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Abstract

DiLL (Digital Logic in LoToS) is alanguageandan approactto specifydigital logic in LoTos; the
initial versionof DiLL wasdevelopedin 1993at Stirling. Thistechnicalreportinvestigatedurtherthe
possibilitiesfor specifyingandanalysingdigital systemdn Lotos. The new versionof DILL contains
morebuilding blocks,includingtri-statecomponentsndabstractiescriptions Stratgjiesfor specifying
multi-bit signalsare alsosupportedn the extendedDILL language.Theseextensionsaim to provide a
moreflexible andpowerful capabilityfor specifyingdigital logic.

In thereport,anexampleof designinga simple CPUis givento examinethe new extensionsandto
give anoverall feel for the DILL approach.The exampleindicatesthat DiLL is suitablefor specifying
digital logic, not only at the gatelevel but also at an abstractievel. Throughthe examplewe have
gainedmoreconfidencan the suitability of DiLL for specifyingandanalysingdigital logic, especially
for largerscaledigital circuits.

Keywords: Digital Logic, DiLL (Digital Logic in LoTos), HardwareDescriptionLanguagel otos
(LanguageDf TemporalOrderingSpecification)
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1 Intr oduction

1.1 Previous Work on DILL

DiLL (Digital Logic in LoTog) is a languageand an approachto specify digital logic in Lotos. The
inspirationof usingLoTtosto specifydigital systemwaspointedoutin [9]. This original versionof DiLL
includes:

« thenecessary otos datatypesfor specificatiorof hardwareconcepts

= anapproacho modellingdigital signals

« modellingbasiclogic gates

« building digital circuitsby connectinghe basiclogic gates

« alibrary for the datatypesandsomecommondigital component&ndcircuit designs
= simulationcapabilitieswhich wereappliedto the library

Digital signalsaremodelledastwo-level voltages gxpressedy constant®f the LoTos datatype Bit.
Constantl of Bit represent$ogic 1, constan®© of Bit represent$ogic 0. Therearealsosomeextensions
to the standardBit typefor logical operationon signals(and, or, not, ...). NotethatDiLL only dealswith
logic valuesandlogic operation®n physicalsignals.If DILL is usedto describea circuitthatusesnegyative
logic, thebit constantl representa LOW voltage,and0 representat HIGH one.

Eachbasiclogic gate (Not/Inverter, And Or ...) is modelledas a LOTOS process. For example,
And3[lp1,lp2,Ip3,0plis a Lotos specificationof an And gatewith 3 inputs. A LoTos gate(e.g.Ipl)
modelsa physicalwire or pin. A LoTtos event(e.g.Ip1!1) modelsa signalchangeon thewire (here,from
0to 1). NotethatDiLL describesonly discretesignalsandtheir changegedges).Larger circuits canbe
built from basiclogic gatesusingLoTos parallelexpressions Thusan And3gatefollowedby anInverter
canbemodelledas:

And3[Ip1,Ip2,1p3,0p][Op]| Inverter[Op,IOp]
Asiillustratedin figure 1, connectingseveralwiresandpinsis modelledassynchronisatiomt LOTOS gates.
In DiLL weignorethe propagatiordelayof wires,If we have to takesuchdelayinto accounin high speed
circuits,we canaddanadditionalcomponentnodellingdelayin theappropriatelace.

We alwayspackagehe specificationof a circuit into a LOTOS processn orderto reuseit. Whenwe
do so,we give only the LoTos gatesfor theinputsandoutputsof the circuit, andhide all the otherLotos
gates.For example,if we wantto reusethe circuitabore, we simplywrite anew Lotos processhatcanbe
usedin building otherlargercircuits.

processAnd3Not[lp1,lp2,Ip3,I0p} noexit :=
hide Opin
And3[Ip1,Ip2,1p3,0p][Op]| Inverter[Op,lOp]
endproc (* And3Not*)

Ipl
Ip2 - 'op
Ip3 54

Figurel: And-InverterCircuit

The usersof DILL are expectedto be electronicengineerasvho may be not familiar with LoTtos at
all. To beacceptabldo the engineersDiLL providesathin layerontop of Lotos. This is implemented
in a library calleddill. m4 — actuallyfiles of macroswritten in the m4 [8] macrolanguage.dill.m4 also
includesthe pre-definedatatypesand somel oTos specificationof commonsmall-scalaligital circuits
suchasflip-flops anddecoders Of course gngineerganbuilt their own componentibrariesto bereused
by themselesor sharedwith others.

Hereis theoutline of atypical DILL circuit description:
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divert(—1)
include(dill.m4)
include(mycomp.m4)
divert

circuit(‘MyCircuit[lp1, ... IpN, Op1,... OpNTJ',*
Componentl]...]

IL-- ]I
Component?2]...]

IL--1I

ComponentN]...]

where
processComponentl...] : noexit :=

endproc (* Componentt)
Component2Decl

ComponentNDecl
)

Actually thisis anm4file, thoughit is notnecessarfor engineerso know muchaboutm4otherthanthe
above. This circuit consistof severalcomponentsonnectedn someway, amongwhich Componentls a
new componengxplicitly specifiedn the descriptionwhile Component2o0 Componentharepre-defined
in dill.Lm4 or mycomp.m4This m4file canbe translatednto a Lotos specificatiorandthenbe simulated
by Lotostools.

As pointedoutin [4], thedevelopmenbf DiLL hasshavnthatL oTtosis applicableo theareaof digital
design,thoughit still hasweaknessesuchassimulationproblems.One of the goalsof usingLoTos for
digital designwasto exploit the well-developedrangeof LoTos tools. But after usingtoolslike LITE or
Hippofor simulationof digital circuits specifiedin DiLL, we found thatthesetools handlesomecomplex
circuitspoorly dueto numerousnternalevents. Oneof our objectivesin continuingthework onDILL isto
find somemethodto reducethis compleity.

1.2 NewWork on DILL

TheextendedDiLL improvestheinitial versionin thefollowing ways:

« allowinganarbitraryunknovn statefor signals specificallyto dealwith circuitinitialisationproblems
< modellingtri-statecomponentssuchasusedin bus-basedesigns
< modellingmulti-bit signals

« addingnew building blocksto the DILL library, includinggate-level andabstractlescriptions

The objective of theseextensionsds to give DiLL a moreflexible and powerful ability to specifyreal-
world digital systems.We alsohopethatby usingabstractbuilding blocks,the compleity of simulating
large circuitscanbereduced.

Thefollowing sectionswill describehenew extensionsn detail. Section? introducesanarbitrarystate
for signalsandexplainsits impacton the modelsof basicgates.Section3 illustratesthe two stratgiesfor
specifyingmulti-bit signalsandbuses.Section4 dealswith anew modelfor tri-statecomponentsSections
coverstheabstracspecificatiorof digital logic. Thesefour sectionsncludeour mainimprovementonthe
DiLL. In section6 anexampleof designinga simpleCPU s givento shav how to usethe extendedDiLL



to specifyandsimulatedigital logic. Finally, section7 concludeurwork onextendedDILL andproposes
directionsfor futurework.

Readeraunfamiliar with Lotos or m4 may find the summariesn appendixA useful. AppendixB
talulatesall thecomponentin theDILL library. AppendixC givesthespecificatiorof thecomponentshat
have beenincludedin the extensiongto DiLL. AppendixD explainsthe signalsusedin the CPUexample
of section6. Appendixesk andF give the behaioural andstructuralspecification®f the CPU example.
AppendixG shaws typical simulationpathsfor thesespecifications.

2 Defining An Arbitrary Statefor Signals
2.1 Arbitrary Signal State

As notedin sectionl.1, a signalin DiLL is modelledasa two-level voltage,expressedy 0 and1 in the
LoTos standarddatatype Bit. In the original DiLL approachall the input signalsto a digital logic were
assumedo bein the 0 stateon start-up. This is clearly an approximatiorto the real world, in that the
initial stateof a digital systemoften cannotbe predicted. The approximationalsoresultsin a temporal
inconsisteng in thedigital logic. Supposeve wishto connectwo Invertersin seriesasshovn in figure2.
Accordingto the previousversionof DILL, theinitial inputsof every componentshouldbetakenaso, so
wire A andwire B arebothin the O state. The signalon wire C will thusinitially be 1. Thisleadsto a
temporaryinconsisteng sincethe O statefor A shouldleadto outputl for B from the first inverter and
thusto outputO for C from thesecondnverter

S

Figure?2: InverterinverterCircuit

Although the 0 input assumptiorjust influencesthe initial statesof a circuit, it is still regardedasa
shortcomingof the previous DiLLIn orderto modelreal digital circuits more precisely we introducea
new stateX for signals. We makeX theinitial stateof every signal— bothinputsandoutputs. X canbe
interpretedas‘'unknown’, ‘arbitrary’ or ‘do notcare’. Thisremovesinconsistenciesuchasthatin figure2.

A problemleadingfrom the introductionof X is how to definebooleanoperationgnvolving X. Can
we decidetheresultsof X And0 or X And1 for example?Theanswerdetermineshow to write equations
involving X in the Bit datatypeof Lotos.

An importantideawe have to makeclearis thatalthoughwe call X an‘arbitrary’ state we do not say
thatX is anarbitraryvaluebetweer0 and1. DiLL alwaysassumegircuitsarein a stablestate,thusno
signal could have an undecidablevoltage,which is neitherHIGH nor LOW. Whatwe meanis that X is
eitherO or 1, andthereis a definitelevel on the wire, just we do not know its valueandwe do not care
aboutit. It is now possibleto evaluatebit operationsisingX. BecauseX And0 is O whetherX isOor 1, so
X And0 mustbeevaluatedo 0. However, 1 And1is 1 but 0 And1is 0. Theresultof X And1is thusstill
unknown, andsomustbe evaluatedo X. In thesameway, we candefineall thebooleanoperationon X:

forall B1, B2: Bit
ofsort Bit

not(X) = X;
X andX = X;
X and0=0;
X andl=X;
B1andB2=B2 andBl1,;
XorX=X;
Xor0=X;
Xorl=1,;
BlorB2=B2orB1,;



Otheroperationganbederivedfromthenot, and, or operationsjustasfor theusualtwo-valueboolean
operations:

anandb = not(aandb);
anorb = not(aor b);
axor b = (aandnot(b))or (hot(a)andb);

Normally we useX astheinitial stateof all signals,butit canalsobeusedastheinput stateof asignal
atary time. In thelatercase X alwaysmeansdo not care’. Hardwareengineersarefamiliar with this
idea,andit makesDiLL specificatiormoreflexible.

2.2 Impact on Models of Basic Gates

The modelsof basiclogic gatesneedto be changedas a consequencef introducingthe X. Perhaps
surprisingly the modified specificationsare much simplerthanthe originals. In the previous versionof
DiLL, every processmodelling a basiclogic gatehad two auxiliary processeslealingrespectrely with
initial outputsand later outputs. The new versiononly hasone auxiliary processsinceinitial statesare
handledby thebit operations Takethe one-inputiogic gateasexample:

procesd ogicl[lp, Op] (BOp: BitOp) : noexit :=
Logic1Aux[lp, Op] (BOp, X of bit, X of bit)

where

procesd ogicl1Aux[Ip, Op] (BOp: BitOp, BIn, BOut: Bit) : noexit :=
Ip ? BInNew : Bit;
LogiclAux[lp, Op] (BOp, BInNew, BOut)
I
(
let BOutNaw : Bit = Apply (BOp,BIn) in
[(BOut eqX) and(BOutNev eqX)] =
Op? BOutNew : Bit[BOutNew ne X];
Logic1Aux[lp, Op] (BOp, Bin, BOutNew)

[(BOutNew neX) and(BOutNe~vw neBOut)] =
Op! BOutNew;
Logic1Aux[lp, Op] (BOp, Bin, BOutNew)
)
endproc (* Logic1Aux*)
endproc (* Logicl*)

Themainpointsto noteaboutthis specificatiorare:

« all theinputandoutputsignalsareinitialized to X

« if thecurrentinputvaluesdonotfully determineanoutput,theoutputcanbeanarbitrarybut specific
value(O or 1)

» thisis necessaryo describesequentiatircuits correctly(sincethey mayhave feedback)

= withoutthis changeijf anoutputof X weregivenit mightbefed backto theinput; the outputsmight
thereforestick at X (the equivalentof livelock)insteadof settlingon definitevalues. An example
is our designof the masterslave JK flipflop (see[4] for circuit diagram),without suchchangethe
outputQ andQbarcannever settledown on 1 or 0 stateno matterhow JandK change.)



3 Multi-Bit Signalsand Buses

In digital circuits, it is quite usualthat somerelatedsignalsareregardedasa whole. For example,in a
computersystema groupof 16 bit datasignalscould be seenasonesignalcarriedby a databus. We call
sucha signalconsistingof morethanone bit signalsa multi-bit signal. Using the term from computer
hardwareywe referto awire carryingthemulti-bit signalasabus Multi-bit signalandbusis anabstraction
from thereal physicalworld in which thereexist only individual one-bitsignals,eachcarriedby a wire.
Mary hardwaredescriptionlanguagegprovide datatypesto supportthis abstractiorin orderto simplify
specificationand also conformto what hardwareengineersare usedto. For example, VHDL (VLSI
HardwareDesignLanguagd3]) definesan‘array of bits’ to representulti-bit signals. The new version
of DILL is alsoableto specifymulti-bit wires(buses)andmulti-bit signalswhich arebasednthedifferent
stylesof specification.

3.1 Macrosfor Multi-Bit WiresAnd Signals

In the structuralspecification(seesection5), we have two macrosMWire andMCompto specifymulti-bit
wires (buses)and componentavith suchwires. As will be seenlater, multi-bit wires are expandedto
individual wires eachcarryinga one-bitsignal. Similarly, multiple componentsare expandedto several
individualcomponents.

MacroMWire(Count,'WreList') is usedfor specifyinga multi-bit wire of width ‘Count’. For instance,
Mwire(8,'D’) representan8-bit databusD. MWireis supportedy them4 macrolibrary, beingultimately
translatednto a LoTos specification.For the exampleof MWire(8,'D’), theLoTos specificatiorwill have
gatesD7, D6, D5, D4,D3,D2,D1, DO.

Macro MComp(Count,ConectingMre,'Componeri} representsa group of componentsvith simi-
lar architecture. Supposehat the LoTtos processDFlipFlop[D,C,Q,Qbar] modelsa D-type flip-flop.
MComp(4,C=,'DFlipFlop[D,C=,Q,Qbar])will correspondo a4-bit D-typeflip-flop with a clock signal
commonto its four one-bitflip-flops. Like MWire, macroMCompendsup generating.otos. The4-bit D
typeflip-flop will appeams:

DFlipFlop[D3,C,Q3,Qbar3]
|[CI
DFlipFlop[D2,C,Q2,Qbar2]
|[CI
DFlipFlop[D1,C,Q1,Qbarl]
|[CI
DFlipFlop[D0,C,Q0,Qbar0]
MCompandMWire arealwaysusedogether For the4-bit D-typeflip-flop, aDILL processepresenting
it will be:
procesDFlipFlop4[MWire(4,D),C,MWire(4,'Q,Qbar’)]: noexit :=
MCompl[4,C=,'DFlipFlop[D,C=,Q,Qbar])
endproc

As we have seenthe combinationaliseof thetwo macrosresultsin very compacDILL specifications.
Althoughthesetwo macrosarejust shorthandgor the one-bitform of LoTos specificationthey provide a
concisespecificatiorthatincorporategonventionalhardwarddeas.

Besideghe essentiafunctionillustratedabore, MWire andMComparedesignedor flexible intercon-
nectionof componentsn large circuits with repeatedstructure.Below we give someexamplesto explain
how they areused.

MWire(Count,"WreList’) producesnultiple instance®f wires:

MWire(4,X,Y") yieldsX3,Y3,X2,Y2,X1,Y1,X0, Y0 XandY canberegardedas4-bit buseghatare
expandednto 4 one-bitwires.
If thereis morethanonebusin the buslist, single quotesmustbe put roundthelist. The index
numberafter the wire namesdecreaseby 1 from theindex of MSB (Most SignificantBit) to LSB
(leastSignificantBit).



