,..1sw. obsolete for -.t wHclliOnl. Thlt. wt*' ·it:,.... ..... on the .. .......,,tton tut 

a.:lrs or bubble ....,..... wtfl be aconomicll and -'uUri the 11KMt,•wy aystM. 

In • ~t1t1,. MntQl'Y, the •t• la atructUNd in 1 rinl which •rotates• pest • 

"read/write hnd". Equly•ntly, one NY think of It • 1 fixed rtna end 1 pointer rotati"I 

wound the rl,.. wlth NMOfY trWKtiont pernitted only on the cell currently pointed to. If 

the addr ..... of ww• cor,..._. .to fn.t p1 ... on tM-r.,. it it "°'..,,_-to predict when 

•Y 1lven cell will be Pointed to. Comm1nd• from the user ·CMI be. st9Nd In a ....,ry 

IOIMwhlt Hu 1 quaue, 10rted by potltlon, 10. that the penclns tr1M1Ctton at the head of the 

.-. la alwtya (or ....-ly llwtyt) the one thlt the poiftter wHI MICh next. Thi• will meke 

opthMI ... of the avail~ of dlt1 frOM the:CCO. 

There 1re 1 number of CCO 1rchitecture1 currently in UH. In the •nne 

addrHsed random llCC8ll .-ry• (l.ARAM), only a ltnlll plfl of. the drlic:e shifts .t full 

speed 1t_ any one ti1n1. The rest shifts and recireul1t• .t 1 MUCh lower speed in order to 

conserve power. The Intent is to llUlke the device behwe eomewhat HU • rlf'ldDM access 

rne,.,ory. To retrieve any one Item, one finds the section in which that item Is stored, end 

directs the CCO to shift ttwit section 1t hlah .,.. until t._ .. M:ff• ii fOund. WhUe this 

is h1ppenlna, the other .section$ 1re shiftlns MUCh more ·s1ow1y..,·.so thie-·•chitecture is not 

efficient when IMft)' items ere beina -.ht et one time. It is thlrlifor• not suitable for the 

type of pacut memory 1ystem belftl considered here. 

Two other types of cars .,. the •serpentine•, which is simply I tons shift 

r .. later (It ·..-..· b1ek lftd forth on the IC dip~ end the •..,t .. -p«lllel-seri ... , which is 

------------------·-------------~ ------------~ 



1hnply a coffectlon ot ..,leawd shift ,...,._ ~ two 'YPff clffer onty in ensineerlns 

spedftcatiaN N:h • ct.ta rite .W .,...., ce11u1... 1'lfllY IM8' hhawe HM Iona shift 

r•isters, Md twice· ... Mil.., for ttie tYJt9 of••• t..., .... ...,.... 

n.r. .. • 11•1-.ir If fl:sfln•........, _...,., ...... ....., MUii be t.un into 

llCCOUftt ht dJJllnillf •,..... ,.._ •••). ,., ,......., 'r111111Wr el tNft ·,..tsters, one 

for Heh .... ot .......... ~ ................ ..,., ..... fnto poeition on 

... clock ,.., Ot .......... ..., ................. ~-.. Uied, with nch word 

stared wMtty, • ...,. .,, ... nM """•" ._. ...,_..,.- lllt lllt ..Ca. One miaht also. 

u.. an unueull COf1•1p11rdl,.. llln1n ,.,_ Mf lllillt· :,.._.jr pesitkM.. All of these 

~lltiW .. ••••- .., .. ..,..,,.....,.. •••••••:•.,. ...... the memory 

it • rms of hall ..,., ...... ..,. ... ....., wtlt ···-.. , .......... hlPtat .... ..., 
.,.., U. pOi•r ....._ tllllt , .... .., fll llW•lll\I ••••·.,,,,, ..... ••la•ntllfion is 

equtw•nttelllliL 

In ... flllDW .... U. H••ry wll • ,...,., t.·. lie -ct'O', teprdless of 

.... ,,,. of ....... ...., ... 

Amel• tt........_ '*" te. _..., ,., .. _, If CMlf) ate tiered in the 

tr!f!!!Ct!on !!!!. {TL), wNctt is prasu"'*' ....... anltlltaf· ._ _ Iii••' hllf. TM TL 11 

prnuntably re••• wilt • ,....,. --.. •111ry _,_ lft .,., to l¥Oid MO¥mt data in 

the TL ~.it._.,,.. ...... _. llM'h aal•a y. ,,_. .... .,. placed in 

the TL tit or.,.. .._ - ""* ;111.,,. • ...... kt 111t1•1 •1 of lt'ie word to which 

they ........ .,_"" a• • ..... , , .. ..., w. 11..aLt1r,i.- aM• ot' TL cotr...,.. 

Let CX> lie tttr. fwtlM 1t1•lftl Jddr.,..,. ltt ttw 9flffte ecldrea lf'Ke Into 

the corr..,..• 1d• .. ht the TL ™-fl ......... !!11fr ~ftr ,,.._,.. tftllt will be 

expteNd ,.,, G> • tlM .. ,.. .... , ttWf fll .. fllt..., tlf i .w•·d by the ratto of 

..-ory llze to TL ttze. In 1 l'Mltzlloft In WtM· llil **'" •••• of two, CX> is just the 
8PPf'oprllt• nuMber of ...... ...., bits of JC.. 
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When i command 11 received for lddre11 X, tht commend pecket It pieced in 

the Tl 1t 1ddr111. CX>, or the first frta eddr111 there1fter if CX> 11 full. Aa1umin1 I 

uniform di1trlbution of lddrat111 .,,..,ina in commandl, tht TL lhould be Jmiformiy filled. 
' I • ,- ., 

Al the tMmoty pointer· rOtlt•• throueh tht ~. lnothar pointer,- mllntlinins •bout the 

tame ..... potltlOrt,:~tlfel fhr~ tht TL, piddni ~ t~ ;..~ trtna1e,tion t~ P'4trf~m. 

Tht TL· It oralnfzed much· nu tht "'0r•red hllh \lbfe• •vlMd by Ambia Ind 

Knuth .C2]' • with moclflritront to allow for 1ti circ.lty Ind for t~ f ~t th1t ~~•ma ere bei,. 

ramovad from It. In 1n or•rad hllh tlble, etch. Item .h•· 1 !!!!!!. lddra•. It ·11 pl1ead In. the 

tibia •t Its hnh tddr111 or In the conti1uous blcQ:.Of Items lftar tht hnh ldclrela. This 

bfock 11 In lncrauln1 order of d1t1 value. T-hia ol'derin1 m1M1 It po11lbJa to determine 

whether an Item i1 In the tlble much MOre ,quickly thin in 1 conventional. hnh tlble. 

Althouah ord9rtd 1-h t.lbl11 ere lnft~ f:ot- entirely different 1ppllc1tlont 

thin the fr1t111Cfion list Of I .. ket metnOry, 'the concept is weft ~uited to this ipplicttlon. 

The "vatua• of 1n item ift Jht t ... Is .tht word ldclreu ..,.,..,._ in the packet.· Let 8(P) · 

denote thl1 1ddre11 for pecka1 P, and eatf .ft t~.· "CCD adclr111•. The •huh 1ddre11• 

corresPondina to CCO llddre11 X Is ju.t .ex>, _,lned earlier. (Hnh ft.Rtions ere usu.Uy 

-..~ to be rendom, but thet property 11 not clfttrabkt hart.) Tht hnh eddres1 of p1ehet 

P it ther1for1 Cl(P)). 

Because tht' TL i1 1 rina inste~ of 1 linear list, 1 different •flnition of order is 

needed. The concepts of •1r•1tar tl••• ll'MI .,._ tMn" ·are repllQICI· w·'•doek'!iH from•. Md 

"counterclockwi~• from". Siqce 1nyJtem lt-tloth .docllwiM. lllld·eounterclockwl11 from any 
. . 

other item, the or•r of· two Items must be defined relative to 1 third. Thi• i• done throush 

the use of intervals cltftotect U\ ordinlry. lftlhmatiell- nottNDn. -iX. V] Is the int•rv•I ·from X 

clockwise to Y •. Jf XS Y,:it 1-.iltcuatOmary nwat ... 'pft.->C·> V,f>Cl'V)ithMfof numbers 

from X up to the hi1hest addre11, and than 'from zero up to V. ~· ind ..... ., open• 

Interval• h1Ya their customary maanlna, that Is, CX. Y) means CX. Y] exclusive of Y, ate. [X, Vl 

•nd [Y, )() .,. de••v ......... oteech other if JC ... .,,; ' 

Tht orderina of h•h addr11111 and word addrnMI is axpr111ad in terms of 



• 
whether or Mt M •mint is ift "' ""-"' l. c tit Y> ...,. Olrat if OM ·at.ts at X and 

"'°"' ~- rud•a ?111tfoN Y. 