MWire(3,'A+,B*,C++,D=") yieldsA3,B4,C4,D, A2,B2,C3,D, A1,B0,C2,D.

MWire alsoallows somearithmeticoperatordo appeaiafterasignalname.Thesereferto the current
count,which rangesrom the givenmultiplicity lessonedown to 0 (e.g.for 3 instancesthe current
countis sequentiallysetat2, 1 and0).

+ theindex numberis onemorethanthe currentcount

- theindex numberis onelessthanthe currentcount

* theindex numberis twice the currentcount

/ theindex numberis half the currentcount(roundeddown to aninteger)

= no index numberis appendedo wire name;the wire is a singlewire. (The'=" meanstake as
literally equalto thegivenname’.)

If necessarythearithmeticoperatorsnayberepeatede.g.A++ for adoubleincrement).A repeated
‘-" operatoiis unlikely to be usefulsinceit couldresultin a negative index.

MComp(Count,ConnectiyWire,'Compoent’) producemultiple instance®f acomponenprocess:

MComp(2,'And2[Ip1,Ip2,0p])yieldsAnd2[lp11,Ip21,0p1]|| And2[Ip10,Ip20,0p0]

Theprocesgcomponentjnustbeputin singlequotes.TheMCompactuallytakesthreeparameters:
themultiplicity, thejoining operatolandthe processlf thesecondarameteof themacrois omitted
ashere,thereis no connectiorbetweereachcomponentandthe ||| operatoris usedby default. An
index numberwill beappendedo eachgatein the sameprocessf not otherwiseindicated(i.e. by

t:i).
MComp(4,'D,C=",'DFlipFlop[D+,C=,Q,Qbar]’) yieldsthefollowing:

DFlipFlop[D4,C,Q3,Qbar3]
I[D3.C]|

DFlipFlop[D3,C,Q2,Qbar?]
(D2,

DFlipFlop[D2,C,Q1,Qbar1]

(D1,
DFlipFlop[D1,C,Q0,Qbar0]

If thereis morethanone connectingwire, the list mustbe givenin single quotes. An arithmetic
operatorcanalsobeappendedo a wire name with the samemeaningasfor the MWire Macro.

3.2 LOTOS Data Type BitArray for Multi-Bit Signals

Forthebehaiour styleof specificatior{seesectiorb), DILL offersthedatatypeBitArrayto specifymulti-bit
signals. In sucha case somelL oTos gatesaremodeledasa groupof wires(i.e. buses)carryingmulti-bit
signals. Becausd oTos gatesin currentstandard_otos are not typed, we cannotdistinguishthesetwo
kindsof gatefrom the syntax,however we cando sofrom the context.

Thefollowing aresomebasicoperatorof the BitArray type:

Bit is theconstructoof thetype

# concatenatea bit arrayanda bit, or a bit anda bit array to form a new bit array; for example,
Bit(0)#1#0#lrepresentthe 4-bit signal0101

## concatenatesvo bit arraysto form a new one; for example, (Bit(0)#1#0#1)## (Bit(1)#0#1#0)
formsthe 8-bit signal01011010

Length returnsthewidth of a bit array



NatNum changeshebinaryvaluerepresentetly a bit arrayto a naturalnumber
+ addsthevalueof two bit arrays,or onebit arrayanda bit
not,and,nand,... arelogical operators

eq,ne,lt, ... arerelationaloperators

. getsthevalueof aparticularbit from abit array

Set setsthevalueof a particularbit in a bit array

A multi-bit signalrepresentedby BitArray canalsobe treatedas a set of individual one-bitsignals.
OperatorsSetand*.’” allow usto accessary individual bit in a bit array Thusdatatype BitArray canbe
usedwith bothn-bit andone-bitwires.

We could continueto definea lot of operatorof BitArray accordingto the needsof the circuitsto be
defined. For example,if we wishedto definea BCD adderwe might wantto definesomenew operators
relatingto BCD operations.

Introducingthe type BitArray canresultin moreabstracspecification®f digital systemsallowing us
to ignorethe detailsof how alogic designis implemented.It alsomakesit possibleto useoneprocesgso
modelagroupof componentsvith the samebehaiour exceptfor thenumberof inputsand/oroutputs.For
instanceRey_ nBB[D,Ck,Q]couldrepresenaregisterof ary datawidth.

4 Tri-State Components

In the discussionof previous sections,we referredonly to two statesof a signal0 or 1. Although we
introducedthe X state,it just meanseitherQ or 1. For a tri-state componentjts outputsarein one of
threestates:normallow-impedancd.ow, normallow-impedancedigh, anda high-impedancatate. The
adwantageof tri-statecomponentss thatthe outputsof severalsuchcomponentsanbeconnectedogether
withouttheworry of damagéeo the components(Theoutputsof normalcomponentgsannotbe connected
sincethiswould leadto a shortcircuit if onecomponentveretrying to outputO andtheotherto outputl.)
Tri-stateoutputis especiallyusefulwhenwe wantto transferdataamongseveralcomponentsia abus. As
shavn in figure 3, theregistersA, B, C andD areconnectedo theregisterG throughBus the outputsof
the Decoderdeterminewhich registeris allowedto transferits datato theregisterG .

Register
G
5 Clock
Bus
8 8 8 8
ENA| Register ENB| Register ENC| Register END| Register
A —9 B g C D
Decoder

Figure3: DataTransferthroughBus



Suchkind of the bus structureis very commonin digital design,so we decideto include tri-state
componentsn the new versionof DILL. Eachtri-stategatecorrespondso a basiclogic gatebut with tri-
stateoutput. On specifyingthetri-stategateswe did notintroducea new bit valuefor the highimpedance
state,althoughthis would appearto be the obvious solution. This approachwould resultin problems
whenseveral tri-statecomponentsvere connected.For example,supposinghreetri-stateinverterswere
connectedo abusasshowvnin figure4. In Lotos thiswould bemodelledas:

Inverter One[lp1,Enl,Bus]

I[Bus]|
Inverter One[lp2,En2,Bus]
I[Bus]|
Inverter One[lp3,En3,Bus]
Bus
Enl
-
En2
™~
|p2 /O_ﬁ
En3
™~
Ip3 /0—0

Figure4: Tri-Statelnvertersanda Bus

Assumethattwo of theinvertersaredisabled(in the high impedancestate)andoneis in the O state. If
we usedanew bit valueto indicatea highimpedancéoutput’, thenthe eventon Lotos gateBuscouldnot
synchroniseThusno signalwould appeaion thebus. In reality, thebuswould bein the 0 state.

We usea Lotos event offer with *?’  to mimic the behaiour of a tri-state componentin the high
impedancestate. Sucha stateshouldallow oneof the otheroutputsconnectingo it to transferdataonto
thebus. The stateof the bus (andthusof all the connectedutputs)would be determinedoy thatdata. A
fragmentof the LoTos specificatiorfor tri-stateoutputis:

[GIn eqnot(Enable)}= (* outputis in highimpedancestate*)
Op? Other:Bit;
Enable1Aux[lp,G,0Op](BOp,Enable,BIn,GIn,Other)

In our modelof tri-statecomponentsye do not provide a methodto reportthe situationwhereeither
morethanonetri-statecomponentsireenabledat the sametime or noneis enabled.In theformercasethe
electronicdevice maybe damagedn therealworld; a DiLL descriptionjust ignorestheseenabledsignals
asif nothinghadhappenedin thelatercasethebuswill bein thehighimpedancetatebutin DiLL, thebus
will bein arandomO or 1 state.lt is thereforesuggestedo usethetri-statemodelcarefully Fortunately
asshawn in figure 3, in realdigital designthe enablepins of tri-statecomponentgrealwaysconnectedo
the outputsof a decoder This guaranteethatat ary time, oneandonly oneenablesignalis active. Our
tri-statemodelsarethusstill quiteuseful.

5 SpecifyingDigital Cir cuits at an Abstract Level

5.1 Abstract Specifications

We have seenfrom previous sectionshow we constructdigital circuits by connectingoasiclogic gates.In
fact, all the componentén the original DILL library exceptthe basiclogic gateswerebuilt in this way. We
call this kind of specificatiorstyle structural or constructive It indicateshow a digital circuit is designed.



Alternatively, we can usea more abstractstyle to specify our digital circuits. In suchan abstract
specificationwe just specifywhata componenshoulddo ratherthanhow it is implemented.We have
somegoodreasongo specifydigital logic in thisway:

« Lotossupportspecificationsta numberof levels. It is quite naturalfor usto useit in higherlevel
specification.

< In somecircumstanceg is not necessaryor usto know exactly how a componentis built. For
example,supposave wantto designan ALU (Arithmetic and Logic Unit) which interactswith a
groupof registers.We do not careaboutthe constructiorof theregistergroupat this stagewe only
needto know its behaiour from the perspectie of the outsideervironment. We shouldtherefore
specifythe registergroupasa black box which just describedhe relationshipbetweeninputsand
outputs.

« Thereis well-developedhardwaresynthesisheory which providesthe possibility to translatean
abstractescriptioninto a concretémplementatiorautomatically

« Thevalidationof digital logic designgn DiLL is mainly by simulationat present As we pointedout
earlier thecurrentsimulationtoolshandlecomple circuitsspecifiedn thestructuraktylepoorlydue
to numerousnternalevents. Oneway to overcomethis problemis to improve the LoTos tools. The
otherwayis throughabstracspecification Whenwe have confidencen ourdesignfor acomponent,
we may replaceit by its abstractounterparandusethe abstracttomponentn larger circuits. So
thesimulationof thelargercircuitswill beonly relatedto theabstracbne. In this way, we avoid the
internaleventsin the structuralspecification.

Therearetwo stylesfor specifyingcomponentsn anabstractway: dataflow andbehavioual. The
abstractomponenti theDiLL library arespecifiedn eitherof thesestylesat thespecifiers cornvenience.
Severalcomponentfiave beenspecifiedn bothstylesto comparghedifferencedetweerthem.

5.2 DataFlow Style

In thedataflow style,we usethelL oToslocaldefinitionoperatoliet...in to describenow inputsignalg(data)
flow throughthecircuit to producethe outputs.
Supposeave aredescribingan RSlatch(figure5). Themainpartof its specificationis:

(* inputssignalchanged)

I
let newdtQ : Bit = dtR nordtQbar

newvdtQbar:Bit = dtSnordtQin
(--r) (* outputnew valueof outputsignal*)

R Q

Qbar

Figure5: RSlatch

A fragmentof the specificatiorfor a 4-bit adder(figure 6) mightbe:
(* inputssignalchanged)
let newdtS: BitArray = (dtA + dtB) + dtCO,
nevdtC4: Bit = Carry(dtA,dtB)or Carry((dtA+ dtB),dtCO0)in
(--r) (* outputschangedhccordingo new value*®)



Thedifferencebetweerthesetwo specificationsn dataflow styleis that,in thecaseof theRSlatch,the
dataflow expressioncanbe changedo the connectiorof basiclogic gatesdirectly. However, in the case
of the addery thereis no direct mapbetweerthe dataflow expressionandits gate-lerel implementation.
Sometimesye call the specificatiorlike the RS latch above a white box specification.Althoughit is an
abstractspecificationjt still needssomeknowledgeto implementit. In general,we needmoreor less
constructve informationto write the dataflow specification. Oneextremeis mappingthestructuraldesign
directly into a dataflow expression.More often,we defineoperation®n a LoTos datatypeto aid thedata
flow specification. Sothedataflow style of specificatiorreliesheavily onthedefinitionof suchdatatypes.

By theway, the dataflow style shouldnot seemstrangebecausehe basiclogic gatesareall definedin
thisway.

5.3 The Behaviour Style

Thebehaiour styleof modellingproduces blackbox descriptiorof acomponentit doesnotreflecthow
the circuit is built, but statesvhathappendetweerthe inputsandthe outputs. Whatis insidethe box is
irrelevant. Again, considetthe caseof RSlatch. The LoTos specificatioris:

(* inputschanged)
[
[(dtR eql) and(dtSeqO of bit) and(dtQ ne 0 of bit)] = (*reset*)
Q! 0 of bit;
~ RSLatchBBAux [R, S, Q, Qbar](dtR,dtS, ®f bit,dtQbar)

[(dtR eql) and(dtSeqO of bit) and(dtQbame 1)] =
Qbar! 1;
RSLatchBB\ux [R, S, Q, Qbar](dtR,dtS,dtQ,1)
(* set*)
[(dtR eqO of bit) and(dtSeq1) and(dtQnel)] =
Q'L
RSLatchBB\ux [R, S, Q, Qbar](dtR,dtS,1,dtQbar)

[(dtR eqO of bit) and(dtSeq1) and(dtQbarmeO of bit)] =
Qbar! 0 of bit;
RSLatchBB\ux [R, S, Q, Qbar](dtR,dtS,dtQ,0f bit)

I (* nochange)
(* R,Sreturnto their active level synchronouslyrom theunstablestate*)
[(dtR eqO of bit) and(dtSeqO of bit) and
(dtQ eqO of bit) and(dtQbareqO of bit)] =

(

Q1
RSLatchBBwux [R,S,Q,Qbar]dtR,dtS,1,dtQbar)
I
i; Qbar! 1;
RSLatchBBwux [R,S,Q,Qbar]dtR,dtS,dtQ,1)
)

[(dtR eql) and(dtSeql) and(dtQ neO of bit)] =
Q! 0 of bit;
RSLatchBB\ux [R, S, Q, Qbar](dtR,dtS,®f bit,dtQbar)

(* R=1S=1%)

[(dtR eql) and(dtSeqgl) and(dtQbarne0 of bit)] =
Qbar! 0 of bit;
RSLatchBB\ux [R, S, Q, Qbar](dtR,dtS,dtQ,0f bit)
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The behaiour stylefor anRSlatchgivestherelationshipbetweerthe inputsandthe outputs.If R=1,
S=0 thenthe outputsare reset(Q=0, Qbar=1). If R=0, S=1 thenthe outputsare set (Q=1, Qbar=0)
andsoon. In general,LoTtos guardsare usedto specify the relationshipbetweeninputs and outputs.
Notetheinternaleventi in the ‘no change’state. If thetwo inputsR, Sreturnfrom theinactive state(0)
synchronouslyo theactive state(1), the outputscannotbe decidedby the ervironment;theresultdepends
onthespeedf thegatednsidethecircuit (i.e.thereis aracecondition). We usetheinternaleventto model
thenon-deterministibehaiour.

Onemayamguethatthebehaiour styleis nottrivial evenfor asimpleRSlatch. Thisis trueif we read
the specification®f componentsn theDILL library. Almostevery componenspecifiedn the behaiour
stylehasamuchlongerdescriptiorcomparedo its structuralcounterpartButin fact, theideaof specifying
a componenin suchstyle is very easy What makesthe descriptionlook so clumsyis aspectghat are
similarin all thecomponenspecificationsFor example,alot of guardsareusedto guarante¢hata LoTos
eventmodelsa changeof signal.

Reducingthe compleity of the behaiour style specificationis on the agendaof our future work on
DiLL. Onepossiblesolutionmaybethroughaddingmoremacrodike MWireandMCompto givethe‘core’
partof thebehaiour. Theother commonpartof the specificatiorcouldbe generatecutomaticallyduring
the expansionof themacros.

5.4 SpecifyingCir cuits with Edge-SensitiveSignals

Thereareseveralcomponenti theDILL library whoseinputsor outputsaresensitveto signaledgegsather
thanvaluesof anothessignal. Themostcommonof suchsignalsarerelatedto a clock,i.e.change®f these
signalsdependon the changingof a clock. Takethe exampleof anedge-triggered flip-flop (figure 7).
TheoutputsQ andQbar canbe changednly atthe neggative-goingtransitionof the clock.

The methodof specifyingsuchoutputsis somavhatdifferentfrom outputsthatarenot edge-sensite.
Themethodfor specifyingcircuitswithoutedge-sensite signalstakesthe form:

(* Inputlchangedgoto next state*)

—

(* Inputl changedgoto next state*)

—

(* Outputlchangedgoto next state*)

—

(* OutputOchangedgoto next state*)

In this model, every signalis independentf every other But for circuitsthatareedge-sensite, this
modelshouldbe modifiedto guaranteall the outputssensitie to the clock arecorrectlychangedafterthe
appropriateclock transition.

(* Inputlchangedgoto next state*)

I

[
(* Inputl changedgoto next state*)
[

(* Clockchanged)

(
(* Edge-sensitie Outputlchangedexit *)

Il
(* Edge-sensitie OutputEchangedexit *)

11



)
I

I
-

(* NormalOutputNchangedgoto next state*)

(* NormalOutputlchangedgoto next state*)

Writing specification$or edge-sensiie signalamustalwaysbedonecarefullyto avoid deadlockwhich
resultsfrom incorrectguardsafterthe clock transition.

5.5 Componentswith Non-Fixed Number of Signals

Sometimesve needa moreflexible andmoreabstractmodelto represena classof circuits. For example,
perhapswve needan n-bit registerto represenall registersno matterwhatthe datawidths are. Of course
thereis no suchregisterin the realworld. We abstractsucha componenin orderto useit in every case
wherewe needa registerbut do not careaboutthe width, or wherethe width canbe decidedby the other
componentgonnectedo it.

The LoTos datatype BitArray providesa convenientway to specifysucha component.An abstract
specificatiorof a componentvith a one-bitsignalcanbe easilychangedo specificatiorfor n bits. What
is neededs just changingthe correspondingignaltype (from Bit to BitArray) in the parametetlist of the
auxiliary process.

Suchcomponentgannotbe connectedvith someof the othercomponentsincel oTos gatesin these
componentsepresenbusesvhichwill carryN-bit signals.However, anordinarygatein othercomponents
cancarryonly onebit. n-bit componentsirealwaysconnectedo provide a specificatiorof digital logic at
thesystemlevel.

6 CaseStudy: Designinga Sub-CPUin DILL

In this sectionwe will give anexampleto shav how to useDILL to designandsimulatea digital system.
Designingthedigital systemneedsll the new featuresve addedo DiLL, suchasmulti-bit signalandbus,
tri-statecomponentsabstractcomponentand so on. The exampledealswith designingpart of a CPU
(CentralProcessingJnit) of a simplecomputersystem.We will referto this partof the CPUassub-CPU
in thefollowing text. AppendixD summarisethe meaningof signalsusedin this example.

6.1 Structureof aTypical CPU

As we know, atypical CPUmainly consistof two parts: the control unit andthe datapathsThe control
unit providesall the necessargontrol signalsthat activatethe variousmicro-operationsn the datapaths
to performthe specifieddataprocessingasks. It alsodetermineghe sequencén which variousactions
are performed. Generally the control unit consistsof a programcounter(PC) which providesthe next
instructionaddresgo theinstructionmemory An instructionmemorycontainsseveral instructionsto be
executedn futurestepsanda controllogic whichacceptaninstructionandyieldsthecontrolsignals.The
datapathperformdifferentkinds of dataprocessingasksaccordingto the differentinstructionsfrom the
controlunit. It is acombinatiorof a setof registers(termeda registerfile), anarithmeticlogic unit (ALU)
andinternalbusesthat provide pathwaydor the transferof informationbetweenthe registers,ALU and
othercomputercomponents.

A CPUinevitably hasconnectionsvith the otherpartsof a computersystem for examplememoryor
I/O interfaceunits. The CPU providesbusesfor transferringcode,dataandcontrolinformationbetween
itself andits connectingcomponentsFigure8 shavs ablock diagramfor asimpleCPU connectingwith a
memory Notethatevery partin thefigure,exceptinstructiondecodeandALU, is controlledby thesystem
clock, whichwe did notdraw in thefigure. Our examplewill be basednthis structure.
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Figure8: Block Diagramof a SimpleCPUwith Memory
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6.2 The DesignObjectivesof the Sub-CPU

Our sub-CPUconsistof the datapath@ndthe controllogic of the controlunit, which areincludedin the
bold boxin figure8. Thisis agoodstartfor usto definethe objectvesof designinghe sub-CPU.

« Thesub-CPUis asingle-gcle CPU, which meansfetchingand executingan instructionshouldbe
finishedin asingleclock cycle.

The sub-CPUis a partof a 4-bit computerwhich meanghe widthsof dataregisters,databusesand
thememoryunitsareall 4 bits.

Therearefour dataregistersin the datapathspamedR0, R1, R2, R3, andtwo flag registers,named
Flag0,Flag1l.

Theseregistersloadtheirinputson a positive transitionof the clock signal.

The ALU performstwo operationsadditionof two valuesandcomparisorof two values.

Theinstructionsetof the sub-CPUincludes4 instructions?

— Load DR, SALoadthevalueresidingin a memoryunit whoseaddresss specifiedoy register
SAintoregisterDR.

— Stoe SA,SBStorethevalueresidingin registerSBto amemoryunit, whoseaddresss specified
in registerSA.

— AddDR, SA,SBAdd two valuesresidingin registersSA and SB,sendinghe sumto register
DR andthecarryto Flag1l.

— CmpSA,SBComparehetwo valuesin register SA, SB; if they areequal,the FlagOis setto 1
otherwisesetto 0.

NotethattheregistersDR, SA, SBin theabove instructionsreferto ary oneof R3,R2,R1, RO0.

« Thestructureof aninstructionis shavn in figure 9, in which:

— DRistheDestinatiornRegistet

— SAistheSourceA register

— SBistheSourceB registet

— Opcoderepresentthe operationto be executed.
[CDO Comparegwo valuesin register SA andregister SB.
[CD1 Storeavaluein registerRB to a memoryunit, whoseaddresss in registerSA.
[10Loadavaluefrom amemoryunit, whoseaddresss in register SA, to registerDR.

[11 Add the valuesin SourceA registerand SourceB register and sendthe sumto the
DestinationRegisterDR.

Opcode DR SA SB
7 6| 5 41 3 2l 1 0

Figure9: The Structureof aninstruction

For anexamplethe instructionAddR3,R1,R2will bein thefollowing binaryform: 11110110 In
DiLL, it is representetly a valueof type BitArray bit(1)#1#1#1#@1# 0.

If the numberof operandss lessthan 3, the unusedbits canbe filled with eitherlsor Os. In the
simulationdiscussedn this report,we feedeachunusedit with 0. For instructionLoad R3,R2the
DiLL representatiowill be bit(1)#0#1#14#0##0. Notetheunusedits herearebit 1 andbit O.

1Thefinal instructionsetwill contain5 instructions.Seesection6.3.2.
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« The connectiorbetweenthe sub-CPUandmemoryis achiered throughaddresdus BusAorMArg
two databusesDtin andBusBorDtOutandcontrolsignalMW (MemoryWrite).

Here,wewill exploit atiming diagramshown in figure10andanAddinstructionto helpusunderstand
betterhow our sub-CPUworks. For an Add instructionAdd R3,R1,R0afterthe sub-CPUrecevesit, the
controllogic will producecontrolsignalsrelatingto the Add operationthenthe valuesin registerR1 and
RO areadded.On the next positive transitionof the clock signal,the sumis storedin registerR3 andthe
carryis storedin Flagl.

Load sum and carry
to register and flag

N\

Fetching —¥—— Executing ——¥—— nextinstruction

Add instruction Add instruction

Figure10: Timing of the Single-CycleSub-CPU

Therestof thesectionwill explain how to useDILL to specifyandsimulatethe designof thesub-CPU.
We aregoingto useDiLL atthreelevels, from high level behaiour specificatiorto gatelevel structural
specification We will discusghemoneby one.

6.3 Behaviour Specificationand Simulation of the Sub-CPU
6.3.1 Behaviour Specificationof the Sub-CPU

The objective of behaiour specificatioris to geta moreprecisespecificatiorthanthe descriptionwritten
in naturallanguage.

As we have mentionedn section5, a behaiour specificatioryieldsa blackbox of the systemywith its
inputsandoutputsconnectingvith theoutsideernvironment. It justdealswith how thesysterrshouldbehae
ratherthanhow to implementit. If we keepthesetwo pointsin mind, writing a behaiour specificatiorin
DiLL will notbetoodifficult.

Beforewe try to decidethe inputsand outputsof the sub-CPUsystemwe review the block diagram
of figure 8 and our designobjectivesin section6.2. Obviously, the instruction(indicatedasIR in the
following text) whichis offeredby theinstructionmemoryandthe datafrom memaory(indicatedasDtIn)
areinputsof theblackbox. Theclock signal(indicatedasCIk) is alsoaninput becausét determinesvhen
theregistershouldioadits value. With respecto sub-CPUS outputsijt is easyfor usto find thatthe control
signalsto memory memorywrite signal(MW), the memoryaddresgBusAorMar) andthe datawritten
to the memory(BusBorDtou} arecountedasoutputsof the blackbox. Besideghese the outputsof data
registersandflag registersarealsoincludedin the outputsof theblackbox. Althoughthesesignalsarenot
connectedo ary componenbutsidethe sub-CPU their valuesare known to the outsideworld, say the
programmer®sf its assemblyanguage

So far, we have extractedthe inputs and outputsof the sub-CPU.Thus the LoTos processwhich
representshe sub-CPUs like this:

SubCPUI[IRDtIn, Clk, R3,R2,R1, R0, Flag1,Flag0,BusAorMARR, BusBorDtout MW]

We write the behaiour specificatiorin the way of inputsdeterminingoutputs which meandor each
input state,we needto specifyits correspondingutputstate. Recallthat section5.4 saystherearetwo
kinds of outputsignals:oneis edge-sensitie andthe otheris nonedge-sensite. In the sub-CPUsystem,
R3 R2 R1, RO Flagl, Flag0aresensitve to clock transitions.We takeBusAorMadd BusBorDtOut MW
asnonedge-sensite signals.

The outline of the specificationis shavn below, the completeDiLL specificationmay be found in
appendixE.
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Signalon IR is changedgo to the next state

I

Signalon Dtln is changedgo to the next state
Signalon Clk is changed

[ ClocksignalisfromOtol] =
(
[Is a Storelnstruction] =
goto thenext state
(* storeinstructiondoesnotyield ary edge-sensite signal*)

_[Is alLoadInstruction] =
Loadthedataon DtlIn to thedestinatiorregister;
goto thenext state

I

_[Is anAdd Instruction] =
(
Loadthesumof sourceA registerandsourceB registerto the
destinatiorregister;

Il
Loadthecarryto theflaglregister

)

=
goto thenext state
I

[Is aCmplnstruction] =
Loadtheresultof comparisorof sourceA registerand
sourceB registerto flagOregister;
goto thenext state

)

[ Clocksignalis notfrom O0to 1] =
goto thenext state

)

[Is a Storeinstruction] =
Signalon MW changedo 1;
goto thenext state

_[Is alLoador Add or Cmpinstruction] =
Signalon MW changedo 0;
goto thenext state

I
Dataon BusAorMArr changego the valueof sourceA register;
goto thenext state

I
Dataon BusBorDtOutchangedo the valueof sourceB register;
goto thenext state

6.3.2 Simulating the behaviour specification

The simulationtool hippo is utilized in the simulation of the designof the sub-CPU.Inspectingthe
instructionsetof the sub-CPUjt is evidentthatall the operationsarebasedn registers,namelyeitherthe
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actualoperandor the addresf a memoryunit in which the actualoperandresidess in a dataregister
Sowe choosea Loadinstructionasthefirst instructionto be simulated.For instructionLoad RO,R1 Its
binaryform is 10001000jn DiLL, representedy bit(1)#0#0#0##0#0#0 of type BitArray.

Thefollowing is afragmentof the executionpathof the instruction:

START
IR MBI  t(1) #0) #0) #0) #0) # 1) # 0) # 0)
MW 10
Clk 10
ck 1

A WNEFO

Thefirst stepfeedsthe Loadinstructionto the IR. Steps3 and4 modelthe positive transitionof clock
signal. Accordingto our specificationwe intendthatthe MW signalshouldbe changedo 0 becausenly
the Stoe instructioncansetit to 1. At the sametime, the memoryaddresswhich is containedn register
R1 shouldappeanon BusAorMArr. This simulationpathshawvs thatthe signalon MW is just asexpected
but the memoryaddresgloesnot appearmnthe bus. Thisis becaus¢hevaluein R2 is anarbitraryvalue,
soadefinitememoryunit cannotbe addressed.

We know thatin our instructionset,all valuesin registerscanonly comefrom memory The problem
is thatwe cannotload the memoryaddresdo register becauseheseaddresseshouldalsocomefrom a
memoryunit. Soaftera coupleof stepsof simulation,we find oursehesin adilemma. This indicateshat
thereis a shortcomingn the original designof the instructionset. We needanotherinstructionto load a
valueto registerotherthanfrom memory

We adda new load instructionwhich loadsan immediateoperando a givenregister For example,
LoadR0,0000d0ads0 to registerR0O. The operandvaluecomedrom theinstructiondirectly. Accordingly,
theinstructionsetwill containfive instructionsandthe instructionformatis alsochanged little. Now
eachinstructionwill have 9 bits andthe highestbit indicateswvherethe operandcomesfrom, if it is 1, the
operandwill comefrom the instruction,otherwisefrom a memoryunit. The other8 bits have the same
meaningasthe previousdefinition.

After changingthe specificationto include the new instruction, we simulatethe execution of the
following instructionsequence:

Load RO0,0000
Load R1,0011
Load R2,1110
Load R3,0011
Add RO,R1,R2

Cmp RO,R2
Cmp R1,R3
Load R3,0000
Store R3,R1
Load R2,R3

The executionpathfor thefirst Loadinstructionlookslike:

0 START

1 IR (((((«B it 1) #1) #0) #0) # 0) #0) # 0) # 0) # 0)
2 MW 10

3 Ck 10

4 Ck 11

5 RO !(((Bit(0) # 0) # 0) # 0)

6 BusAorMArr  I(((Bit(O ) #0) # 0) # 0)

7 BusBorDtO ut  !(((Bit( 0) #0) # 0) # 0)

The first stepfeedsthe instructionLoad R0,0000to IR. Sinceit is a Load instruction,the MW is
changedo 0 (MW !0 Memorywrite disable).After the positive transitionof clock signal,thevaluein RO

2In the behaviour specificatiorof the sub-CPUwe assumehatif the valuein registeris anarbitrarynumber the corresponding
instructionwill beneglected SeeappendixE.
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is changedo 0 (RO! 0). Thedataon BusAorMArr andBusBorDtOutarealsochangedaccordingto the
Loadinstruction.Because¢hechangesppeabetweerthe executionof the currentinstructionandfetching
thenext instruction,they will notaffect the executionof eitherthe currentinstructionor the next one. By
now, thefirst instructionhasbeenexecutedcorrectly we may continueto the seconcne.
Thewholeexecutionpathof theabove instructionsequencés in AppendixG.

6.4 Structural Specificationand Simulation of the Sub-CPU
6.4.1 Structural Specificationof the Sub-CPU

The structuralspecificationspecifiesthe structuraldesignof the sub-CPU.We will not detail the design
processut immediatelygive a block diagram(figure 11) here.

Regin R3
RW ;
R2
Clk Register 4 ?
. R1
G File T
RO
SA >
SB
4 4 4
Opcode Dr SA SB ] 4 MW
BusA| BusB 4 J/
MA DtOut
3 2 2 2 \t_
g 2 2 r - |
1- 1-
[AorC |
2-4 2-4 2-4 Demulplexer | Demulplexer | |
Decoder | Decoder | Decoder 0 1 0 1 | Memory |
Instruction e SA S8 AddA| AddB ComA | ComB N ——
Decoder
RW MW LI CMP p! Comparator Adder 4
AorC MorF ADD )
Zero Carry | Sum
4
Flag0 Flagl
0 1 MorF
Mul 2-1
4 Clk CMPClk ADD
T
0 1 LI
Mul 2-1

Figurel1l: Block Diagramof the Sub-CPU

The structuralspecificationis achiezed by connectingcomponentavith the LoTos paralleloperator
We canfirst look for thecomponentén theDiLL library. If we cannotfind anappropriateone,a new one
shouldbewritten.