The ...... ,. - ............... 1\.il ··" ......... froM ; . • - t J-: :., " , 

.. It ..................... ~ .... , __ '-'!···',..,"*~.-~.-.--.-. .... ,, 

........ ...., ... .,._. ...... .._. Mn111_1 .... 1•••n•fl'Oll1NIOM. This 

is best .......... e .... -. lit CCQ. 1 .• I Ill ....... ,41W'!':1J• 4-" lddrenes 
-. ' ' .. -' ·- . . . , ; . . ~- ' . ' ' -

.. ..,. ..... 

c.110 ... ' .. -.ty. Cel 2 ........................ Whose hnh 

...... ii 1 but ... ··-· ....... l .. ,.. 

n ispe11•11t.1Mtranul'lmt•'tl·:11t1•• •Wll ,_.....,.,.,,....to the 

•- CCD llddr•& S~11•1~the ftllltllle 001 ..... 1a"1i .. ··1i1 .. t 

One or..,. f!fC., ...... k ,..., tt.<m:pat1•1· ..... 1ctta --·•·t• 
................... ftld .. .-f·--tiJ:•'--Lift·a~--nte of uwic.,,_,.... .o 

OM or MOre Ftr'*> pacMtt, folll•d 'r aaut. ._ .... ......., rMC:Mi 

tt. ...,., .. ...,...., lhl LtJMf.11) ••" •·be tefll out. fallowed by 
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• DONE ptieUt 

A sln1I• UPD packet. The data will be written Into the.CGO~:Whu tbe 

· mpproprt.te addr ... Is rHChed. 

No ,ott.r .itt .. ., •. pou_... .. Thit .. -. • .,..,itil • villltillAol, I.._, to senct 

... lA) p11eket when ~ .... fft<•> ... QI., •• ~#.JI ... 'IO .. .Su.rt·~ ., 
lJIO is ~tidy ~ ~tbt ~J•J!t'.:--~f-, ~A#;.nJf, •.. Rn~Jt ''"" when 

l ' .,, ,_ , .• '" lJID' penclt'I. t~: ........ ~.~.f-, ................... in • 
LOAD'*> -t. . . . . . ' " . 

Intuitively, the rule for a well f~Med transaction list is that ..._ ·fines 

pros....._ ~wise fl'OM a cell to those iteMs with tMt eel's h8sh ac1c1r ... must never 

croa MCh other or Piii owr M HIPlY cell If .. ltM with CCO lddreu 43 were placed 

into cell &. lhll rule woutd be Ylollted, since t,. line froM. 4 to 43 would cross tt. line ''°"' !5 

to !55. The .._,Uon ....,..... MUlt ....., put tM · 43 into cell 5 Ind MOYe tt. 9 to cell &. 

Fwtherwe, Ill it.,. with the ... hlsh ..... wt be ordered by CCD ......_ In the 

......... 11 Is *"' .... froM 11. 

To 1...,.t an It.., start at Its hleh ....._ and surch clockwise Wttil an empty 

cell or • cell cont.,.. M item with hllhlr (..,. dockwile) CCO ......_ Is found. In the 

former c-. lnHrt the new It.. In the latter *9t iNert ttw new Item after Nkint apace 

for it by suhinl the old ......, and Ill thole contlpoualy foltowinl It, OIW space clockwise. In 

the ........ kwertion of lteM 10 W8Uld ,.... puahinl 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 wved and sent to tt. CCD meMOry. This I• KComplished 

throu1h the use of 1 trens11eHon 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 address 1. Since 1 paclutt for address 11 Is found there, It waits until 

the CCD pointer • 11, rMOYeS the pacllet froM the Tl, end perfor1M the indicated e>peralion 



.. 
on the contpt1 of tel) ...,. ... 11. The Tl,.P b then i....,,.etely lldvanced to the next 

""tlon. 2. Sha tt• pacW tMN _... d*'- It. it w• uMi" the ed) pointer • 16 

• then r•MDvn tN ....- • wforMt the •••ry _,....._ The TlP the moves to 3 ................... 
The ...-ovtl ., ltelM ,,.. TL ...... it ,....ery to ~ tht rulel for • 

... , • ., ..... , ............ t• .. r•••Nfli·- .. '··- flt, the nM front cell 2 to 

It .. 21 •11•• tlw•• • eMllllY _., _.... _.. ... V.. ·~ sivM previously. 

,..., • ....., tht ,....:.,_ .._ ,.._, n uli•..,·ii".tiiflrtd te"b.·ihl·"r.-vt1 , .. k)n·, 

_, tt ts per11fa11Ml1 fit U. h ,._ •,..... W 1thw ft11.i;'- ti.et io Pen throl.sh 

h retnOY81 ,....,._ .. NM9¥al ,..._ ..... ..., • itt ......,...wiu eftd by the 

........,.,., ,.,w.r• IP,• It It....,..._, ltV 1\J'. Mw,...,... II,... 11, tM ex_,.. .......... 
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removal r~~~ 
• (AP. TLP) 

'Whenever 1n Item II l'llftOYl4 Rfl. ii. let ··tQ t .. ._. ...... of ttwt item. In 

the ex ..... lfter 29 it ......... •will be .. to 2 (26'1 _..,lldcRu),,.cl. TI.P wiH be 

Mlvmncedto 4.. 

(1) Y J. k c Tl ..... ..,.., H j .. k and Tl.(j) fl f!!!J!!1 t1 Tl(k), 

[ c.cTUJ»> • J ] . ( [ c.rn.<k»> • " ] 
(lhet. it, the iMerY.t fFOM the'-b ld .... 1 of • •• to the .• tam it•lf· is never 

c:ont9iMcl within t,. corre.,...,.,. ifllt.,.,. for ..,._. lt8tn, i. .. the U..S ...,.,. cross.) 

(2) Y j c ( • , TLP >. TL(j) • !!l!!l 
(TMt it, cen. in the retllOVll r .. ion ... ~rad to be 9111Ply.) 

(3) Y j, k c Tl lddres1 1pece, If TL(j) • !!!!1!!.x. 111 Tl(k) Ind j • [ RP , TLP ), 

j • c <ll(TL.(k))> • k ] 

(Thet is, the lntervll from ttw hah ICldresl of 1n item to the Item lt•lf does 

not contein eny empty cells not In ttw removel resion.) 

(4) Y j, kc Tl 8ddr8111pece, If Cl(Tl(j))> • Cl(Tl.(k))> Ind j c [ <e(Tl(k))>, k], 

then 9(TL(k)) ~ li(TL(j)) 



to 

(That II, ff two iteMI httYe the HM htsh eddrw, the..,.. ctockwlse one hes the hi1her 

OCO ...,..., i.e. ell the fNICMh ·hwina .. ._nl' ...... _.,eel by CCO eddress.) 

(!S) Y j, k c TL llCldrea .-ce, if j c [ Cl(Tl(jJ>> , k ). Ind l(TUj)) • a(Tl(k)), 

then Y nt c Ci , k l atTUMt> • a(Tl(j)). 

(That ii. .U itMI wtth .,.,oco ... ,.. .. ldjlclnt. 1"61 te n1Ce1S•Y to be sure that, 

whln a...,.._., ·.t;ec:ent m'~ 1»1CMk tftd •a." ... found, it it possible to 

return h ... ., ........ tollo111d by a OONI, ........... that there •e unseen 

(I) Y j, kc n lddN11 .,_., tt·j c [ Ct(TI..(jl>, k) lftd l(TL(j)) • l(TL(k)), 

then"ft.(j)-WW'~fn .... ,. ... ;......,.~, 

(TMt ittr•-~·--.. t•:• ................ ~t·'"'ins 
MOSt dockwtae., Ttw.·fWOperty ....._ tt ,_..,..._ return a CU£ pecket • soon • 

• a.R ii encountered in the removll scan, since the packets •• encowitered in the 

SW --......... ..........,. ....... ' ' ., ,: 

The f....tlalt alprttlw ......... _.. --•••il'I tfW'Ouch: the rent0v.a 

reaion. If the KM st_.. outside of the ......,._,._ .... ..._Mlian; .._ .tt..·il pieced 

In the flrtt _.,.,...._ ,.._ ii .._._ ... .,.,-.. ... llllt M~'M'4ol'I• ~ of the 

r .. ion, lf·thelNlt ...... .., ...... _...,._.....,.___. • ..,. ""'*'- re1ion 

n 1t•t1 lfter its end. If the sc1n beaiM In the first ceH of the r .. ion, It skips to the end if 

Its CCO addren ii 1relter than or equal to thlt of the UM just ,.., , .. end. Otherwise, it is 

lnserted in the first eeff _.._ ,..._ Is ............. 
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30-33 

34-315 

31-42 
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OD. thlt: 

""'~ ~ •t RP:~ 4 
put.•, -~-•t RP * 'I 
pu,t at\pilh ....... 43. 
IMf\.!1.7, _. tbl 43 
JM4 at 0 

The alaorithlll for lnsertlftl en Item Into the TL Is 11Yen In •pendlx Ill A. If the 

TL *"d)t contalnl an lJID packet for ttw .... addr..., it instffd perfor1111 tM Indicated 

11etion, ,.,...,. modtfylns n.t tl'D pacMt n ,., • .,.,,....._~.,,..... 1t .:RESO. 