In thesub-CPUtheinstructiondecodelis a specificcomponentn the design;we needto write a nen
procesgo specifyit. It is writtenin abehaiour style,becausave do notwantto introduceinternalevents
duringthe simulation. The decodersmultiplexersanddemultiplexersin figure 11 canbe easilyfoundin
DiLL. Noticethatall four registersareconnectedo both BusAorMArr andBusBorDtOut sowe needtwo
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tri-statecomponents\Ve alsonee-bit registercomponent$or dataregisters andl bit registeror flip-flop
for flag registersof our sub-CPUAII thesecomponentarespecifiedn theDILL library.

Sowhatwe needdois to write anen componenfor theinstructiondecodein thebehaiour style,and
thenconnectll thecomponent#n anappropriatavay.

The completespecificatiorcanbefoundin appendix-.

6.4.2 Simulation of the Structural Specification

The objective of simulatinga structuralspecificationis to look for designdefectsin a digital circuit. By
comparingthe executionpathsof behaiour andstructuralspecificationsye will know whethera design
satisfiedts behaiour requirements.

Actually, beforewe obtainedhefinal versionof the structuralimplementatiorof the sub-CPUwe had
severaldesignsvhich containedugs,thatwerediscoreredduringsimulation.For example,originally, we
usedD flip-flopsto representiags. After executingthesamenstructionsequencasusedn thesimulation
of the behaiour specificationwe found the behaiour of flagsaredifferent. Hereis the simulationpath
afterexecutiontheinstructionLoad R0,0000

0 START
5 IR8 1
6 IR7 11
7 IR6 10
8 IRS 10
9 IR4 10
10 IR3 10
11 IR2 10
12 IR1T 10
13 IRO 10
18 MW 10

52 Clk 0

53 Ck "1

54 Flagl 10

55 R0O3 10

56 RO2 10

57 RO1 !0

58 ROO !0

59 BusAorMArr3 10
60 BusAorMArr2 10
61 BusAorMArrl 10
62 BusAorMAr rO 10
63 BusBorDtO ut3 10
64 BusBorDtO ut2 10
65 BusBorDtO utl 10
66 BusBorDtO ut0 10

Herewe justlist externalevents(correspondingo theinputsandoutputsof the Sub-CPU)yandomit all
theinternalevents(correspondingo the internalconnectiondbetweencomponents)so the stepnumbers
abore are not continuous. Note that the changeof flagl in event 54 did not appearin the behaiour
specification Actually, in the structuraldesignevery instructionmayinfluencethe stateof flags,but in the
behaiour specificatioronly Add andCmpcanchangeheflags. This suggestshatthe simpleD flip-flop
is nota suitablecomponento representlags. Finally we replaceit with a 1 bit registerwith load control.

After simulatingthe modifieddesignandcomparingts executionpath(in appendixG)with thatof the
behaiour specificationyve find they aresameandsatisfyourselhesthatthis time we geta properdesign.

6.5 Gate-Level Specificationand Simulation

Thegatelevel specifications alsoakind of structurabpecificationbut replacingaverycomponengpecified
in anabstractvaywith aconcreteone. It guaranteethatadigital designcanbeimplementedy connecting
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ordinarybasiclogic gatessuchasAND, OR,NOT gates.

In ourdesignof thesub-CPUegxceptfor theinstructiondecoderthecomponentsve usedn theprevious
level all have their gatelevel counterpartén our DiLL library. Moreover, all thesecomponenthiave been
simulatedbeforethey areputinto thelibrary. Sowhatwe shoulddo at thislevel of specifications trivial:
write a structuralspecificationfor the instructiondecoderand simulateit, finally, replaceall the abstract
componentsvith their gatelevel specification.

6.6 Conclusionof the CaseStudy

Fromabore example we maygetsomeexperienceof designingdigital logicin DiLL. In generalthedesign
procescanbedividedinto several steps:

1. Specifyingthe designobjectivesof thedigital logic in the behaiour styleandsimulatingit. In this
step,we aim at gettinga precisespecificatiorof the digital system,andfinding possibledefectsin
thedesignrequirements.

2. Specifyingall thecomponentsvhich areselectedo build the digital systemin anabstracstyle and
simulatingthem. This stepmaybe omittedif thesecomponentsirealreadyin theDILL library.

3. Specifyingthe digital systemin the structuralstyle, this is achiezed by connectinghe components
specifiedn the secondstepin anappropriatevay. Simulatingthe specificatiorto seeif it satisfies
thedesignobjectivesof thefirst step.

4. Specifyingthecomponentselectedn thesecondstepatthegatelevel andsimulatingthem. If these
componentsirealreadydefinedby DILL, the stepmaybe omitted.

5. Replacingall theabstractomponentin thestructurakpecificatiorwith their gatelevel components
to getagatelevel implementation.

7 Conclusionsand Futur e Work

7.1 Conclusion

In this technicalreportwe have describedhe improved versionof DiLL. The main contentsof the new
versioncanbe summarise@s:

« Thenecessarl 0T0S datatypesfor hardwarespecificatiorareprovided:

— standard_oTos datatypesandextensiondor modellingone-bitsignals
— BitArray for modellingmulti-bit signals

« Digital signalsaremodelledastwo-level voltagesput specifiedusingthreesignalstates:0 for logic
0, 1 for logic 1, andX for eitherO or 1.

« LoTtosgatesuseeitherone-bitwiresor n-bit buses.

- The modelof basiclogic gateshasbeenchangedslightly from the original DiLL becauseof the
introductionof the X initial parameterThe new modelhasa simplerform thantheold one.

« New m4 macroshave beendefinedfor multi-bit wires.
« Tri-statecomponentarenow availablein thelibrary.

« Lamgercircuitscanbespecifiedn threestyles:

— structuralstyle,connectingsimplercomponent$®y LoTtos parallelexpressions
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— dataflow style, usingLoTos local definitionsto specify the relationshipbetweeninputsand
outputs

— behaiour style,specifyingthe behaioural propertiesof a component

Throughthe work of the previous DiLL version,we have acquiredsomeexperienceof usingLoToS
for gate-level specification.We have now specifiedsomedigital componentst anabstractevel, andfind
Lotos alsoquite suitablefor higherlevel specification.Throughthe casestudyof the sub-CPUwe have
gainedmoreconfidencen thesuitability of Lotosfor specifyingandanalysingdigital logic, especiallyfor
largerscaledigital circuits.

7.2 Futurework

We planfuturework onDILL to includethefollowing:

< A morefriendly interfacefor theuserwill bedesigned As we mentionedbefore thereis only athin
layerabove Lotosto supporttheuseof DiLL. Thereis still alot of work to bedoneon developinga
betterinterface.

« A simplerapproachor behaiour specificatiorof digital circuitswill beinvestigated As seenin the
casestudy of designingthe sub-CPU the behaiour specificationhasmuchlongercodesthanthe
structuralone. Writing suchspecificationsvould be somavhatdifficult for hardwareengineers.

« Thesimulationtoolsoughtto beimproved sothatinternaleventsaretransparento DiLL users.An
idealtool shouldhave thecapabilityto displaythe outputsof adigital circuit soonafterits inputsare
given.

« Wewill workonamodelfor specifyingtiming propertie®f digitallogic. Thecurrent_otosstandard
hasno time capabilities,andtherearevery limited toolsto supporttimed specificationn standard
Lotos DiLL currentlyrefersonly to the functionalaspect®f digital logic. But in future work on
DiLL, we hopeto investigatdiming propertieshecauséhey areimportantin mary logic designs.

« Equivalencecheckingbetweendifferentlevels of specificationshouldalso be takeninto account
in futurework. As seenin our casestudy of the sub-CPU we have not provedthatthe structural
specificatiorof the designsatisfieshe behaiour requirements.
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A LOTOS Syntaxand m4Built-in Commands

Thisappendigivesselected oTos syntaxin table1 andm4built-in commandsn table2.

| Notation | Meaning
(* text *) acomment
stop abehaiour thatdoesnothing(no furtheraction)
exit abehaiour thatimmediatelyterminatesuccessfully
exit (results) successfulerminationwith resultvalues
gate a‘port’ atwhich eventoffersmaysynchronise
gate! value anoffer to synchronis@nagivenvalue

gate? variable: sort

an offer to synchroniseon ary value of the givensort, binding
theactualvalueto the givenvariablename

gate! ... ? ... [predicate]

aneventoffer with a predicateon valuessynchronised

processname[gates](parameters)
noexit := behaiour

anamedprocessabstractiorwith givengatesandvalueparam-
etersbut notermination(e.g.it repeatsndefinitely)

processname[gates](parameters)
exit (results).= behaiour

aprocesshatterminatesuccessfullyith thegivenresultsorts

name[gates](parameters)

aninstantiationof a namedoprocess

offer ; behaiour

prefixesaneventoffer to somebehaiour (‘follo wedby’)

[guard] = behaiour

offersbehaiour only if theguardconditionis satisfied("if *)

behaiourl[] behaiour2

offersa choicebetweertwo behaiours (‘or’)

behaiourl = behaiour2

allows the secondbehaiour to occurif thefirst behaiour ter-
minatessuccessfully(‘enables’)

exit (results)=
acceptdeclarationsn behaiour

successfulerminationwith export of resultvalues

behaiourl = behaiour2

allowsthesecondehaiour to disruptthefirst behaiour unless
thisterminatesuccessfullyfirst (‘disabledby’)

behaiourl || behaiour2

allowstwo behaioursto runin parallel,but fully synchronised
ontheirevents(‘synchronisedvith’)

behaiourl ||| behaiour2

allows two behaioursto runin parallel,but with independent
occurrencef their events(‘interleavedwith’)

behaiourl |[gate}] behaiour2

allows two behaioursto run in parallel, synchronisingon all
eventsatthe givengateq‘synchronisedn gateswith’)

Tablel: Selected oToS Syntax
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Build-in Command

Description

#.. ignorecommentext up to andincludingthe new line
changequotéleftright) definequotecharactersisleft andright(insteadof *...")
defingnametext) definemacronameto betext

divert(streamnumbej

divert future outputto streamstreamnumber(1 to 99), the de-
fault of 0 is standardutput

divhum(streamnumbe}

expandto currentlyactive diversionnumber

dnl

deleteup to newline, generallyto prevent extra white spacen
macro

eval(expression

expandto resultof numericexpressionthe arithmeticandlogi-
cal operatorsaareessentiallyjthoseof C

ifdef(‘name’,deftext,undeftext)

if macroname(quotedto preventexpansion)s defined gxpand
to def text otherwiseundetnext

ifelse(textl,text2,eqtext,ne text)

If textl andtext? are equalstrings,&pandto eq.text otherwise
ne_text; conditionsmayberepeated

include(file_namg

expandto contentsof file_.name

incr(numbey

expandto numbet1

index(string1,string2d

expandto positionin stringl wherestring2 occurs(0 is start,-1
meansotfound)

len(string)

expandto lengthof string

substr(string,position,number

expandto string from position(0 is start)for numbercharacters
(defaultto endof string)

translit (string,from,tg

expandto stringwith fromcharacterseplacedy corresponding
to charactergor deletedf thereis no corresponding)

undefing‘name’)

deletedefinitionof name(quotedto preventexpansion)

undivert(streamnumbey..)

retrieve text from diversionstreamnumber(all diversionsasde-
fault) andappendo currentdiversion(usuallystandardutput)

Table2: Selectedn4Built-in Commands
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B TheDILL Library

Tables3 to 15 summarise¢he componentsvailablein the DILL library. In thetables,"WB’ in the name
of componentsefersto a White Box (extensional)style of specificationwhile ‘BB’ meansa Black Box
(intensionalktyle. In all othercasesanexplicit structuralstylehasbeenfollowed. Thedifferencemamong
thesethreestylesarediscussedh section5.

| Library Component | Meaning |
And2[Ip1,1p2,0p] 2-inputAnd
And3[Ip1,Ip2,1p3,0p] 3-inputAnd
And4[lp1,Ip2,1p3,Ip4,0p] | 4-inputAnd
And8[MWire(8,1p),0p] 8-inputAnd

Not, Inverter
2-inputNot And
3-inputNot And
4-inputNot And
8-inputNot And
2-inputNot Or
3-inputNot Or
4-inputNot Or
8-inputNot Or
Sourceof logic 1

Inverter[lp,Op]
Nand?2[lp1,lp2,0p]
Nand3[lp1,lp2,ip3,0p]
Nand4[lp1,1p2,lp3,Ip4,0p]
Nand8[MWIire(8,1p),0p]
Nor2[lp1,Ip2,0p]
Nor3[Ip1,Ip2,Ip3,0p]
Nor4[lp1,Ip2,Ip3,1p4,0p]
Nor8[MWire(8,Ip),0p]
One[S]

Or2[Ip1,Ip2,0p] 2-inputOr
Or3[lpl,Ip2,Ip3,0p] 3-inputOr
Or4[lpl,Ip2,Ip3,1p4,0p] 4-inputOr
Or8[MWire(8,Ip),0p] 8-inputOr
Repeater[lp,Op] SameRepeaterDelay
Sink[S] Absorbsignal

Xnor2[lp1,Ip2,0p] 2-inputExclusiveNor

Xnor3[Ip1,Ip2,1p3,0p]

3-inputExclusiveNor

Xnor4[lp1,Ip2,Ip3,1p4,0p]

4-inputExclusiveNor

Xnor8[MWire(8,1p),0p]

8-inputExclusiveNor

Xor2[Ip1,Ip2,0p]

2-inputExclusiveOr

Xor3[Ip1,Ip2,Ip3,0p]

3-inputExclusiveOr

Xor4[lpl,Ip2,Ip3,1p4,0p]

4-inputExclusiveOr

Xor8[MWire(8,1p),0p]

8-inputExclusiveOr

Zero[S]

Sourceof logic 0

Table3: BasicLogic Gates
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Library Component

| Meaning

And2.0Onellp1,Ip2,G,0p]

2-inputAnd 1 active enable tri-stateoutput

And2 Zero[lp1,Ip2,G,0p]

2-inputAnd 0 active enable tri-stateoutput

And3.0neJlpl,Ip2,Ip3,G,0p]

3-inputAnd 1 active enable fri-stateoutput

And3_Zero[lp1,Ip2,Ip3,G,0p]

3-inputAnd 0 active enable tri-stateoutput

And4._Onellpl,Ip2,Ip3,1p4,G,0p]

4-inputAnd 1 actve enablefri-stateoutput

And4_Zero[lpl,Ip2,Ip3,1p4,G,0p]

4-inputAnd, 0 active enable fri-stateoutput

And8.0One[MWire(8,1p),G,0p]

8-inputAnd 1 active enable fri-stateoutput

And8_Zero[MWire(8,1p),G,0p]

8-inputAnd 0 active enable fri-stateoutput

Inverter One[lp,G,0p]

1-bit Inverter 1 active enable tri-stateoutput

Inverter One 4[MWire(4,Inp),En,MWre(4,0up)]

4-bit Inverter 1 active enablefri-stateoutput

InverterZero[lp,G,0Op]

1-bit Inverter 0 active enable fri-stateoutput

InverterOne8[MWire(8,Inp),En,MWte(8,0up)]

8-bit Inverter 1 active enable fri-stateoutput

Inverter Zera 4[MWire(4,Inp),En,MWre(4,0up)]

4-bit Inverter O active enable fri-stateoutput

Inverter Zera 8[MWire(8,Inp),En,MWke(8,0up)]

8-bit Inverter O active enable fri-stateoutput

Nand20ne[lp1,Ip2,G,0p]

2-inputNand 1 active enable fri-stateoutput

Nand2Zero[lp1,Ip2,G,0p]

2-inputNand O active enable fri-stateoutput

Nand3O0ne[lpl,1p2,Ip3,G,0p]

3-inputNand 1 active enable fri-stateoutput

Nand3Zero[lp1,lp2,Ip3,G,0p]

3-inputNand 0 active enable fri-stateoutput

Nand40ne([lpl,1p2,Ip3,ip4,G,0p]

4-inputNand 1 active enable fri-stateoutput

Nand4Zero[lp1,Ip2,Ip3,1p4,G,0p]

4-inputNand 0 active enable fri-stateoutput

Nand8One[MWre(8,1p),G,0p]

8-inputNand 1 active enable fri-stateoutput

Nand8Zero[MWire(8,1p),G,0p]

8-inputNand 0 active enable fri-stateoutput

Nor2_One[lp1,lp2,G,0p]

2-inputNor, 1 active enablefri-stateoutput

Nor2 Zero[lp1,Ip2,G,0p]

2-inputNor, 0 active enablefri-stateoutput

Nor3.0One[lp1,lp2,1p3,G,0p]

3-inputNor, 1 active enablefri-stateoutput

Nor3_Zero[lpl,Ip2,1p3,G,0p]

3-inputNor, 0 active enablefri-stateoutput

Nor4_One[lp1,Ip2,1p3,ip4,G,0p]

4-inputNor, 1 active enablefri-stateoutput

Nor4 Zero[lpl,1p2,Ip3,1p4,G,0p]

4-inputNor, 0 active enablefri-stateoutput

Nor8_-One[MWre(8,1p),G,0p]

8-inputNor, 1 active enablefri-stateoutput

Nor8_Zero[MWire(8,1p),G,0p]

8-inputNor, 0 actve enablefri-stateoutput

Or2.0ne[lp1,Ip2,G,0p]

2-inputOr, 1 active enabletri-stateoutput

Or2_Zero[lp1,1p2,G,0p]

2-inputOr, 0 active enableftri-stateoutput

Or3.0ne[lpl,Ip2,Ip3,G,0p]

3-inputOr, 1 active enabletri-stateoutput

Or3_Zero[lp1,1p2,1p3,G,0p]

3-inputOr, 0 active enabletri-stateoutput

Or4_One[lpl,Ip2,1p3,1p4,G,0p]

4-inputOr, 1 active enabletri-stateoutput

Or4_Zero[lp1,1p2,1p3,1p4,G,0p]

4-inputOr, 0 active enabletri-stateoutput

Or8_One[MWre(8,1p),G,0p]

8-inputOr, 1 active enableftri-stateoutput

Or8_Zero[MWire(8,1p),G,0p]

8-inputOr, 0 active enableftri-stateoutput

RepeateiOne[lp,G,0p]

1-bit Repeaterl active enablefri-stateoutput

RepeateiOne 4[MWire(4,Ip),En,MWre(4,0p)]

4-bit Repeaterl active enablefri-stateoutput

RepeateiOne 8[MWire(8,Ip),En,MWire(8,0p)]

8-bit Repeaterl active enablefri-stateoutput

RepeateZero[lp,G,0p]

1-bit Repeater0 active enableri-stateoutput

RepeateiZero 4[MWire(4,1p),En,MWre(4,0p)]

4-bit Repeate active enablefri-stateoutput

RepeateZero 8[MWire(8,Ip),En,MWre(8,0p)]

8-bit RepeaterO active enablefri-stateoutput

Table4: Tri-StateComponentgfirst part)
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Library Component

Meaning |

Xnor2-0ne[lp1,lp2,G,0p]

2-inputXnor, 1 active enabletri-stateoutput

Xnor2 Zero[lpl,1p2,G,0p]

2-inputXnor, 0 active enabletri-stateoutput

Xnor3.0ne[lpl,lp2,1p3,G,0p]

3-inputXnor, 1 active enabletri-stateoutput

Xnor3.Zero[lpl,1p2,Ip3,G,0p]

3-inputXnor, 0 active enabletri-stateoutput

Xnor4_One[lpl,lp2,Ip3,Ip4,G,0p]

4-inputXnor, 1 active enablefri-stateoutput

Xnor4d Zero[lpl,1p2,Ip3,1p4,G,0p]

4-inputXnor, 0 active enablefri-stateoutput

Xnor8 . One[MWire(8,Ip),G,0p]

8-inputXnor, 1 active enabletri-stateoutput

Xnor8. Zero[MWire(8,1p),G,0p]

8-inputXnor, 1 active enabletri-stateoutput

Xor2-0One[lpl,1p2,G,0p]

2-inputXor, 1 active enablefri-stateoutput

Xor2_Zero[lp1,1p2,G,0p]

2-inputXor, 0 active enablefri-stateoutput

Xor3.0ne[lpl,1p2,Ip3,G,0p]

3-inputXor, 1 active enablefri-stateoutput

Xor3.-Zero[lp1,Ip2,1p3,G,0p]

3-inputXor, 0 active enablefri-stateoutput

Xor4_One[lpl,Ip2,lp3,1p4,G,0p]

4-inputXor, 1 active enabletri-stateoutput

Xor4d Zero[lpl,Ip2,Ip3,1p4,G,0p]

4-inputXor, 0 active enabletri-stateoutput

Xor8_0One[MWire(8,Ip),G,0p]

8-inputXor, 1 active enablefri-stateoutput

Xor8_Zero[MWire(8,1p),G,0p]

8-inputXor, 1 active enablefri-stateoutput

Table5: Tri-StateComponentgsecondart)

| Library Component | Meaning |
Adder2BBJ[Al, A0, B1, B0, S1,S0,Cout] 2-bit adder
Adder4BB[MWire(4,’A,B’),C0,MWire(4,S),C4] 4-bit paralleladder
AdderN.BB[A,B,S,Cout] n-bit adder
HalfAdder[A,B,S,C] Half adder
HalfAdderBBJA,B,S,C] Half adder
FullAdder[A,B,Cin,S,Cout] Full adder
FullAdderBB[A,B,Cin,S,Cout] Full adder
RippleAdder2[A1 A0, B1, B0, S1,S0,Cout] 2-bit ripple-throughadder
RippleAdder4[MWre(4,'A,B’),C0,MWire(4,S),C4] | 4-bitripple-throughadder
RippleAddergMWire(8,'A,B"),C0, MWire(8,S),C8] | 8-bit ripple-throughadder

Table6: Adders

Library Component |

Meaning

BCDtoDec[MWIre(4,D),MWire(10,Y)]

BCD-to-Decimaldecoder

BCDtoDecWB_One[MWire(4,D),MWre(10,Y)]

BCD-to-Decimaldecoderoutputsl active

BCDtoDecWB Zero[MWire(4,D),MWre(10,Y)]

BCD-to-DecimaldecoderoutputsO active

Decoder2[D1,D0,03,02,Q1,Q0]

2-to-4line decoder

Decoder2WB_One[D1,D0,Q3,Q02,Q01,Q0]

2-to-4line decoderoutputsl active

Decoder2WB_Zero[D1,D0,Q3,Q2,Q1,Q0]

2-to-4line decoderoutputsO active

Decoder3©8[MWire(3,D),MWIre(8,Y)]

3-to-8line decoder

Decoder368.WB_One[MWre(3,D),MWire(8,Y)]

3-to-8line decoderoutputsl active

Decoder368. WB_Zero[MWire(3,D),MWire(8,Y)]

3-to-8line decoderoutputsO active

Encoder4to2[D3D2, D1, D0, Q1,Q0]

4-to-2encoder

Encoder4toaVB_One[D3,D2, D1, DO, Q1,Q0]

4-to-2encodefinputsl active

Encoder4to2VB_Zero[D0,D1,D2,D03,Q0,Q1]

4-to-2encoderinputsO active

Excess3toDec[MWe(4,D),MWire(10,Y)]

Excess-3-tdecimaldecoder

Excess3toDetVB_One[MWre(4,D),MWire(10,Y)]

Excess-3-tdecimaldecoderoutputsl active

Excess3toDetVB_Zero[MWire(4,D),MWre(10,Y)]

Excess-3-tdecimaldecoderoutputsO active

Excess3GrtoDec[M\ive(4,D),MWire(10,Y)]

Excess-3-Gray-to-Decimdecoder

Excess3GrtoDedVB_One[MWire(4,D),MWire(10,Y)]

Excess-3-Gray-to-Decimdecodeyoutputsl active

Excess3GrtoDe®B_Zero[MWire(4,D),MWire(10,Y)]

Excess-3-Gray-to-DecimdecodeyoutputsO active

Table7: EncodersandDecoders

27




| Library Component

Meaning |

Comparatorl[Ai,Bi,Xi,Y,Ap,Bp]

1-bit comparator

ComparatorIWBI[AI,Bi, Xi,Y i,Ap,Bp]

1-bit comparator

Comparator4[Ls4,Gr4,MWe(4,'X,Y"),Ls0,Gr0] 4-bit comparator,

Comparator8[Ls8,Gr8,MW&(8,'X,Y’),Ls0,Gr0] 8-bit comparator|

Comparator8BB[Ls4,Gr4,MWre(4,'X,Y’),Ls0,Gr0] | 4-bit comparator

ComparatorNBBJ[Ls,Gr,X,Y,Ls0,Gr0]

n-bit comparator

Table8: Comparators

Library Component

Meaning

Bi_Counter4dReset[Q4,R1,R2,MWE(4,Q)]

4-bit binarycounterwith reset

Bi_Counter4BB_Reset[Q4,R1,R2,MWke(4,Q)]

4-bit binarycounterwith reset

Clock[C]

Clock

Divider2[C,Q]

Divide-by-2counter

Divider2 BB_Neg[C,Q]

Divide-by-2counter negative clock

Divider2 BB_Pos|C,Q]

Divide-by-2counter positive clock

Divider4[C,Q1,Q0]

Divide-by-4counter

Divider4 BB_Neg[C,Q1,Q0]

Divide-by-4counter negative clock

Divider4 BB_Pos[C,Q1,Q0]

Divide-by-4counter positive clock

Dividers[C,Q2,01,Q0]

Divide-by-8counter

Divider8 BB_Neg[C,Q2,Q1,Q0]

Divide-by-8counter nggative clock

Divider8 BB_Pos[C,Q2,Q1,Q0]

Divide-by-8counter positive clock

Table9: Counters
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Library Component

Meaning

DFlipFlop[D,C,Q,Qbar]

MasterSlave D flip-flop

DFlipFlop.-BB_Neg[D,C,Q,Qbar]

Negative edge-triggered flip-flop

DFlipFlop.BB_Pos[D,C,Q,Qbar]

Positive edge-triggered flip-flop

DFlipFlop-BB_PreClrNeg[D,Preset,Cleat,Q,Qbar]

Negative edge-triggere® flip-flop, preset
andpreclear

DFlipFlop.BB_PreCltPos[D,Preset,Cle&,Q,Qbar]

Positive edge-triggered flip-flop, preset
andpreclear

DFlipFlopLockOutBB_Neg[D,C,Q,Qbar]

MasterSlave D flip-flop, lockout,dataout-
puton negative clock

DFlipFlopLockOutBB_Pos[D,C,Q,Qbar]

MasterSlave D flip-flop, lockout,dataout-
puton positive clock

DFlipFlop_PreClIr[D,Preset,Clegk,Q,Qbar]

MasterSlave D flip-flop,
preclear

preset and

JKFlipFlop[J,K,C,Q,Qbar]

MasterSlave JK flip-flop

JKFlipFlop.BB Neg[J,K,C,Q,Qbar]

Negative edge-triggeredK flip-flop

JKFlipFlop.BB Pos[J,K,C,Q,Qbar]

Positive edge-triggeredK flip-flop

JKFlipFlop.BB_PreCltNeg[J,K,Preset,Cled,Q,Qbar]

Negative edge-triggeredK flip-flop, pre-
setandpreclear

JKFlipFlop.BB PreClrPos[J,K,Preset,Cle&,Q,Qbar]

Positveedge-triggeredK flip-flop, preset
andpreclear

JKFlipFlopLockOutBB_Neg[J,K,C,Q,Qbar]

MasterSlave JK flip-flop, lockout, data
outputon negative clock

JKFlipFlopLockOutBB_Pos[J,K,C,Q,Qbar]

MasterSlave JK flip-flop, lockout, data
outputon positive clock

JKFlipFlop.PreClIr[J,K,Preset,Cle&ik,Q,Qbar] MasterSlave JK flip-flop, preset and
preclear

MSFlipFlop[R,S,C,Q,Qbar] MasterSlave RSflip-flop

MSFlipFlopPreCIr[R,S,Preset,Cle@k,Q,Qbar] MasterSlave RS flip-flop, preset and

preclear

RSFlipFlopEdge[R,S,C,Q,Qbar]

Edge-triggeredR Sflip-flop

RSFlipFlopBB_Neg[R,S,C,Q,Qbar]

Negative edge-triggeredR Sflip-flop

RSFlipFlopBB_Pos[R,S,C,Q,Qbar]

Positive edge-triggere® Sflip-flop

RSFlipFlopBB_PreCltNeg[R,S,Preset,Cle®,Q,Qbar]

Negative edge-triggeredRSflip-flop, pre-
setandpreclear

RSFlipFlopBB_PreClrPos[R,S,Preset,Cle@rQ,Qbar]

Positveedge-triggere®Sflip-flop, preset
andpreclear

TFlipFlop[C,Q,Qbar]

T flip-flop

TFlipFlop-BB_Neg[D,C,Q,Qbar]

Negative edge-triggered flip-flop, preset
andpreclear

TFlipFlop-BB_Pos[D,C,Q,Qbar]

Positive edge-triggered flip-flop, preset
andpreclear

Table10: Flip-Flops
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| Library Component |

Meaning

CDRSLatch[R,S,D0,D1,C,Q,Qbar]

ClockedReset-Selatch,datainput

CDRSLatchWBIR,S,D0,D1,C,Q,Qbar]

ClockedReset-Selatch,datainput

CRSLatch[R,S,C,Q,Qbar]

ClockedReset-Selatch

CRSLatchWBIR,S,C,Q,Qbar]

ClockedReset-Selatch

DLatch[D,C,Q,Qbar] Delaylatch
DLatch WBI[D,C,Q,Qbar] Delaylatch
DLatch4[MWre(4,D),G,MWre(4,Q)] 4-bit D latch
DLatch4BB[MWire(4,D),G,MWre(4,Q)] 4-bit D latch
DLatch8[MWre(8,D),G,MWire(8,Q)] 8-bit D latch
DLatch8 BB[MWire(8,D),G,MWre(8,Q)] 8-bit D latch

DRSLatch[R,S,D0,D1,Q,Qbar]

Reset-Selatch,datainput

DRSLatchWBIR,S,D0,D1,Q,Qbar]

Reset-Selatch,datainput

Latch WB_PreCIr[R,S,Preset,Cle@k,Q,Qbar]

RSlatch,presetandpreclear

Latch PreCIr[R,S,Preset,Cle@k,Q,Qbar]

RSlatch,presetandpreclear

Latch WB_PreCIr[R,S,Preset,Cle@k,Q,Qbar]

RSlatch,presetandpreclear

RSLatch[R,S,Q,Qbar]

Reset-Selatch

RSLatchBB|[R,S,Q,Qbar]

Reset-Selatch

RSLatchWB[R,S,Q,Qbar]

Reset-Selatch

Tablell: Latches

| Library Component

Meaning

Rey_4T4_RW[MWire(4,D),GwWh,Wa,GIRb,Ra,MWre(4,Q)]

4*4-bit memory readandwrite

Rey_4T4.BB_RW[D,Gw,Wb,\a,G[RDb,Ra,Q]

4*4-bit memory readandwrite

Table12: Memories

| Library Component | Meaning

Parity8[MWire(8,D),P]

8-bit parity checker/generatof

Parity8 WB[MWire(8,D),P]

8-bit parity checker/generatok

Table13: Parity Checkers/Generators

[ Library Component |

Meaning

Demultiplexer1to?2[D,S,Q1,Q0]

1-to-2demultiplexer

Demultiplexer1to2WB[D,S,Q1,Q0]

1-to-2demultiplexer

Demultiplexer2to4[D,S1,S0,03,02,Q1,Q0]

2-to-4demultiplexer

Demultiplexer2to4AWB[D,S1,S0,Q3,02,01,Q0]