The r1movll llaorlthll\ it .-whit.~. The, TL· .. lttlnt:pojntff. to . .by TLP is 

nut to be remoYtd. The OCO pointer indlcat• ~ ~t• ...... et ttw CCD output. 

From t• stlndpolnt of the -qr~,.. .... ,#le eTI. U.CGD ......... b9COMidlll'ed 

to be Inexorably edYtndfll '** control pt -'·....--~· "'-'.....,.. •ncy is tM 

doc.k controllll'll the .ti!~ of the .c;o lhlft _,.,.,.or,. In .thlt, Cite' ·of •·· ....,..tie· dtak 

memory, It Is the lnfor,.,.tlol) belrw. read frOM the disk's u..,;,. tr..U. 

The f1et that the 000 pointer 11 synchronized to external events means that it 



• 
oennotbe ..... .W .. Wea ............................ Jrlftdple. ltMUStbe 

~ .............. ., ... ,_. .......................... must 

be UMd lft h ..._ ... h ...... ., .-;:•JrAtrh•• II • ....... ,....,... of dfaitel 

system desian, tnd is beyend the .... flf tNI ..... W..wll.~unw that the interfece 

between the ·~·· .•• .,, .._ _. . .._;_....,.,.a..-~111in11dt _, f*1s CCOI and 

CCCX>. Every time the ax> .... to a MW 1d•111, lft ADDft ,_..t c:ont.tnina that celrs 

llddrHs and data are Mnt to the syst.. ............... ~ If the system fails to 

ecknowledp U. ACOR , ••• feat ..... to M h oCo .. , ..... d ,,.. •ndi"I one, it 

1MY either *°P t .. P8llMt Of Wlilt ldil flle <XI) ........ ., .. Ry ll'OUftd to the SMM 

...... 11tin. After the sY8IM NHI ................ CCDI ........ th.et an address 

hM been reecMcl, it Ny tf'....-t •Wlll1£ ..... 4.orna, .... Ille tdllrns n ftew deta 

to write. If this pecW is Mt tr••llted """: rn11• I ..,... 1111 tee We to wrUe the data 

into t .. CCO. In U.--. tM OCD ... ti h Wlff ......... ftllt ••• eny· AID ,.uts, 
until the ........ , ........................ .... 

Wastms an entn rollOen ._~the tt>'.._ part Of the system 

cen't keep up wltft t .. CCD d4lck .. y"---·dr..uc, but it ..... , ...,..n very often. 

Whenever an~ . .,.._ ............. wlh ,,_.... IUCh as the CCO clock, 

there ts ttw p111ibllty M ft ay t. •~· ........ tt it Mt 4lffiault to .... n the system 

such thlit tha prola..uty el this h•• .. 41- v"'1•RllY ....._ If wt 11 done, tt is possible 

to preecrlbe •tltlc r•••• ·when ti ... ...,., .... ••c-.dly ..,.... system ... -.-. 
TM aboYe ~·ef Nw.rt• to thif:CUJ -.y .. eomewt.t simple­

minded. Mltny ....ary dMces ,..... that the write *1••nd..,... .. dlt• .to be written. be 

.-n·ttefere tht tl'f•'4•dett fteM the ._, .._ ... ~ ..... : This .n.ans that the 

protocol wtwwv:a.· . .,.• ....... •·Wlf1r.,..._Wi . ....,.~ an ACOR packet 

•lrinl t• 4eta ...... •M• ._.... .. 11ft -~.-;.- 't;._., ._ thlft,t4'1iater, the 

ProliJIHt cen •llMJdt.v ~-.....-•·'lM~ . .._.,, ~, • ..,....., enCt wther, 

end may requlre t.hat tM clek ......._., ........... .._yW••'·tfWi data becomes 

ev.Uable. The neceMary MOClflcations te the ~ ,.,. flf the 1ystem wffl not be 



treeted t.re. 

,... ... -----
:MM 
' 

TL 
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RESO 

- - - -. • I 
I 

...... 
! CCOI 

I 

i CCDO 
I 
I .. ~ 

The retnOYll llaorithln wilt• for 1n ADDR packet .t CCOI tnetchi111 tt. llddress 

conteined in the s-Mt in the trtnnetlon U.t pointed to by TLP. When fCM.K\d, it performs tt. 

indiceted trensactlon, perNips Mftdina 1 pecut out It RESO. It then •t• AP to tt. hash 

eddr"' of tt. item which WH just prOCMMCI, which mey 1horten the removll r .. ion. The 

item Is tt.n erHed from the tranuctlon list, end TLP It ldvtneed to the next position. If TLP 

now pofnta to en item havlns the , ... CCO lddreN, thtt item Is processed elso, usi111 the 

sw dett. AH trensactiont aMns the NIM lddr ... ere htndled in this w1y. Any reference 

count chanpa .,. noted, Md the moclfied reference count ii written beck into memory with 1 

WRITE pecut 1t caX>. 

When TLP retet.t 1 cell which does not contlin 1 trensactlon for tt. 11me 

eddr..., either it la for 1 different lddren or it it empty. In the former c ... , tt. 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 



5.0 STRl.CTI.RE CONTROLLER DESIGN CONSIOEMIIONS 

In this 1eetlon we will •xemine a few of. the. consic*'ationl tW .... t 10 Into 

the desi1n of an efficient structure controhr. 

5.0.1 Q£00NG THAT TI£ CONTRQUER OBEYS F__. 

count Is known to be one. ~ this is so. ~ ~be "' lt-.tio. peaclne • that cell, 

so the requirewts of f-- n 1111t. Thlt ia.~'""·•w•,·on.tlw rut of ·the 

computer correct~ ~-f~ • A rel..-.. . .- . .-att.n, lay tM co.puter 

could lelld to an~ S*Mt Mins fM'I ~ t.here ·.,.tr~ 

In checklna t~ '• sltlsfies tt. ,.., .. of ttw •ff~ controller, there Is • 

point of poaible ...., thlt ,_. to be chlcMd. Since LOAD'*> pac--t• may be returned 

fro1n the melftOry in en order dtff•r~nt f.rom t~ •Ube .. FET_<•>;p.,_t., ll wasthown in 

section 3.0.2 that ttw refereta counts r•turned ·front ttw memory IH)'. be unusual, perhaps 

even M1•tlve. Is it possible for this to ma.rtefe;. ~ jhe cell ~ 'Mlchlnism? The 

.,.wer is no, as Iona as ttw followi"I rule is obeyed: 

After increasl,. • reference count (wtth • FET'\ do not pas1 ttw result to any 

dntln•tion until ttw correapondi"I LOAD+ has returned. 

For example, if an instruction cell Indicates two cteatinatlona for its result, the 

reference count of ttw rHult must be i""°ea•d wJth. ·' ~ tlefort ta.~mult is sent to the 

dntination cells. If one of thole celll IJ. • SELECT. ht luUM a FEr t•N<Me the r...,.ence 
' ~ ',,, ' -~ ,• '· ' . ' . . . ' 

count, the m+ must ect flnt. Further~ J.t I& npt enoup ~~,.-Y. .. .on U.. nro latency 

arbitrator to be 1ure the m+ .. lfla to t,_ ~,#f•~ the P£T" •. TM m .. must not be 

Mnt untlt the LOAD+ lf'lll• froa.the flt+ "9 retur,.a. Thill la .....,li1\11dby ftOt •ndif'I 
the result to the .. tlnation cells untH ttw LOAD+ has beet\ received. 



.. 
It is easy to SM that ne eel wtl1fil to \le , ........ thet should be reclaimed. 

At the titM the l•t "owNf'• ef 1 DH ...... a m· t• 4iMercl it, there are . no other 

..,.,_ ,.., .. ,, • tt. • • h UJMr-... w·teC.....,_. wHI heYe the correct 

reference CCMtt, whteh tt nro. 