2-to-4demultiplexer

Multiplexer4to1[D3,D2,D1,D0,S1,S0,Q]

1-bit 4-to-2 multiplexer

MultiplexerdtolWB[D3,D2,D1,D0,51,50,Q]

1-bit 4-to-2 multiplexer

Multiplexer2to1[A,B,S,C]

1-bit 2-to-1 multiplexer

Multiplexer2to1BB[A,B,S,C]

1-bit 2-to-1 multiplexer

Multiplexer2tolWB[A,B,S,C]

1-bit 2-to-1 multiplexer

Multiplexer2to18[MWire(8,'A,B’),S,MWire(8,C)]

8-bit 2-to-1 multiplexer

Multiplexer2to18_BB[MWire(8,A),MWire(8,B),S,
MWire(8,C)]

8-bit 2-to-1 multiplexer

Multiplexer2to1R¢g 8[MWire(8,'A,B"),S,Ck,
MWire(8,Q)]

8-bit 2-to-1 multiplexer, registeroutput

Multiplexer2to1RegN_BB _Pos[A,B,S,Ck,C]

n-bit 2-to-1 multiplexer, registeroutput

Table14: MultiplexersandDemultiplexers
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Library Component

Meaning

BucketBrigade2[J0,J1,K0,C,Q0,Q1]

2-bit bucketbrigade

PassOn2[D,C0,C1,Q]

2-bit sequentiapass-on

Ragister4[MWire(4, D), Clk, MWire(4, Q)]

4-bit D-typeregister

RegisterdBB_Neg [MWire(4, D), C, MWire(4, Q)]

4-bit D-typeregister dataoutputon
negative clock

ReayisterABB_Pos[MWire(4,D), C, MWire(4, Q)]

4-bit D-typeregisterdataoutputon
positive clock

Reagister8[MWire(8,D),C,MWire(8,'Q,Qbar’)]

8-bit register

ReagisterN.BB_Neg[D,C,Q,Qbar]

n-bit register dataoutputon nega-
tive clock

ReagisterN.BB_Pos[D,C,Q,Qbar]

n-bit register dataoutputon posi-
tive clock

RegisterLoadClIr[D,G,CIClk,Q]

1-bitregister dataloadenable pre-
cleardataoutputon positive clock

RaisterLoadClr4[MWre(4,D),G,CliClk,MWire(4,Q)]

4-bitregister dataloadenablepre-
clear dataoutputon positive clock

RagisterLoadClr4Tri[M,N,MWire(4,D),G1,G2,CICIK,
MWire(4,Q)]

4-bitregister dataloadenablepre-
clear tri-state output, data output
on positive clock

RagisterLoadCIrBB_Neg[D,G,CIr,Clk,Q]

1-bitregister dataloadenable pre-
cleardataoutputon negative clock

RagisterLoadCIrBB_Pos[D,G,CICIk,Q]

1-bitregister dataloadenable pre-
cleardataoutputon positive clock

RagisterLoadClr4BB _Neg[D,G,ClIr,Clk,Q]

4-bitregister dataloadenablepre-
cleardataoutputon negative clock

RagisterLoadClIr4BB_Pos[D,G,CI/CIk,Q]

4-bitregister dataloadenablepre-
cleardataoutputon positive clock

ShiftRegister2[D,C,Q0,Q1]

2-bit shift register

ShiftRegister2BB_Neg[D,C,Q1,Q0]

2-bit shift register dataoutputon
negative clock

ShiftRegister2BB_Pos[D,C,Q1,Q0]

2-bit shift register dataoutputon
positive clock

ShiftRegister8[DO0,C,D8]

8-bit shift register

ShiftRegister8BB_Neg[D,C,MWire(8,Q)]

8-bit shift register dataoutputon
negative clock

ShiftRegister8BB_Pos[D,C,MWre(8,Q)]

8-bit shift register dataoutputon
positive clock

Table15: Ragisters
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C Gate-Level ComponentSpecifications

This appendixgivesgate-level circuit specificationgor thenew DiLL components Specificationgor the
original DiLL componentsanbefoundin [4].

C.1 8-Bit Ripple Adder

Seefigure12.

procesRippleAdder8[MWre(8,'A,B’),c0, MWire(8,S),c8] :noexit =
hide MWire(7,c+)in
MComp(8,c,'FullAdder[A,B,C,S,C+])
|[cO]|
zero[cO]
endproc (* RippleAdder&)

BO AL Bl A1l B2 A2 B3 A3 B4 A4 BS AS B6 A6 BY A7
A A A A A A A LQ
B B B B B B B B
C1 ce C3 Cc4 CS Cé6 C?7 C8
Cout Cout Cout Cout Cout Cout Cout Cout——=
C@@Hcm STCm STCm STCm STCm STCm STCm 81 Cin S—l
1%} S1 SYad S3 S4 S5 S6 S?7

Figure12: 8-Bit Ripple Adder

C.2 3-to-8Line Decoder

Seefigure 13.

procesDecoder3d8[MWire(3,D),MWre(8,Y)] : noexit:=
hide MWire(3,Ind)in
(MComp(3,‘Inverter[D,Ind]"))
|[[D2,D1,D0,Ind2,Ind1,Indp
(And3[D2,D1,D0,Y7]||| And3[Ind2,Ind1,Ind0,Y0)
|[[D2,D1,D0,Ind2,Ind1,Indp
(And3[D2,D1,Ind0,Y6]|| And3[Ind2,Ind1,D0,Y1)
|[[D2,D1,D0,Ind2,Ind1,Indp
(And3[D2,Ind1,D0,Y5]||| And3[Ind2,D1,Ind0,Y?2)
|[[D2,D1,D0,Ind2,Ind1,Indp
(And3[D2,Ind1,Ind0,Y4]|| And3[Ind2,D1,D0,Y3)
endproc (* Decoder3d8*)

C.3 BCD-to-Decimal Decoder

Seefigure 14. Outputsare0 active.

procesBCDtoDec[MWre(4,D),MWre(10,Y)]: noexit:=
hide MWire(4,Ind),MWire(10,Ybar)in
MComp(4,‘Inverter[D,Ind]’)
[[MWire(4,'D,Ind")]|
(
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Figure13: 3-to-8Line Decoder
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)

((((((((Nand4[Ind3,Ind2,Ind,Ind0,Y0]

Nand4[Ind3,Ind2,Ind1,D0,Y1])
Nand4[Ind3,Ind2,D1,Ind0,Y2])
Nand4[Ind3,Ind2,D1,D0,Y3])
Nand4[Ind3,D2,Ind1,Ind0,Y4])
Nand4[Ind3,D2,Ind1,D0,Y5])
Nand4[Ind3,D2,D1,Ind0,Y6])
Nand4[Ind3,D2,D1,D0,Y7])
Nand4[D3,Ind2,Ind1,Ind0,Y8])
Nand4[D3,Ind2,Ind1,D0,Y9]

endproc (* BCDtoDec*)

I[Ind3,Ind2,Ind|
|[Ind3,Ind2,Indq
|[Ind3,Ind2,D1,D0|
|[Ind3,Ind1,Indq)
|[Ind3,D2,Ind1,D0|
|[Ind3,D2,D1,Ind0)
|[Ind3,D2,D1,DQ|
|[Ind2,Ind1,Indq|
|[D3,Ind2,Ind1,D0|

D3

IND3

D2

IND2

D1

IND1

De

INDO

Figure14: BCD-to-DecimalDecoder

C.4 Excess-3-tdecimal Decoder

Outputsare0 active.

procesExcess3toDec[M\ite(4,D),MWre(10,Y)] : noexit:=

hide MWire(4,Ind),MWire(10,Ybar)in
MComp(4,‘Inverter[D,Ind]’)

[[MWire(4,'D,Ind")]|

(

((((((((Nand4[Ind3,Ind2,D1,D0,Y0O]
Nand4[Ind3,D2,Ind1,Ind0,Y1])
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Nand4[Ind3,D2,Ind1,Ind0,Y2]) [Ind3,D2,D1,Indg)

Nand4[Ind3,D2,D1,Ind0,Y3]) |[Ind3,D2,D1,DQ|
Nand4[Ind3,D2,D1,D0,Y4]) |[Ind2,Ind1,Indq|
Nand4[D3,Ind2,Ind1,Ind0,Y5]) |[D3,Ind2,Ind1,D|
Nand4[D3,Ind2,Ind1,D0,Y6]) [D3,Ind2,D1,Ind0)
Nand4[D3,Ind2,D1,Ind0,Y7]) [D3,Ind2,D1,DQ|
Nand4[D3,Ind2,D1,D0,Y8]) [D3,D2,Ind1,Indg)

Nand4[D3,D2,Ind1,Ind0,Y9]
)

endproc (* Excess3toDet)

C.5 Excess-3-Gray-to-DecimaDecoder

Outputsare0 active.

procesExcess3GrtoDec[MWke(4,D),MWre(10,Y)] : noexit:=
hide MWire(4,Ind),MWire(10,Ybar)in
MComp(4,‘Inverter[D,Ind]’)
[[MWire(4,'D,Ind")]|
(

((((((Nand4[Ind3,Ind2,D1,IndX 0] [Ind3,D1,Indq|
Nand4[Ind3,D2,D1,Ind0,Y1]) [Ind3,D2,D7]
Nand4[Ind3,D2,D1,D0,Y2]) [Ind3,D2,Dq]
Nand4[Ind3,D2,Ind1,D0,Y3]) |[Ind3,D2,Ind1, IndQy
Nand4[Ind3,D2,Ind1,Ind0,Y4]) [D2,Ind1,Indq|
Nand4[D3,D2,Ind1,Ind0Y5]) [D3,D2,Ind1,DQ|
Nand4[D3,D2,Ind1,D0,Y6]) [D3,D2,D1,Dq|
Nand4[D3,D2,D1,D0,Y7]) [D3,D2,D1,IndQ|
Nand4[D3,D2,D1,Ind0,Y8]) [D3,Ind2,D1,Ind0)

Nand4[D3,Ind2,D1,Ind0,Y9]

)
endproc (* Excess3GrtoDet)

C.6 1-Bit Comparator

Seefigure 15. Thisis thecell from which multi-bit comparatorarebuilt. Thesignalsare:

Ai, Bi: ith bitsto becompared
Xi, Yi: comparedesultsfrom thei+1th bits; 0, O for equal,1,0for A<B,0,1forA>B
Ap, Bp: comparedesultsof theith bits

processComparatorl1[Ai,Bi,Xi,¥,Ap,Bp] :noexit :=
hide Inx,Iny,Ina,Inb,A3,B3in
(Inverter[Xi,Inx] ]| Inverter[Yi,Iny]

Inverter[Ai,Ina]]|| Inverter[Bi,Inb]
)
[[Xi,Yi,Ina,Inb,Inx,Iry]|
((Nand3[Inx, ¥i,Inb,A3] |[a3]| Nand2[A3,Ina,Ap])
[[ina,ink|
(Nand3[Xi,Iny,Ina,B3]|[b3]] Nand2[B3,Inb,Bp])
)

endproc (* Comparator¥)
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Figure15: 1-Bit Comparator

C.7 4-Bit Comparator

Seefigure 16.
processComparator4[Ls4,Gr4,MW#&(4,X,Y"),Ls0,Gr0] :noexit =
hide MWire(3,'Ls+,Gr+")in
MComp(4,'Ls,Gr’,'Comparatorl[Ls+,Gr+,X,)s,Gr])
endproc (* Comparator4)

Lo InY 333 4D—Q Ep

X3 Y3 xe Ye X1 Y1 X Yo
X1 Y1 X1 Y1 X1 Y1 X1 Y1
LSd  1ai Ap ai Ap ai Ap ai Ap
Gréd )
—+ B1 Bp B1 Bp B1 Bp B1 Bp

Figure16: 4-Bit Comparator

C.8 8-Bit Comparator
processComparator8[Ls8,Gr8,MW&(8,'X,Y"),Ls0,Gr0] :noexit =
hide Ls4,Gr4in
(Zero[Ls8]||| Zero[Gr8])
[Ls8,Grg|
Comparator4[Ls8,Gr8,MWe (4, X+++,Y+++7),L54,Gr4]
[[Ls4,Gr4|
Comparator4[Ls4,Gr4,MWe(4,'X,Y’),Ls0,Gr0]
endproc (* Comparator8)

C.9 4-Bit Binary Counter with Reset(74LS93)
Seefigure 17.

R1,R2: Asynchronoufkeseinputs,1 active

Q4: clocksignal
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Q3-Q0: counteroutputs changeatthe negative transitionof the clock signalif R1,R2arenot actie.

AsynchronousResetinputsare 1 actve. Asynchronougesetmeansthe countermay be resetto 0
independentlypf theclockinput. In mostcasesit happengrior to the countoperation.

processBi_Counter4 Reset[Q4,R1,R2,MWE(4,Q)] :noexit :=
hide R1R2,MWIre(4,'J,K,Pre,Qbar’)n

Nand2[R1,R2,R1R2]
[R1R2|
MComp(4,'R1R2=,Q’,'"JKFlipFlopPreClIr[J,K,Pre,R1R2=,Q+,Q,Qbar]’)
[[MWire(4,'3,K,Pre’]|
(MComp(4,0ne[J])|]| MComp(4,0ne[K])||]| MComp(4,0ne[Pre])

endproc (* Bi_Counter4 Reset)

0
PRESET

1 — s 0 Q3
Q 4 0| >CK

CLEAR

671
PRESET

1 — 3 0 Qe
L 9g>cx

K Q
CLEAR

— 1
PRESET

1 — 3 Q Rl
L dVek

K
CLEAR

671
PRESET
1—3 L e — O

L 9>k

K Q
CLEAR

Rl o0 RIRZ
R e

Figurel7: 4-Bit Binary Counterwith Reset

C.10 Master Slave RSFlip-Flop with Presetand Preclear

Seefigure18. Asynchronoupresetandpreclealinputsare0 active. Asynchronougresetandclearmeans
theflip-flop maybe setto 1 or resetto 0 independentlyf the clock input. Outputschangeat the nggative
transitionof theclock signalif the presetandprecleararenotactive.

procesdMSFlipFlop. PreCIr[R,S,Preset,Cle@k,Q,Qbar]:noexit :=
hide Ckint,Rint,Sintin
Inverter[Ck,Ckint]
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[[Ck,Ckinf]]|
( CRSLatch[R,S,Ck,Rint,Sint]

[[Rint,Sinf|
Latch PreClr[Sint,Rint,Preset,Cle@kint,Q,Qbar]
)
endproc (* MSFlipFlop_PreClr*)
g 1
PRESET
1 —13 a QO
QR4 al>ex
1 — @
CLEAR
1
PRESET
1 — 5 0 Q1
0>
1 _
CLEAR

PRESET
1 —13 Q Qe
L oMk
1k Q
1 CLEAR

— 1

PRESET
1" Q Q3
0>
1 — a
CLEAR
R1 RIR2
R2

Figure18: MasterSlave RSFlip-Flop with PresetandPreclear

C.11 Master Slave JK Flip-Flop With Presetand Preclear

Asynchronoupresetindprecleainputsare0 active. Outputschangeatthenegative transitionof theclock
signalif thepresetandprecleararenot active.

processIKFlipFlop-PreClr[J,K,Preset,Cle&@k,Q,Qbarl:noexit :=
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hide Rint,Sintin
(And2[J,QbaySint] ||| And2[K,Q,Rint])
|[Rint,Sint,Q,Qbal{
MSFlipFlop. PreClr[Rint,Sint,Preset,Cle&k,Q,Qbar]
endproc (* JKFlipFlop_PreClr*)

C.12 Master Slave D Flip-Flop With Presetand Preclear

Asynchronoupresetindprecleainputsare0 active. Outputschangeatthenegative transitionof theclock
signalif thepresetandprecleararenot active.

procesDFlipFlop_PreClIr[D,Preset,Clegtk,Q,Qbar]noexit :=
hide Dint in
Inverter[D,Dint]
|[D,Dint]|
JKFlipFlop_PreClIr[D,Dint,Preset,Cleak,Q,Qbar]
endproc (* DFlipFlop_PreClr*)

C.13 Edge-Triggered RS Flip-Flop

Outputschangeat the nggative transitionof the clock signal.

procesRSFlipFlopEdggR,S,Ck,Q,Qbar] noexit :=
hide A,B,C,Din
((Nand2[S,Ck,A][A,CK]| Or2[Ck,A,C]) |[C]| Nand2[C,QbaR])
I[Ck,Q,Qbalf
((Nand2[R,Ck,B][B,CK]| Or2[Ck,B,D]) |[D]| Nand2[D,Q,Qbar])
endproc (* RSFlipFlopEdgé)

C.14 RSLatch with Presetand Preclear

Seefigure 19. Asynchronougpresetandpreclearare0 active. OutputschangewhenCK is 1 if the preset
andprecleararenot active.

procesd.atch PreCIr[R,S,Preset,Cle@k,Q,Qbar]:noexit :=
hide Rint,Sintin
(Nand3[S,Clea€k,Sint]|[Ck]| Nand3[R,Preset,Ck,Rint])
[[Rint,Sint,Preset,Clefr
(Nand3[Sint,Preset,Qh&] |[Q,Qbaj| Nand3[Rint,CleaQ,Qbar])
endproc (* Latch PreClr*)

S '
— Sint
CLEAR ) al
CK

D Q

O

PRESET B -

R

Figure19: RS Latchwith PreseandPreclear
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C.15 4-Bit D Latch
processDLatch4[MWre(4,D),G,MWre(4,Q)] :noexit =
hide MWire(4,Qbar)in
MComp(4,G=,'DLatch[D,G=,Q,Qbar]’)
endproc (* DLatch4*)

C.16 4*4-Bit Memory with Readand Write (74LS170)
Seefigure 20.

D3-DO0: datainputs

Gw/Gr: write/readenable(0 active)
Wb, Wa/Rb,Ra: write/readaddress
Q3-QO0: dataoutputs

procesReay_4T4 RW[MWire(4,D),GwWhb,Wa,GtRb,Ra,MWre(4,Q)]noexit :=
hide MWire(4,'W,Gwin,Q0,Q1,Q2,Q3,Qin'n
(( Decoder2[Wb,V&,MWre(4,W)]

[[MWire(4,W)]|
MComp(4,Gw=,'‘Nor2[Gw=,WGwin]’)
)
[[MWire(4,Gwin)|
( DLatch 4[MWire(4,D),Gwin3,MWre(4,Q3)]
[[MWire(4,D}]|
DLatch 4[MWire(4,D),Gwin2,MWre(4,Q2)]
[[MWire(4,D}]|
DLatch 4[MWire(4,D),Gwinl,MWre(4,Q1)]
[[MWire(4,D}]|
DLatch 4[MWire(4,D),Gwin0,MWre(4,Q0)]
) )

[[MWire(4,'Q0,Q1,Q2,Q3Y)
(MComp(4,'Rb=,Ra=";Multiple xer2[Q3,Q2,Q1,Q0,Rb=,Ra=,Qin]’)
[[MWire(4,Qin}|

MComp(4,Gr=,'0r2[Qin,Gr=,QT’)
)
endproc (* Reg_4T4_RW *)

C.17 8-Bit Parity Checker/Generator

Seefigure 21.
processParity8 [MWire(8, D), P] : noexit :=
hide MWire(4,A), MWire(2,B) in
MComp(4,'Xor2 [D+*, D*, A])
[[MWire(4,A)]|
MComp(2,'Xor2 [A+*, A*, B])
[[MWire(2,B)]|
Xor2 [MWire(2, B), P]
endproc (* Parity8*)
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Figure21: 8-Bit Parity Checker/Generator

C.18 2-1Multiplexer

Seefigure 22.

procesdMultiplexer2tol1[A,B,S,Clnoexit :=
hide Ain,BIn,Sinin
(Inverter[S,Sin]
I[S.SiA|
( And2[A,Sin,Ain] ||| And2[B,S,BIn]))
[[Ain,BIn]|
Or2[Ain,BIn,C]
endproc (* Multiplexer2to1*)

A
A :D—ﬂC

B D
S

Figure22: 2-to-1Multiplexer

C.19 8-bit 2-1 Multiplexer
procesdMultiplexer2tol 8[MWire(8,'A,B’),S,MWire(8,C)] :noexit :=
MComp(8,S=,'Multiplexer2to1[A,B,S=,C]’)
endproc (* Multiplexer2to1 8 *)

C.20 8-bit 2-1 Multiplexer with RegisterOutput

Outputschangeat the nggative transitionof the clock signal.

procesdMultiplexer2to1Rg-8[MWire(8,'A,B’),S,Ck,MWire(8,Q)] :noexit :=
hide MWire(8,'C,Qbar’)in
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Multiplexer2tol 8[MWire(8,’A,B"),S,MWire(8,C)]
[[MWire(8,C)|
Multiplexer.8[MWire(8,C),Ck,MWfre(8,'Q,Qbar")]
endproc (* Multiplexer2to1Rg_8_Decl*)

C.21 8-Bit Register
D7-DO0: datainputs
Q7-QO0: dataoutputs
Qbar7-Qbar0: dataoutputsnegated

C: commonclockinput

Outputschangeat the nggative transitionof the clock signal.

processRayister 8 [MWire(8, D), C,MWire(8,'Q,Qbar’)]: noexit :=
MComp(8,C=, ‘DFlipFlop[D, C=,Q, Qbar])
endproc (* Register 8 *)

C.22 8-Bit Shift Register
D8: datainput
DO: dataoutput

C: commonclockinput

Dataoutputchangesatthe negative transitionof the clock signal.

processShiftReyister8[D0, C,D8]: noexit :=
hide MWire(7,D+),
MWire(8, Dbar+)in
MComp(8,'D, C=’, ‘DFlipFlop[D, C=, D+, Dbar+])
[[MWire(8,Dbar+)|
MComp(8,'Sink [Dbar+]’)
endproc (* ShiftRegister8*)

C.23 4-Bit D-Type Registerwith Tri-State Output (74LS173)
Seefigure 23.

D3-DO0: datainputs

G1,G2: dataenableusedto selectregister(0 active)

Clr: asynchronouslear

Clk: clock

M, N: outputcontrol

Q3-QO0: dataoutputs

Dataoutputschangeatthe positive transitionof the clock signal.
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processRayister 4_Tri[M,N,MWire(4,D),G1,G2,ClIiClk,MWire(4,Q)] :noexit :=

hide Mn,G,GIn,Clkin,MWire(4,'QIn,QBarDIn,DDIn,Ind’),Prein

(Nor2[M,N,Mn] ||| (Nor2[G1,G2,g][g]| Inverter[G,GIn])

[] Inverter[Clk,CIkin] ||| One[Pre])
[[Mn,G,GIn,Clkin,Prg|

(((((And2[G,D3,DIn3]||| And2[QIn3,GIn,DDIn3])

[[DIn3,DDIn3]|
Or2[DIn3,DDIn3,Ind3])

[Ind3,QIn3|
DFlipFlop-PreClr[Ind3,Pre,C|Clkin,QIn3,QBar3])

[[QBar3|
Inverter PosTi[QBar3,Mn,Q3]

)
[[Mn,G,GIn,Pre,CICIkin]|
((((And2[G,D2,DIn2]||| And2[QIn2,GIn,DDIn2])
[[DIn2,DDInZ]|
Or2[DIn2,DDIn2,Ind2])

[[Ind2,QIn2|
DFlipFlop_PreClIr[Ind2,Pre,C|Clkin,QIn2,QBar2])

[[QBar]|
Inverter PosTi[QBar2,Mn,Q2]

)
[[Mn,G,GIn,Pre,CICIkin]|
((((And2[G,D1,DIn1]||| And2[QIn1,GIn,DDIn1])
[[DIn1,DDInYj|
Or2[DIn1,DDIn1,Ind1])

[Ind1,QIn|
DFlipFlop_PreClIr[Ind1,Pre,C|Clkin,QIn1,QBarl])

|[QBarT]|
Inverter PosTi[QBar1,Mn,Q1]

)
[[Mn,G,GIn,Pre,CICIkin]|
((((And2[G,D0,DINn0]||] And2[QINn0,GIn,DDIN0])
[[DIn0,DDINQ]|
Or2[DIn0,DDIN0,Ind0])

[[Ind0,QInq]|
DFlipFlop-PreClIr[Ind0,Pre,C|Clkin,QIn0,QBar0])

[[QBarq|
Inverter PosTi[QBar0,Mn,Q0]

)

)
endproc (* Register 4_Tri *)
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D Signalsin the Sub-CPU

D.1 Signalsin the Behaviour Specification

LoTos gatesin the behaiour specificatiorof the sub-CPUmay represeneithermulti-bit wires or one-bit
wires.

IR: Instructioninput, 9-bit wire

Dtin: Datalnputfrom thememory 4-bit wire

Clk: systemClock, one-bitwire

R3,R2,R1,R0putputsof four dataRegisters eachoutputbeinga 4-bit wire; shortenedasMWire(4,R)

Flagl,FlagO0: outputsof flag registers,eacha 1-bit wire; Flaglis the carryflag andFlagOthe comparison
flag, with 1 meaningwo operandsareequalandO thatthey areunequal

BusAorMArr: Memory Address4-bit wire
BusBorDtOut: DataOutputto memory 4-bit wire

MW MemoryWrite signal. one-bitwire. 1 standgor memorywrite enable 0 for memorywrite disable

D.2 Signalsin the Structural Specification

LoTos gatesin the structuralspecificatiorrepresenbne-bitwires. Multi-bit wires canbe shortenedvith
MWire macro.

MWire(9,IR): Instructioninputs
MWire(4,DtIn): Datalnputsfrom thememory
Clk: sameasthatin the behaiour specification

MWire(4,'R3,R2,R1,R0’): the outputsof the four data Rajisters; for example, R33 is the most
significantbit of theregisterR3

Flagl,Flag0: sameasthatin the behaiour specification

MWire(4,'BusAorMArr’): theinternalBusfor sourceoperandA within the sub-CPU or the external
busfor MemoryAddress

MWire(4,'BusBorDtOut’): theinternalBusfor sourceoperand within the sub-CPU pr theexternal
busfor DataOutputsto memory

MW sameasthatin the behaiour specification
Thefollowing aretheimportantcontrol signalsfrom the controlunit of thesub-CPU:

RW RgisterWrite signal;1 standgor write enable0 for disable
AorC: Addition or Comparison] standgor addition,0 for comparison

MorF: datacomesrom Memoryor from functionunit (ALU); 1 standgor from memory O for from
functionunit

LI: dataloadedfrom immediateoperandr from amemoryunit; 1 standgor loadingfrom immediate
operand for from a memoryunit

ADD: 1 standdor anadditioninstruction
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CMP: 1 standgor acomparisonnstruction

MWire(4,G): determinghedestinatiorregister 1 active; for exkample0001meanghattheloadeddata
will besentto registerRO.

MWire(4,SA): determinghevalueontheBusAbus, 1 active; for example0001meanghatthecontent
of registerROwill beappeaion BusA, thesignalscontrollingthe enablepinsof thetri-stategates

MWire(4,SB): similarto MWire(4,SA)ut referringto the BusBbus
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E Behaviour Specificationof the Sub-CPU

This is a simplified behaiour specificationof the sub-CPU.In the specification,we assumehatif an
instructionneedgo geta valuefrom registersor databuses but thevalueis an arbitraryoneatthattime,
thisinstructionwill be neglected.

Theassumptiorakeghebehaiour specificatiormoreconcisethana completeoneand,moreimpor-
tantly, makesthe simulationvery easydueto the omissionof settingthesearbitraryvaluesexplicitly. On
theotherhand,acompletespecificatioris moreprecisethanthis one. It would specifyall theoutputstates
of thesub-CPUjncludingthosecorrespondingo theinitial undeterminedhputs.

divert(—1)
include(dill.m4)
divert

defingcpu gates,‘IR,DtIn,Clk,MWre(4,R),Flagl,Flag0,BusAorMArBusBorDtOut, MW’)

defingcpu pars,
‘dtIR,dtDtIn,dtClk,MWire(4,dtR) dtFlagl,dtFlag0,dtBusAorMAmdtBusBorxOut, dtMW’)

circuit(‘cpu_behalcpugates]’,
cpu beha[cpugates]

where

processcpu beha[cpugates]: noexit :=
cpu behaAux[cpugates]
(DIt O)EXEXHEXEXHXEXEXHX,

bit(X)#X#X#X,

X of bit,

bit(X)#X#X#X,
bit(X)#X#X#X,
bit(X)#X#X#X,
bit(X)#X#X#X,

X of bit, X of bit,
bit(X)#X#X#X,
bit(X)#X#X#X,

X of bit)

where
processcpu_behaAux[cpugates]
(dtIR,dtDtIn: BitArray,dtClk: Bit,
MWire(4,dtR):BitArray,dtFlagl,dtFlagO Bit,
dtBusAorMArr,dtBusBoDtOut:BitArray,dtMW: Bit) : noexit =

IR ? dtIR: BitArray;
cpuw behaAux[cpugates](cpupars)

Dtin ? dtDtIn: BitArray;
_cpu_behaAux[cpugates](cpupars)

Clk ? nenvdtClIk: Bit;

[(dtCIk ne O of bit) or (hewdtClk ne 1 of bit) or (dtIR eqgbit(x))] =
cpu-behaAux[cpugates](Rrs(dtClk,‘cpupars’))
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[(dtCIk eqO of bit) and(newdtClk eq1 of bit) and(dtIR nebit(x))] =

(
[(dtIR.natnum(7)eqO of bit) and(dtIR.natnum(6kq1 of bit)] =(* store*)
(

cpu_behaAux[cpugates](Rrs(dtClk,'‘cpupars’))
) (* endof store*)

0
[(dtIR.natnum(7)eql of bit) and(dtIR.natnum(6¥q0 of bit)] =(* load*)
(

[(dtDtIn eqgbit(x)) and(dtIR.natnum(8¥q0 of bit) ] =
cpu-behaAux[cpugates](Rrs(dtClk,‘cpu pars’))
I
[dtDtIn nebit(x) or (dtIR.natnum(8eq1 of bit) | =
(let newreg: BitArray =
bittoba(dtIR.natnm(3),dtIR.natnum(2)dtIR.succ(0)dtIR.0)in

(
[(dtIR.natnum(5)eq0 of bit) and(dtIR.nathum(4}kqO of bit)] =

(

[(dtRO nedtDtIn) and(dtIR.natnum(8kqO of bit)] =
RO! dtDtIn;

(let dtRO: BitArray = dtDtInin

cpu behaAux[cpugates](Rrs(dtClk,'cpupars’))

)

I
[(dtRO eqdtDtlIn) and(dtIR.natnum(8kqO of bit)] =

_cpu behaAux[cpugates](Rrs(dtClk,‘cpu pars’))

I
[(dtIR.natnum(8)q 1 of bit) and(dtROne newreg)] =

RO! newreg;
(let dtRO: BitArray = newreg in

cpu behaAux[cpugates](Rrs(dtClk,‘cpupars’))
)

[(dtIR.natnum(8)q 1 of bit) and(dtROeqnewnreg)] =
cpu-behaAux[cpugates](Rrs(dtClk,‘cpupars’))
)

[(dtIR.natnum(5)eq0 of bit) and(dtIR.natnum(4eq1 of bit)] =
(
[(dtR1 nedtDtIn) and(dtIR.nathum(8kqO of bit)] =
R1! dtDtIn;
(let dtR1: BitArray = dtDtInin
cpuw behaAux[cpugates](Rrs(dtClk,'cpupars’))
)

I
[(dtR1 eqdtDtIn) and(dtIR.natnum(8kqO of bit)] =

_cpu behaAux[cpugates](Rrs(dtClk,‘cpu pars’))