To '" thet ne eel will bit •,.M., redl••d M Shouldn't bit, consider • 

cell with referenee count 2, owne4 by tnttruetteft .U. M lftCI Y. Suppose X performs 1 

1tructwe _... .... that ...,.. It copy, so M'a m-· ft 1..-. Wt .. t show that if Y 

does !!!!. chcenl ... apy, .... uwr ....................... Will not .have reference 

count ..... The oNy ..,.u- ,.,.... ....... ·--·- ........... le ff y also cws • 

m-. .... v -. ,. __, • •slr4 • .,, ••-. • rrr- .... ....,. been i••ued 

flrat. <Thlt it, ttw ,.,....., . .-...., ldUllV • • r.~1,-tllea; -.ft to 2 Md then 1.) 

This can, happen, beclUle the nr< ... , Y) t. not lllftl W1t1 ttw LOAO+(eddr,-,--,Y> has been 

returned. 

5.0.3 MEt.«>RV LATaCV 

MM'• ftlteMy •• left unspecified anfy ,., the """9 of provi"I correctness 

of MM and It• user. WM11 tctwlly ~ • tJfaetkaf ,.._,Memory, it may be 

neceaeery to . ..,. a Msh .. , .. of 1atpey mto .._ ....... in order "to obtain aood 

perlor....C.. .for .. ...,., •·'"rat....- '*"liln•Jldl-..; « ... ....,. 1 charc• e0upled shift 

,......... mey a.· d••••d • hwe ...... ·or._. .. Of eo11it21 ... p9ndlfia· at one time, 
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althou1h its correctness does not depend on this. 

!A>.4 THROUGtf'UT Nil DISTRIBUTED PROCESSING 

. One of the f unct1ment1I principles of data flow c°"""'ers 11 that, if enouah 

parallelism exists in the proar.am, a cOmputer be able tq "'" ll'bitrwlly f_,at for a 1tven lollc 
_. . . ·,' 

speed. To do this, if lftUlt distribute the computation and be frH .of bottteneckl. If • dllt• 
' . 

flow computtr could only have one multiply· unit, that wWW be • bottleneck, since It would 

limit the rate at which multiplies could be perform.ct. The data flow concept must not piece 
' . ' 

any restrictions at all on the number of multipliers thtit a computer can have (althouah 8ftY 

1iven computer of course has a fixed nutY\ber). ~re ·must not even .be bottlenecks in ports 
•• ' I 

throuah which pactwls must pns. If every multiply operation pactwl. had to pns throuah one 

input port of an allot.tor on' Its way to the multipliers, that would be unaceep._.,.e, since te. 

loalc speed plqs a limit on t,_ rate at which paclwts Clft p111 .fhrouah a port. For example, 

if a port could hlndle packets 100 times f•t•r than a """'iplier could procen tt~tm tnd ... 1 

peckets h.cl to P• thrqh one Port, it would~ thlt·no MON than 100 multipliers c:CMH 
be usefully employed. 

In the cne of simple funct~al urtits such n multipliers, it is not difficult to 

avoid bottlenecks. Multiple function1I units may ·b!t used, and tt. •bitr.atiot'I ll)d distribution 

networks thet CCMWWCt them to h instructton cells may be .. lined to be frH of bottlenecks 

and thul llNlintain ·any destred thrqhput rite [!]. For the same reeson, multiple structwe 

controllers are UMd,, each with its own ports conrwcted to the erbitr1tion Md distribution 

networks of the data flow computer, Also, muftfple memory units •e UHd, because the totel 

memory transaction rate 11 areater than can P•• thrqh 1 sinale:· pefr o• CM>l/RESO ports. 

It is not possible to c~p.artmentalize the structure operation facilities 11 can 

be done with simple functional units. Connectins nch structure controller to one memory 
-,.;, ' ' '' ..... •• < ' 

module is not correct, bee1use Heh structure controller must "ave 1ccest to the entlre ... . ' . 
memory address space. The structure controllers must be connected to the memories throuah 

• ! • ' ·,,, ' 

an Interconnection network consi1ttna of arbltrttors and di1tributors tor packet• 1oina in •ech 

direction. Commend packets from the structure controllers hlY8 P81't of the lddreu field 



• 
removed Md used to M4ect the eutput port ef tM ca.tr..,, just n was. done for the 

multiple ,...,, connection ift MictitMt 3.1. ht tNI ..,., 9ICh ..,..... COfttroller ...... the 

full Mdretl ..-, whilt Heh ••••>' _... ••••.., • .... ""' of U. totlll lldclress 

space. The COMM•" .. __.. .. m. the ...._. • ...,.. Clllfttt'Oflert are nter1ed in 

llrbitr.tors. which ••NII h ..,....._ port ...... to h tae ...... • tttat "'9 result p.c:ket 

wttt be r•tur'*" t• the COrNCt ......... ,...... Cllldfll out ef the A£SO ports of the 

meMOry ...,... pat tlwoup dletrilMtton thtt - th9 addM tRt• of "'9 t• field, and 

Al inserts 

input "°"' 
into t11 

(except l.PD 

PKlwta). 

SC 

MM 

A2 inserts 

m,utport ............. 

D2f9MOVff and 

.... ,.rtof 

, .. tq select 

output port. 

The trntt'Mftt of address .,... Ind t11 fields is syRWMtric.S. One could think 

of alt pendfns sb'ucture operations n occupyfns • ., .. ..-.·. Just as e.c:h 11Mtmory module 

aupporta • tNtl part Of h total ...,.... ..-, 9IClh ltructtn arntroller supports • small 

part of the tGttl t11 .-. Tha job of the Interconnection Mtwork is to !Nike the entire 
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llddr••• .-c• av.Uable to each 1tructure controhr, lftd ta•~• ttMt entire t•1 space 

llYailmll ••<each ~.unit.· 

It la not necetnry for IM network to,,. .. f.he clfstrtbutors before the 

arbitr•tor1. Such• network would h8ve 1 ._,... ........ :tfW1hducf•Of tfte·ftumber of 

structure controllen end the l'Uftber of •morv unltl, which NY be excessive. It Is possible 

to mix arbitrators and clstrtbutor1 In• network.in such 1 wq th8th1.._ is rfflOMbfe but 

bottlenecb .,. ~ 

-. ta> ,.._._ cto not have a a.a ·Held .anct dD not live fllse to mutt 

PKtwla at RESO. it tt,._..,8"y tMt ttw ......,.,..,datstl11ll:R·C.rytna _.uh from 

the 1trutture ~•au,,. to h •IROl'Y ndul11:.._ t ..... d Al end Dl t. ·tM Jtrecediril 
di ear••> have latency zero., Thi9 •··• · tbat, when a· etruct• C4Mtro1'9r receiYff an 

anowteclp for '" lJID PICMt. tt will be ,.,..lnteed thlt the pacMt hit Pllsed throuah the 

arbitr• ...... ........,....,:lf;-.··...-a ..... .., ~ w·Mtrocluced Into 

another ..... of ....................... ,notdlnet· ........ :.coM,...., MlaN 
write on • cell. ....... ~mpt.tift& the.,....._ of a ...,.lure. When It rec.I._ an 

acknowlqe for tMt UP,0- ......... II ..... , '.U.t the atfulture i1·-..•le:. •"41 so it 
retwna it to the .... t of the .. canpat.,. AA~ _.,in u. . ......,, .. -.q recewed 

this structure, ....y fire, caualnl· a SELECT operation to be pnerat.t. The eltoc:ator May Nnd 

the SELECT operation ptlCMt to lnOlhtr structure controller, wNlh then sends out • FET 

pecket with ,._ .... lddrtM. If there Is bufftrina btfore the arbitrator thlt •'IN packet• 

from t._ two structure controllers, the ariPtll ll'D Pldwt Miaht attll be in auch a buffer, so 

the FET pacbt pa11e1 thrqh the erbltrltor firat. If this ~ the old dat1 will be relld, 

rather then the new dat1 supplied by the LPD ptieket. By IMktns sure that the distributor 

and arbitr.tor h8ve latency zero, the LPD pecket clMOt pt stuck in a buffer. When the first 

structure controller receivel .., ICknowledae for the LPD packet, th1t packet is known to 

have been accepted by the 1rbitntor, Ind hence it will precede 1ftY tubsequent FET packet. 

If it i1 not feasible for the intarconnection network to use distributors and 

arbitrators that have no memory, it is necessary to put t11 fields in all lPO 1pec:ification 

P8Sllna throuah the network. An •1et1pter unit• Is pieced between the network and each 



· ... mory McackM. Tt. ad...,. .-..... .ti ,_....-.,,up ....... I.JN) ptieket1. When it 

rec:eiMes ~~ .... -. hld,M _.tnlhlll•.~.e••·•••Y wtJAOK(tac> 
Nck to the ...._'1Mlltitn ..twork. 1llt ...... DI I ... ---~ • .gtn.adure to 

tht ,... of ................. 4t ............... - .. '"ci•••'* that it .,_ 

wd. Wttdlw ... .._....,. .. ,.. .... •• rsau•• •Jill11 fl/f _,icieftt routmc 

.. twocu w••••._._., .. ... 

To .......... jwt.,.. fr .. •• .W...., Cf' .... • bottteMCk, so eKh 

strudUM OM&....,._.._<..,••• ........ • 11 ... ,_... •. ..., in order to er.-..,.. • .._._ 1'11••.._U.,....11•1ilt1I ...... ...,...._ Wat.-

for ._ ~lllilwJ .. ., .... , .. I 1IIF.,..tllllt·•wlr•1n11 • tlDla they .. 

... ,u ... • • "11111l11" IA11111tt• _, • ..., •• 111111rlt*'I 

......... Jlt.J ............. ~I· •d1ollff. nth of 
_... _. ..... ._...,,...,_,_..,, • ._ n na,.,..., . .....,_.. .taJ. The 

UJDO .... - 111111t .. 1••~ ...... , fl ............................. ...... 
called .. 4:11 Jd B .. J UlJ.1114 .... 111 al .. :la t1·1ut t• W•u1 .. ef .... _.. to 

all c......_._ ..... , ... 1 ltf!llac:'-.1tA ... 4lil .ttirllt._• 
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(from UIDO) 

lN 

(frotR UIDO) 
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lJ«) 

(lo Ul8U 

lH> 
(to UIDI) 

Eech struc,t"'e coatroUer, In. "41lion to ,.rtor ... •tructure·,operations, 

lllllintainl • free •tor:• Utt. ·Whenever lft ~ • j'tc.,..• UIOOt .it t8ke1 a cell 

fr~ tt. list 8nd tr...at• ti.in a UIO ~~.~ . ....,_ ..... ...,..._._....scheme is 

used for recoverl• unuaed ~·the c:ontrolW ..... ,folt_,. whMe raference counts 10 

to zero. Every ta ft reducn • reference CCMl1t by illUina a m- COtNMNI. •euminet the 

LOAD- PKMt thet it returMd. If It show• a reference count of zero, ttw word is reclaimed. 

This involves pl11elna the word in ... frM .tcwap H.t Md; . ..._ whatever pointer• it 

contained •• dHtroyed. r~ ttwlr ,..ference CQ\Ul1la it lhlif 11!!1 bi.It_.. off. If either 

or both of ttw l.tter referel'.a counts p to zer~-tha!llt' wordt-.. nlliliil•d by the same 

process. 

The procedure It recursive, and it an unpiNNnt '-9 9f r.cuHion because the 

completion of .. ch ..,Ilion cen produce tw. • MON °"'"'°"' :lo perfonn. Amlouah the i . - . . . 

recur•ion always terminates, 1 hup . ...,t of. stortP NY be required to hold ttw list of 

words that need to hwe their reference counts reduced. The,..,.,... at its went can be 

observed in ttw c .. of a lqe tree, no subtr• of which ii th•ed with anythina else, whose 

root ,_. ii cheer~ Alt nodes hwe an fnltill reference count of i; so, when eech ,_. hu 

Its count reduced, it 1oea to zero, IMkfna It necessary to reduce the counts of both of that 

.._. •• offaprl"I. 

To implement this procedure by simply inuina two m- pKkets whenever • 
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worcrs Nferenc:e count aoes to zero (that ii, wheMYer a t.OAO- is receivecl be•ins • count 

of zero>. would creeta • Wred ... •allld\ trtlUt11 bee ... of h proliferation of packets. 

lnste8d, the procedure tW ehcMM be ...., it tW """'1 U. rilht ....,,.. of a word should 

be treated at U. tne h wM It plwd on Iha t.. _.._. Net. Tiie Po(ftter to the left 

offsprins will r.....m In the ..., wMe ft ie on "- he ster4119 lat. The recursion in this 

procedure 11 under control, since only OM MW ap .,.._ ii cred1d for ·every operation that 

is comptet.cl -.n •word is W- ftOM·hfN9'•r• llt,the .......C. Cowtt of its left 

offsprinl ts reducM, wNdl May cw OM or ..,. .... ·to lie t'9dlin 1.ds..,.... the word is ..... 

(1) ............. ,.,....._ ce.t·. , ............ h tOAD"' packet 

llleti9 ..................................... the,, .. 
...... ... ...,., .......... ""IM' ............... ;. reference 

couRI ... _. -········--· ,.._. .......... 0 be , ..... 
(2) Wlt••IAll' •'•.._•1•111111 rea1iwdtt.·,ertD,att •Word froM the 

,, •.••• ,. ....... ...ttf'9 ....--•;• •·•'ffWrOulh llDO. 

m. ca•••• • h Wt ,_,_. ..t .._., ... ....., :_. elra .-mory 

ret.renceJ 

cat....,_.., • tNlheilll 11,.....1or CNllll• ot • ..-.. node.•• ,,. 
_... UIDC..,,._, •• _. tm M •••wt.• ..... :·~ is the 

.................. •ta.t!mbft -··-- ....... ~ ...... 
_. ol h dlll 1111ct word. 1'1111 _, ._. ._1U to'9 ifMUd. 
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5.0.6 MAINTAINING INTEGRITY aF TI£ REFERENCE ACICOlM'ING MECHANISM 

The Poniblllty of an . ,,.ror. In tt. refer._ .. aecounUt1I _,. cell .....,.ment 

mechanism 11 • tr"9ble•• problem, becMt, •· ..,._. in _.. 2;1 .. t• it ll· impotstble ' 

for the memory to detect 1 reference accountl"I error by it1 uter. Furthermore, the effects 

of 1uch an error •e UftPfeclchlble, lftd .._ *" •·•·••l•Wy unr...._ p•ts of the 
comput.tlon. However, U.e .... afewthlflpthltattMdoM.t&•lttlm the prolMbility·of 

1uch an error beins undetectH. 

·F1r1t, all callt Oft the frM•*•fflt ClftM,......,ift._W,,,, ,_heps by a 
bit reserved for thil .,.,.,,,.. Altv reference"- a_._.,_......, than for. U. purpose Gf 

removins It from the free 1torap lllt ll a ~- error. Al•fte.1feee ltor• fist CM be 

or1anlzed In 1uch 1 wsy that cellt are ~It°"' n • ,,...,. . .._ ._1ottwr, ttwrel>y 

rmndmizint tt. time thtt • cell 1tsy1 on tt. Utt one- It its putJ.., ... :tlf a celt is wrOMOUsty 

recfllhned while I •.......-• pOinter .to it., ~ ff .wJll thlft:.prajlllliy etilf t. . .,. h ftH 

•tor• Hat when the ............... ii ~-t .. _... llft a..-cted. 

Another Wrf of ~ Jntearltx of , ....... :eeunta.il to conduct 8ft •8UCfit• 

of the entire computer. This can be done et the end of the comput.tlon. ..., tit MY ,olftt 

durifts the comput.tlon. The holt COlnpUter Mutt chlble Ill 1 .. tructlon cells and wait for all 

pencl"I operations to dur out of the •truct&n ...-..-... . .,..,._.,fPUllnl networks. All 

reference ~ount1 can then be checMd tpintt the COlltent•of ,.t•Jn,ut r•lltw. of the 

Instruction cellL 
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occur. The c.che implement1tlon .w.n in Metion 3.2 lvoidl W. prOblent by reservina spece 

for the LOAD<*> pgket in 8dvance. Jf tri LPD.~ llUll• _,..to ttw MIMOl'Yi it ft done 

in re1ponee to input from the !Bit rethlr thin from the nw•vf Thta way, If the memory 

tempor•lly reflUI to 1CCePt the lR>. the cache cen limply refuse to KCept Input from It• 

user. 

Jn both the 1tructure controller end the cache, ttw coat incurred 11 1 re1ult of 

this problem la en aMOunt of ~"""to II U. . ....- .flwt c1n be llmult1neously 

pencl,. in 811-lower levefL Jn the.c:ontrohr,U. ie U..W. . ..,..tlon;for ell concurrently 

execut1n11tructur•. oper1Uot.t1. Jn thec1CM,·• calf· Miaftt bettt·•tfie P for every 

fET'*>~*> cycle that" ........................... , ....... p ,, usMll, the 

cache must be that much lllf'l8r then It otherwise would be, for 1 1iven level of performance. 

In the CIM of the structure controller, the JMMOry space ·is needltd somewt.re 

in eny .C819. If. I 1r•1t number "· IMlftOl'Y a,ltW'Stion&,Cllft ,be,tllf\diftl aimuttlneOUlly, I 

"rot.tff'I• .....ory, such II Wll dncribid in MCtion 40, ie ~ Mina Ulftd. If I 

melllOI ,.._ atructwe cont~ la ~the .aete infortMticM for ...,. .,...etionl is stored 

In the t• flelds inltead of the ~. lut tM ·llP·of pe--•wt :epw1tlonltitust be 

stored in the tr-.ctlon lilt of the rotltinl metno1 y,. SO· whetevw spa' w11 sweet in the 

controllw Is UMd up In the trlnllCtion HJt. 

Why, ttwn, would 1 memoryless structure controller be· more desir9ble? The 

re1son is th1t memory 1p1ee ln1ide the controller i1 much more expensive than in the 

tr1ns.ctfon list. Tlw controller. nut be tbht to prOC911 inforftNltlOn· 11 fest 11 the hiahest 

level of the memory hierarchy. If that hiahest .,... is a clChe utiftf hiah 1peed (1nd 

expensive) devices, ttw controller mutt be ..,.ny felt. The rot...._ IMMOry is at the bottom 

of the hier1rchy, so it1 tr8"1actlon Hit qin UN 1 slower Ind lea e.,.....,. toatc f'""'1y. 

In order to use 1 lllHIOl'ylett 1tructwe contr.olfer or • cache which doe• not 

u.. "P" cells, the memory 1yst• below the contf!Oller. or the c1e._ · RtUtt obey the foltowina 

"fixed latency l1w•: 
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Whenever • ,... _... ft tr...m.it It IUO. IM **9 MUSt eccept • 
tt.W . .a CW. •. ..._.,_._ e ..., ....... ,. •di•, ldH it 

.. , ............ wo. ......... , .......... ,.. 1ecept 

~ ........ ... 
The rHIOn \PO ,...... .,. a ....., cae ft N tMy • Mt ....,. any result, so the 

systent should be ..... to .....,.. tMM ·ift unlmlled ru.e11e. 

SotM •m•r .,..._ ...., "* .... A r• •111 .... _..mentation of MM 

clffrly don. A ........... l••t11aMIUH .aft tlllbt .. tit .,_,._ M hM fixed size. 

Whenever M itll91a lalillftOllt., h 'ft., ••l•1, .. a111a1M m.·t •tl•ttatiOft of the 

rot.tins ...... , ................................... ceuld' h&ily be 

modified to • -.I 

The ., .... Mt 419 ftlt *'r .. _, ....,., .... 1r1 the horizontal 

compOllioa of * _.. _,,,.._:_... -.,..._,<llllldlt Wit lwl1nd1itctlon network 

betw"" tt. ..,.._.,,..,..,,. • ••••J...._ lttiW~-·ttttfiil hOritontat 
iftterCCllWlaOtilft ... ..,..._ . ., .....,..,.._...,._, ......... Wll tlftft·tr......ns· • 

result,....._ ........... •••"-' 1'111·'9M.....--11al1 ltteutih tf\19 .-bftrator 

and beee.s a,... .. o..J1Je,_•._\ • ••:•wmate...t .ca.pt enother 

COllMMnd. If the e111u2Mld ft '" Ht•d t. • ....,.. ._.._. "'1t .,. ~transmitted 

tM resuft, fftlt unit MllM nit w ... It .._ I. .... ii wlll• lt • •• for the units to 

......... ---••11••• .................. . 
In tM e11eef .... ......,..., .. ...._a ...... ,. Mtm•11 ·., ,_.... transactions 

in the cache • ••arw,e1•M1111 n-ulflf 111111...._ • tlli1W . .....,., of pendin1 

tr......_ iB tl'lt ._., ..._. fW __., .-. ,...._ llaiullt.ld'by' Mn MeMOry, 

another COM•d ..... ~ ...... te .... W•ty . ........ Mh ........ only 

occur when ffwe .,. C-. ....._ If U. clCM rw .tnto ••11111t)t pod tuck and. pts a 

continuous ttrift&d ..... .._it_.....,_.. eatttJl.,.19ll•xWJ. tn..r to maintain 

constent tetenq. it ...., hlYe to ,.,_ .., .... 111•• W.. Mt110f1. ·'fhls tOUfd result 

In some trwactiortl r•••alfti• ,_.,. ~- ,._ INI .. 8'111'1 won't c._ • dat• 
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flew •11•ul" lo ...... 110.1 .._ .... •lf11tri:'J·.._fa .. •nl 
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ctr1uM;rr.•lle~tlllil-ft:••tlM1••• .1 •• ·• jt~W,;*J;;~~ ~-. .·. q. . . . er r2qpr;rv •rq•1 •••• , .. ,,, u•1J••H 
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1.0 SUOOESTIONS FOR Nn'HEtt AIKARCM 

One Of tt. .principll problems r .... nlftt in the area of the desi1n of systems 

U1ift1 tt'9 ~ ._.....,. 11flf'cl• it ilw .,.,....,.. fJf t ,rilttfta1 wt system.tic 

proc9duN.., -.trudtWintn•...-nn It...,.,, ........ .._. NnCtW specifications. 

An Hnport.t tet-··.fW' M ·talk; It tM ate•u.W flt •,,_..it lflf e6nctse Architecture 

DHcrlption l...,... (All.). Witt\ ttw hlff> of thl AGL. tM tlM utr • dlYided into two parts: 

( 1) 0itvetopment of 1 proof !Mthodo1o9Y to M tyttw ......... ift the ADl 

Clft be fWOWft to Wt functioMI ••lffMll--
(2) Development of 1 system construetlen MffiOdol .. y so that systems 

....,.. ... , lft the AOL cen be ........... wtltt dAftdllD that ttw physical 

..,.. wllt ,..... tht All..,,....,,. 
For this pur.._.., the AOL MUii bl ..,.. .....,. to correspond neatly to the 

herdware ..,_s ~ lllUl poMf'fut •n•Ulft te ... ,,_,. ~'"' Nltory erreys 

tractlble. 

Anottw remainfna prollleM is, of coune, to dlY•I• f...ctional specifications for 

Ill parts of t• dlta flow ....,... ~ lftdudlna flill ...,...,... ctMtraler, wt 1ive proofs 

of their correct..... The functional ~ ef tM co11111ut.r lttelf (thet is, the structure 

controller'• UMt') le Mldld, 1MOf11 othlf thlrlp. te ..._ thlt ne 1'9ference COWtt violations 

wiH occur. 

An efficient structure controffer ,_. to be ......, with special attention to 

the needs of prOlf'llM tMt .,. NMty to 1rtt1. 

The •Mlock prGbleM ,... to be """""" ctrefutfy, to ... if it is worthwhile 

to build • memorytHs ttruchn cont,.,. 
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APPEN>DC I 

Proof that the concatenetfon of two,Fft bufftn ii a FR bclffer, Ind lenlthl are lddltlve. 

This proof is aiven not becw the atateMent la of funUNntll int.,.., but • M'I example of 

te. method of proylftl ""°'11• ..... Ill llllh1etor of •VI....., thowinl 1e~t1 In 

detelL 

L8t a FIFO of size M her/e;lnput·_..t X Ind output pert" Z. 

L8t 8"0tt.r FIFO of Ila N htft ._ port. Z ... output port Y, 

Ind let the porta z Ind the ........ ports z" .,.,~ 

M N 

< U IZI • min { P<I .IZ"I + 1 } 

(2) z.. x. 
(3) P<"I • Milt f IKf , ~I + M J 

From te. definition of the eecond FIFO, 

<4> tvt •:lllln ftzt ,tv"I + 1 J 
(!) v,. z. 
(I) ~I • min { IZI , IV Al + N ) 

-----------
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By the strona tor• of u...St....._·....,w'•••~........,. · 
eittw lll•tz..I or ll•liJ•l 

If 1Z1 • JY -t. l, ._., .· . 

·····, 

~.--D' ... •.• 
lzt S P<I 

.............. 
<t,...n 

:. IZ"I < P<I 

:. IY "' + N < P<I 'which .. I ..... ct •• --... ~·:···· 
Ill • P<I . ._.J. .. a.11#•4>~ 
.-. tvt • • f -. •. w_i+ l l 
IX"I • min { IXI , P<1 + M ) 

:. P<"I • P<I 

'. : .... ;,· '1>1.;. 

(frOM 3) 

w.-.~-
P<ISIYAl+M+N O.·•••ta•f-1MM~O) 

:. IX"I •Min { "-· IY~ + M + N} 

C.. II: Suppote P<I > ty Al + N 

If Ill • IZAI , then 

Ill • IXI <fro- 1, slnce IZI "IZ~,+ U 

Ill S tv.t + N (fl'OM 6) 

:. llCI $ IY.J + t4wtMtt11 • •radlcttan. •WI --~·l~I • 1 
IZAI .. IV Al + N "'91, ...... J1 llf> 
:. IZl•IVAl+N+l 

:. tv "' + 1 ~ IZI 
:. IYI • IY Al + 1 

IZI ~ IXI 
:. IY"I + 1 S P<I 
:. IYI • min { J>Q , IV "I + 1 } 

IXAI • Min { P<I • ty "' + M + N ) 

In either c ... , 

(since N ~ Q) 

<"-·•> 
(f .. 1) 
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v, - xi (from 2 and 5) 

IXAI • min { IXI , IY Al + M + N } 

which ere the conditions for the interconnection being a FIFO of length M + N. 
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APP£NDnC II 

Alaorlthm for the ceche. 

Actual lookup in the c1ehe 11 no.t shown. l...._ad, the special functions 

cec:he-c:t•te(8ddr), ~), wh11lltd1Mr),; •· 1 M111 1111••> we ...,_. These 

we treated • tho\.wh they were urmys, and .,. •wd to be .... wheMYer the aiven 

........ exiltl In thl ....... ln-c!d!(lddr) Nturrw !Ia if the aiYeft ...._ exists in te. 
cldle. 

c.n-crute(...,), where ..,,. don not •t ift U. cache, ten. whettwr it cen 

be cre•ted, that II. whether ._ cell '" itt coluMn II UftUl8Cl or II In 1t8te T. 

If cpn-greett(lddr) is true, cre•tion=seff .. !t;t!l!X(Mdr) tells whether the 

former c ... holch; • if -. SMbt:cr•a!e(_,..) ...,,.,.., h lnwtlon Into en unuMd cell 

Ottwrwist, celt-to-di!p!tceCICldr) retwM ta. ...... et • eel ift sWe T, ..tectlna ttw least 

recently used iteM. 9"f!!:f!ft!!1Cold. new),...,.,_ h ..,._.nt. 
· procesm !!!!:! !!. O. A 

!!!I!!!!. I!!!'.!!. a.a, MEMI 

output I!!!!! AESO, MEMJ 

ut cmct. item, 8ddr, deta. ref, old-.tdr, p 

~ m !!!!. !!!!!. I teh whether to w.tt for Input fl'OM MIMI 

~ IMMOflll !!!I. wa I true ... lat ,... ... at MEMO - been ecknowfedaed 

~ memowalt !!!!. !.!!!!. I true when need to llnd IOMthh'I Oft MD«> 

~wilt-pkt I ta. thins to Mnd 

9!:. create-flee !!it. !!!!!. I true when need to create • •• ceche celt 

~ create-pkt I comtund th8t led to creation 

~new-llddr I ....._ field of create-pkt 
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Q: 

w•t for ecknowledp on pert MDM>Af 
tw u. anowleclpa. 

metnOfl .. :w !.!:Y9 
1oto Q 

A: 

!!!!!!..memoflll 9t pacMt II IY.Ulble on "" MEMI B 
nt =- !!!!!I I ~ true H lhauld tlM ,_.. •·MIMI 

I!. IMlltOffll !!!!! f it ....-ry ready for COtNHn,dT 

I!. IOllte-celt-t.-in-state-Q-or-Q' thin I ... if need to tend • a.R 

eddr :- edclrea~f-e-cell-in1tlte-Q-or-Q'l 

IMlltOflll =- , .... , 
lend CU(llddr) !!!!. I!!! MDQ 

!!ucha1We<llCl*l•Vtbln. 1.,..Qto R,Q!toR' 

CKhe..tlte(llCI*) :- T 

!!!!. 
ceche1tete(lddr) :• T • 

ntelltOW•t :• !!!!!I 
memofl11 :• fllse1 

!!!!l w8it-pkt !!!!. I!!!! MO.() 

!.!!!. !!. crHte-f'-1 ll!!!l I ... if tryins to crHt• 1 cell 

!!. cen-creete(new-tddr) ~ 11• some cell In Its column ..,ty or in state n 
crHte-fl11 :- !!!!!. I yn, wHI create the cell 

!! cr11tion-cell-l1-empty(new-eddr) !b!!!. 
c1ehl-cre1tl.(new-eddr) I old cell etnpfy, just putln new llddrH• .... -
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otd-addr s-- !fl:!! dl•t111Cnew.....,,> I flftd-" te .._. .. 

!!, CIChe Mld(oW Id•') !!!m. 
IMMOf111 ;- !II!! I write out ............... ftlOltWy 

!!.!!Sl Y'IJ(8tf ...................... >. ... ftlf(.ld .... ,, ... ....,. 

gsh!j'!nMClld 1dllr, rww 1dlt)I t CNlfe ._ MW Cll 

I the new cec:he cell now Hists 

!!!! 

!!. cr1et1--pkt • l.PD(-·,--,--) !bin. I wttll CORt~hlM ___,. h creation? 

II!. create-pkt •tJID(-,dtta.~· t••tt.-tlt,.,._, • ..., 
cache mod(new.....,.. =-!r!Pl' ·· ·· 
cache-dlta(new-ecldr) .- .._ 

cec:he-ref(new-ecldr) :a ref) 

cache-stll•• • •• ).1*' '?' 

!!!!. I CGMMend •• ~ 
cache-MOd(Mw-ecldr) .. 19 
cache .. late(Mw-addr) .. ,.., 

wlil-pld .. ••• • t·..-••tau• flf tnMJt 1·111a te •••Y 
Mefnowlit =-true 

m :• !!:!!!. 

waft for ~-. ..a •a.a.IM,, •. .,.,.... .. 
!!. p - 'CM>r bl! 

I +++++ process pachet ''°"' CM)I +++++ 

cmd :• ACVflKT(CWl)a 

!!. c• •ITT~.-> 1W!!. 
!!!. cMd - m<*>(llddr; ..... 
!!. ln-cpeh!(llddr) !!!!!!. 

!t ...... ttetacclddr) - ,.. !!!!. 
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memofl• :• fllse1 I 1t1te P, jaat,..,ft cMwlln!f 

!!!!!! emd !!!!. I!!!!. MOM:> 

!!!!. I 1t1t• is R or .T 

I! cmd • m•<--,--> tt!!!. I need to _...,.,.,.nee count? 
cache-ref(lddr) :- cac ........ ) + h 
cache-mod(lddr) :- k.!5 
XMTPKT(AESO) :- LOAD+(lddr, caet....W~ cache~f(eddr), t .. ) 

!I!!.!! ctnd • Rr<--,-> !b!!J. 
ceche-ref(lddr) :e cache-ref(lddr) - 11 

CIChe-mod(lddr) :- ttYIJ 
XMTPKT<RESO>,.. LOAO-(lddr, ceche-datl(lddr), ceche-ref(llddr), tea> 

elM 

>CMTPK1'8P(» .- UMDC.-,e11be:M......_),,c1Che-ref(liddr), t•) 

!!!!. I 1tete N 

new-llddr :- eddrJ I •t fl• so cell wiU be created 

crute_,.t =- cmds 
cr"te-fl11 :• true 

.... I! cmd • lJID(-,-.-) then 

!!!. and • lAXllddr, dat., ref)J 

!1 in-cacbl{lddr) l!!e. I nut be state R or 1' 

cache-datl(lddr) =- dat11 

cache-ref(lddr) i-.rffa 
ceche-mod(lddr) :• !!:Y!, 

!!!!. I state N 

new·addr :• addr1 1 •t fl111 so cell wHI be.cWftted 

cre1te-pld :- emdt 

create-tt11 1• !!:Y!, 

!!!!. I must be a.R 

!!! cmd • Cl.R(addr)J 

!1 ln-cechl(addr) I 1t1te P, R or T 

I! ceche-state(addr) •"A" then 

cache-state(lddr) :- "R' • 
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!fa!!. c-. ... 1-.c....,.> .. "P* 11! 
c_.. .... ...,.,1).-..,.. 

- lat•f 
>CMTPM'T(AliO},. ~ - ..... 

XMTPICT(IDO) II* ...... ,) 

I ++++++ end ot a.x ,,•11111tna • • • • • • 

I +++++ procees ptlCMt ''°"' MIMI ......... 

item :- RCW'ICTIMEMl>s 
!!. It.. • LIMO'*~-,--, .. -,.-) !.Iii! 

!!1 Item • LOAd*>c.,.., ._ ntt, t-.>s 
!1 cahe'"ftlhl(sddl) • "P* Im I ldW It it M' ...... , 

cache-dat.C.,.> =- dlt• 
cache-ref(llddr) :- ref) 

~4'1'--
!1lllHIOft111!1m. I on lend,_.. at tea 

.....,... ,. fllllf I Y8I 

!I!!! a.R(llddr) In at.....,. 
cache1tN(addr} s- T 

!!!!. 
cache ... tate(..,,) :- V I no · 



!!f.!. !! CKhe-state(lddr) • "P' • !b!!l 
CKhe-dllta(addr) :- datlf 

c.che-ref(addr) :• refa 

XMTPKT(RESO) :- item; 
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!!. lllHIOflas !!!!!!. I can Mnd paat at MEMO? 

IMmOfl• =- !!f!!I I yea 

!!!!I. a.R(lddr> m I!!!!:!. MDMls 
uche-state(llddr) ~ ir • 

!!!!. 
uche-state(lddr) :- V • I no 

!!!!. I must be stat• Q. er. R, or R' 

!f. Item • LOAD+(--,-,--,-> ll!!!! I update ref and send LOAD 

cache-ref(llddr) :• cache-ref(addr) + ls 

cKhe-MOd(lddr) =- me 
XMT'PKT(AESO) :- LOAD+(lddr, data, cache-ref(8ddr), t•> 

!!!!. !! item • LOAD-(-,--,--,-) then 

cache-ref(lddr) :• cache-ref(addr) - 11 

cache-MOd(tlddr) :• 1£!5 
XMTPKT(AESO) :- LOAD-(lddr, data, cache-ref(lddr), t .. ) 

!!!!. 
XMTPl<T(RESO) :• l.OAD(lddr, data, cachl-ref(lddr), t .. ) 

I nut be rxH 
!!!, Item • D0t£(11ddr); 

!! cache-state(addr) • "R" ll!!!l I know it ii In cache 

cache-state(addr) :- 'T' 

!!!!. I must be state "R' • 

cache-state(llddr) :- 'T'1 

XMTPKT<RESO> :- DCN(lddr)I 

I ++++++ end of MEMI processlns ++++++ 
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APPEN>IX DI A 
The Insertion •orlthlft for the rot•U"I •mory. 

fl .. • fal18 I beceN1 true If TL .trHdy hll lJID '*"9t for this llddr ... 

P =- <.OC>> I sc• pointer • '-h 1d*- lnltt.Hy, 

!!. Ill " TlP n.I P • AP !ml I h8lh lddr • It.rt of removal , .. Ion? 

(C.00>' .. c.m.m.P>» !t. ICX> <..mtftllt» then 

Tl.(P) =- >CJ 1-._. t•ut P 

RP =- RP + 1 mod " I shorten the removll reslon 

pop =- pop + 1 I updete Tl pOpulttlon . 

!!!!. 
!!. AP " TlP !!!![ P c (AP, 11.P) then I h8lh llddr ... in ret10Y81 reslon 

P :a TlP I lldvMCe to.,..,,.. .. ....._ 
I repeet untH find 9t11Pty cell or enter 1'8MOYlll "lion 

!!!!! (P • RP !!!l AP " 11.P) !!. TLP(P) • ~ !!. ffll' • !!J!! !f!. 
( 

, ... if Tl ....... lA> with .... cco lddrea 

!! 11()() • 9(TL(P)) !!!! TL(P) •I.A)(-,-,-) !!!!m. . 
ft11 =-la .... 
I! (C8(11.(P))> • Ca(X)> l!i.aOO. < aCTUP>» 

it <.OC» • [ c.nt(P))>, P) I ll·X···......,.. thin thecc.aftnt item? 

!!!!D. 
Y :• Tl(P)s 

TL(P) :- >Ca 

x 1• Ya 

I HYe item fr0tn TL 

I lr•rt x her• 

11,..... HYed Item In next cell 

(which pulhH everythins P81t here) 
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P :•P + 1 gM f ldv.,.. Pto nnt_. 

I flncl out whether to ~ x • ,..••• It *«tty 

I inMrtit 

!!,P•IFefP,.V 

!!!!! 
Tl(P) :-X, 

AP:•AP+l!!tM .... 
Tl(P) =- .. 

pop:•pGtlt+l 

, ................. ,M 

.... : .... >tt'f' 

I shorten the .... ,. :ti ....... 

linlert iteM•H' 
, .. Tt.. .......... 

!!!!. ........... , 
!!! TL(P) .............. ,.,,. 

!! x • lPO(-,-.-t!!!!! 
TLCP) :- X I ..other lPD. MW - r1111l1e11 old 

!!!!. !! X • RT(....,-)fe 

let x • FE'fl-.-P Im. Iii u. ..-. 
XMTPICT(A£1r» 1111t LQM(1d•, ..... Nf. ... 

.... 1r x • m•c-,·-> ttten -- -
1et x • m+<-.ttM 1 m+, set the ... •.,.....ref 
Tl(P) :• ~. cWa, ref+l)J 

>CMTPl<T<RESO) .. ~(addr, .... ref+l, t .. , 

!l!!. !!. x • m-c-.-> !I!!!! 
let x • FEr<-.t11~ Im-, pt.._ ..... ,_.... ref 

TUP) =-~•4*t t11f"'lh 

><MTPKT<R£SO> =- uwn .... ctet., ,., ... ,, t .. > 

!!!!. I MUtt be cu 
XMTPICT(RESC» "'DONE(8ddr) 



The rot.ti,. memory "'orlthm. 

WOC!!! !l!tl! !!. A 

!!!RY!. m!t CM>I, CCOI 

outeyt l!!d!. RESO. ccoo 
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APPENDIRB 

~ P, X, Z, lddr, dlt1;tef9 t11tCCD-tddr, pOp !!!!!. O, Tl-aftd, 

CCO-CWa, CCD-ref, c:co...wret, TLP, AP 

A: !! Tl(TLP) • !!!!h: then 

AP ,.. 1'UtS I dntroy the relllO'lll r .. lon 

~ TLCl\.P) • ~ !!!! TlP - <c:cD-eddt> do 

( 

TLP :- TLP + 1 mod ~ I adv• uhtB catch Up to CCD-addr 

AP :- TlP I M9P reMOYll r91ion Mtr0y9d 

[pop~M-1 

ll!!!l I TL ne•ly full, ctn, tllut' i*Uh at CM>I 
Z :- RCVPKT(CCOl)s I Wiit for _.. . .,t pld(el at CCOI 

!!tZ·~,~~ 
CCD-newref :- CCD-ref 

!!!!. I cen. tccept pacUt on .ntw port 

wllt for PICMt at CM>I or CCD1, •t ·p :- that port t nondetermin1tel 

!! P • 'CCOr ll!!!l 
z :- RCVPkT(CCDU. I ~t ••t at ceo1 
!!!. Z • ADDR(CCO-lddr, CCD-deta, CCD-ref)s 

CCD-newref :- cco-r.t 
!!!! 
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. I +++++++++++++++++++.-• .... • ++ 

I+ iMert or otherwJM•po1ttf.)C 
. ' 

I + CfroM ....... Ill A > 

I ++++++++++++++++++++• +++++++• 

et!!. TL(TLP) "alx.911(1\,(1'\.P» ~ . .,.,..:. 
( 

TL-cmd:-TU~ 

TLmP> :- !!!!lb? 
PoP :- PoP-ls I upc11te ll ,........, . 

AP:- c.cTI.~>J .. ltlllll .... ...,..,...... IPlll'OPfi.tely -

TLP :-TLP + 1.IJll .. 
!!. TI.-cM • ~)!ht!!. 

I!!!!!. TL-cMCI ·me--,-> !!!m. 
!!! TL-cmd • RT<-tdr, tll); 

XM"f1ll<TR:90) :- UWX_., CCD dd~;O;I' ,..,.,, ·las> 

.... if TL-cMd • m+c-,-> tMn -- -
!!l TI. ... '!'· m.+<ttti1r .. ,-- . 
CCO-..-.f :- CCD ~· • '-' 
XMTPl<T(IESQ) ,. ~~~cco dll-. ._ ,,.,...,, tts> 

!f!!. !!. TL-cmd • fEr<~.--> t!m. . . . 

!11 TL-ctlMf .,., m·c.ddr, -. 
cx:o....wref :- CCD-twwref - 11 

XMT'PKt(llESO) "'· l.OAlf'(_., OCD ..... CC8 _Nwref, t11) ' ' ,__ ·. , ,·, 
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!!!!. I must be UPO 

!!!. TL-cmd • UPO(lddr, d1t1, ref); 

XMTPKT(CCDO) :• WRITE(lddr, data, ref) 

I rewrite reference count If It has changed 

!!. CCO-ref " CCD-newref then 

XMTPKTCCCOO) :• WRITE(CCD-addr, CCD-data, CCO-newref); 
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