[(dtIR.natnum(8)q 1 of bit) and(dtR1nenewnreg)] =
R1! newreg;
(let dtR1: BitArray = newreg in
cpu behaAux[cpugates](Rrs(dtClk,‘cpupars’))
)
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[(dtIR.natnum(8)q1 of bit) and(dtR1eqnewnreg)] =
cpu_behaAux[cpugates](Rrs(dtClk,'cpupars’))
)

I
[(dtIR.natnum(5)eq 1 of bit) and(dtIR.natnum(4¥qO of bit)] =
(

[(dtIR.natnum(8)eq0 of bit) and(dtR2nedtDtIn)] =
R2! dtDtln;
(let dtR2: BitArray = dtDtInin
cpu behaAux[cpugates](Rrs(dtClk,‘cpupars’))
)
I
[(dtIR.natnum(8)eqg0 of bit) and(dtR2eqdtDtIn)] =
cpu behaAux[cpugates](Rrs(dtClk,‘cpupars’))
I
[(dtIR.natnum(8)q 1 of bit) and(dtR2ne newreg)] =
R2! newreg;
(let dtR2: BitArray = newreg in
cpwbehaAux[cpugates](Rrs(dtClk,‘cpupars’))
)
I
[(dtIR.natnum(8)q 1 of bit) and(dtR2eqnewnreg)] =
cpu behaAux[cpugates](Rrs(dtClk,'cpupars’))
)

[(dtIR.natnum(5)eq1 of bit) and(dtIR.natnum(4eq1 of bit)] =
(

[(dtIR.natnum(8)q0 of bit) and(dtR3nedtDtIn)] =
R3! dtDtIn;
(let dtR3: BitArray = dtDtInin
cpu behaAux[cpugates](Rrs(dtClk,‘cpupars’))
)

I

[(dtIR.natnum(8)eqg0 of bit) and(dtR3eqdtDtIn)] =
) cpu-behaAux[cpugates](Rrs(dtClk,‘cpupars’))

[(dtIR.natnum(8)q 1 of bit) and(dtR3nenewreg)] =
R3! newreg;
(let dtR3: BitArray = newreg in
cpuw.behaAux[cpugates](Rrs(dtClk,‘cpupars’))
)
I
[(dtIR.natnum(8)q 1 of bit) and(dtR3eqnewnreg)] =
cpu_behaAux[cpugates](Rrs(dtClk,‘cpu pars’))
)
) (* endof let *)
) (* endof dtDtIn nebit(x) *)
) (* endof load*)
1

[((dtIR.natnum(7)eqO of bit) and(dtIR.natnum(6xqg0 of bit)) or
((dtIR.natnum(7eq 1 of bit) and(dtIR.natnum(6kq1l of bit)) ] =
(

(
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([(dtIR.succ(0)eqO of bit) and(dtIR.0eqO of bit)] =
exit(any BitArray, dtRO)
I

[(dtIR.succ(0)eqO of bit) and(dtiIR.0eq1 of bit)] =
exit(any BitArray, dtR1)

[(dtIR.succ(0)eql of bit) and(dtIR.0eqO of bit)] =
exit(any BitArray, dtR2)

[(dtIR.succ(0)eql of bit) and(dtIR.0eq1 of bit)] =
exit(any BitArray, dtR3)
)
Il
([(dtIR.natnum(3)eq0 of bit) and(dtIR.natnum(2eqO0 of bit)] =
exit(dtRO,any BitArray)
f

B [(dtIR.natnum(3)eqgO of bit) and(dtIR.natnum(2keq1 of bit)] =
exit(dtR1,any BitArray)
I
[(dtIR.natnum(3)ql of bit) and(dtIR.natnum(2keqO of bit)] =
exit(dtR2,any BitArray)
I
[(dtIR.natnum(3)q1 of bit) and(dtIR.natnum(2keq1 of bit)] =
exit(dtR3,any BitArray)
)
) (* endof interleaving *)
== acceptdtBusAorMArr, dtBusBorDtOut BitArray in
(
[(dtBusAorMArr eqgbit(x)) or ( dtBusBorDtOuteqbit(x))] =
~ cpu_behaAux[cpugates](Rrs(dtCIk, ‘cpupars’))
[(dtBusAorMArr ne bit(x)) and(dtBusBorDtOutnebit(x))] =
(
[(dtIR.natnum(7)eqgO of bit) and(dtIR.natnum(6¥q0 of bit)] = (* cmp*)
(
[dtBusAorMArr eqdtBusBorDtOut]=
([dtFlagOne 1 of bit] =
FlagO! 1 of bit;
(let dtFlag0: Bit =1 of bitin
cpu behaAux[cpugates](Rrs(dtClk,‘cpupars’))
)
I
[dtFlagOeql of bit] =
cpu_behaAux[cpugates](Rrs(dtClk,‘cpu pars’))
)
I
[dtBusAorMArr nedtBusBorDtOut]=
([dtFlagOne0 of bit] =
FlagO! 0 of bit;
(let dtFlag0: Bit =0 of bitin
cpu behaAux[cpugates](Rrs(dtClk,‘cpupars’))
)

[dtFlagOeqO of bit] =
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cpu_behaAux[cpugates](Rrs(dtClk,'cpupars’))

)
) (* endof cmp*)

I
[(dtIR.natnum(Dec(7)gq1l of bit) and(dtIR.nathum(6}q1 of bit)] =(* add*)

(let newdtDr : BitArray = dtBusAorMArr + dtBusBorDtOut,
newdtCarry: Bit = carry(dtBusAorMardtBusBorDtOu}in
(

(
[(dtIR.natnum(5)eq0 of bit) and(dtIR.natnum(4kqO of bit)] =
(

[dtROnenewdtDr] =
RO! newdtDr;
exit( dtR3,dtR2,dtR1,n&dtDr, any bit)
I
[dtROeqnewdtDr] =
exit( dtR3,dtR2,dtR1,ngdtDr, any bit)
)
I
[(dtIR.natnum(5)eqO0 of bit) and(dtIR.natnum(4kq1 of bit)] =
(
[dtR1 nenendtDr] =
R1! newdtDr;
exit( dtR3,dtR2,nevdtDr,dtR0O,any bit)
I
[dtR1eqnendtDr] =
exit( dtR3,dtR2,nevdtDr,dtR0O,any bit)

)

[(dtIR.natnum(5)eq 1 of bit) and(dtIR.natnum(4¥qO of bit)] =
(

[dtR2 nenendtDr] =
R2! newdtDr;
exit( dtR3,nevdtDr,dtR1,dtROany bit)

[dtR2 eqnendtDr] =
exit( dtR3,nevdtDr,dtR1,dtROany bit)
)

[
[(dtIR.natnum(5)eq1 of bit) and(dtIR.natnum(4kq1 of bit)] =
(

[dtR3 nenendtDr] =
R3! newndtDr;
exit( newdtDr,dtR2,dtR1,dtR0any bit)
I
[dtR3eqnendtDr] =
exit( newdtDr,dtR2,dtR1,dtR0any bit)
)
) (* endof registerchanging®)

[dtFlaglnenendtCarry] =
Flagl! newdtCarry;
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exit(MWire(4 any BitArray=),nevdtCarry)
I
[dtFlagleqnendtCarry] =
exit(MWire(4 any BitArray=),nevdtCarry)

) (* endof flag1changingt)

) (* endof let *)

=

acceptMWire(4,dtR): BitArray, dtFlagl: Bit in

cpu_behaAux[cpugates](Rrs(dtClk,'cpupars’))
) (* endof add*)
) (* endof sourceAandsourceBnebit(x) *)
) (* endof acceptof BusAandBusB*)
) (* endof addor cmp¥*)
) (* endof appropriatdransition*)
) (* endof Clk *)

I
[(((dtIR.natnum(7)eq0 of bit) and(dtIR.nathum(6}q0 of bit)) or
((dtIR.natnum(7eq 1 of bit) and(dtIR.natnum(6¥q0 of bit)) or
((dtIR.natnum(7¥q 1 of bit) and(dtIR.natnum(6¥q1 of bit))) and
(dtMW neO of bit)] =
MW ! O of bit;
(let dtMW : bit = O of bit in
cpu behaAux[cpugates](cpupars)
)
I
[(dtIR.natnum(Dec(7)gqg0 of bit) and(dtIR.natnum(6}q1 of bit)
and(dtMW nel of hit) ] = (*store?*)
MW ! 1 of bit;
(let dtMW : Bit =1 of bit in
cpu_behaAux[cpugates](cpupars)
)

[(dtIR.natnum(3)q0 of bit) and(dtIR.natnum(2keq0 of bit) and
(dtROnedtBusAorMArr) and(dtROnebit(X)) | =
BusAorMArr! dtRO;
(let dtBusAorMArr: BitArray = dtR0Oin
cpwbehaAux[cpugates](cpupars)
)
I

[(dtIR.natnum(3)eq0 of bit) and(dtIR.nathnum(2kq1l of bit) and
(dtR1nedtBusAorMArr)and(dtR1nebit(X))] =
BusAorMArr! dtR1;
(let dtBusAorMArr: BitArray = dtR1in
cpu behaAux[cpugates](cpupars)
)
[
[(dtIR.natnum(3)eq1 of bit) and(dtIR.nathum(2eq0 of bit) and
(dtR2nedtBusAorMArr) and(dtR2ne bit(X))] =
BusAorMArr! dtR2;
(let dtBusAorMArr: BitArray = dtR2in
cpu_behaAux[cpugates](cpupars)
)

[(dtIR.natnum(3)q 1 of bit) and(dtIR.nathnum(2kq1 of bit) and
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(dtR3nedtBusAorMArr)and(dtR3nebit(X))] =
BusAorMArr! dtR3;
(let dtBusAorMArr: BitArray = dtR3in
cpu_behaAux[cpugates](cpupars)
)

[(dtIR.succ(0)eqO of bit) and(dtIR.0eq0 of bit) and
(dtROne dtBusBorDtOutand(dtROnebit(X))] =
BusBorDtOut dtRO;
(let dtBusBorDtOut BitArray = dtRQOin
cpu-behaAux[cpugates](cpupars)
)
[
[(dtIR.succ(0)eqO of bit) and(dtiIR.0eq1 of bit) and
(dtR1nedtBusBorDtOutland(dtR1nebit(X))] =
BusBorDtOutl dtR1;
(let dtBusBorDtOut BitArray = dtR1in
cpwbehaAux[cpugates](cpupars)
)

[
[(dtIR.succ(0)eq 1 of bit) and(dtIR.0eqO of bit) and

(dtR2nedtBusBorDtOutland(dtR2 nebit(X))] =
BusBorDtOut dtR2;
(let dtBusBorDtOut BitArray = dtR2in
cpu_behaAux[cpugates](cpupars)
)
[
[(dtIR.succ(0)eq 1 of bit) and(dtIR.0eq1 of bit) and
(dtR3nedtBusBorDtOutland(dtR3ne bit(X))] =
BusBorDtOut! dtR3;
(let dtBusBorDtOut BitArray = dtR3in
cpu-behaAux[cpugates](cpupars)
)
endproc (* cpu-behaAux*)
endproc (* cpu-beha*)

)
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F Structural Specificationof the Sub-CPU

divert(—1)
include(dill.m4)
divert

defingcpu gates,MWire(9,IR),MWre(4,DtlIn),Clk,MWre(4,'R3,R2,R1,R0"),Flagl,Flag0,
MWire(4,'BusAorMArr,BusBorDtOut), MW’)

circuit(‘cpu_abst[cpugates]’,

hide Rw,AorL,MorFLI,Ls0,ADD,CMR Gr0,Ls4,Gr4Carry, Zero,CO,Cly
MWire(4,Sum),MVite(4,G),MWIre(4, ‘Dr,SA,SB’),
MWire(4,’AddA,AddB,ComA,ComB’),MWtre(4,Data), MVite(4,RalIn) in

(
Ctriword WBJIR8,IR7,IR6,RN, AorL,MW, MorF, LI, ADD, CMP]

Il
Decoder2WB_One[IR5,IR4 MWire(4,Dr)]

Il
Decoder2WB_0One[IR3,IR2MWire(4,SA)]

Il
Decoder2WB_One[IR1,IROMWire(4,SB)]

)

[[RW,AorL,MorF LI, ADD,CMP,MWire(4,'Dr,SA,SB’), IR3,IR2,IR1,IRq|
((OnelClIr
|[CIr]|
( (RegLoadClr4 BB_Pos[MWre(4,Raln),G3,ClrClk,MWire(4,R3)]|[G3]| And2[ Rw,Dr3,G3])
[[MWire(4,ReIn),Clk,RN,CIr]|
(RegLoadClr4d BB_ Pos[MWIre(4,Raln),G2,CltClk,MWire(4,R2)]|[G2]| And2[ Rw,Dr2,G2])
[[MWire(4,ReIn),Clk,RN,CIr]|
(RegLoadClr4d BB_ Pos[MWIre(4,Reln),G1,CltClk,MWire(4,R1)]|[G1]| And2[ Rw,Dr1,G1])
[[MWire(4,ReIn),Clk,RN,CIr]|
(RegLoadClr4d BB_ Pos[MWIre(4,Raln),GO,CltClk,MWire(4,R0)]|[G0]| And2[ Rw,Dr0,G0])
)
)
[[MWire(4,R3),MWre(4,R2),MWre(4,R1),MWire(4,R0),MWre(4,Reln),CIk,Clr|
(

((
RepeaterOne 4[MWire(4,R3),SA3,MVife(4,BusAorMATrT)]

[[MWire(4,BusAorMArr)|
RepeaterOne 4[MWire(4,R2),SA2,MVife(4,BusAorMATrT)]
[[MWire(4,BusAorMArr)|
RepeaterOne 4[MWire(4,R1),SA1,MVife(4,BusAorMATrT)]
[[MWire(4,BusAorMArr)|
RepeaterOne 4[MWire(4,R0),SA0,MVite(4,BusAorMArT)]
)
[[MWire(4,R3),MWre(4,R2),MWre(4,R1),MWire(4,RO]|
(
RepeaterOne 4[MWire(4,R3),SB3,MVife(4,BusBorDtOut)]
[[MWire(4,BusBorDtOuf|
RepeaterOne 4[MWire(4,R2),SB2,MVife(4,BusBorDtOut)]
[[MWire(4,BusBorDtOuf|
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RepeaterOne 4[MWire(4,R1),SB1,MVife(4,BusBorDtOut)]

[[MWire(4,BusBorDtOuUf|

RepeaterOne 4[MWire(4,R0),SB0,MVife(4,BusBorDtOut)]

)

[[MWire(4,BusAorMArr),MWire(4,BusBorDOut)]|

(
(

[[AorL]|

)

(MComp(4,AorL=, ‘Demultiplexerlto2,WB[BusAorMArr,AorL=,AddA,ComAY’)

MComp(4,AorL=, ‘Demultiplexer1to2,WB[BusBorDtOut,AorL=,AddB,ComB]’)

IIMWire(4,’AddA,ComA,AddB,ComB’)|

((Zero[CO]|[CQ]| Adder4 BB[MWire(4,AddA),MWre(4,AddB),C0,MWtre(4,Sum),Carry])

((Zero[Ls4]]|| Zero[Gr4])

[[Ls4,Grq|

ComparatordBB[Ls4,Gr4,MWre(4,'ComA,ComB’),Ls0,Gr0]

[[LsO,Grq|
Or2[Ls0,Gr0,Zer0]

)

[[Carry,Zero,MWre(4,Sum))|

(
(

RegLoadClc BB_Pos[Carry,ADD,ClIr,Clk,Flagl]

I[CIk,CIr]|

RegLoadClr BB_Pos[Zero,CMEIr,Clk,FlagQ]

)
Il
(

MComp(4,MorF=,"Mul2to1WB[SumDtIn, MorF=,Data]’)

[[MWire(4,Data))|

MComp(4,LI=,'"Multiplexer2to1 WB[Data,IR,LI=,RgIn]’)

where

Decoder2WB_One Decl
RegLoadClr4 BB_Pos Decl
RepeaterOne 4_Decl
Demultiplexerlto2 WB_Decl
Zera Decl

One Decl

Or2_Decl

Adder4 BB_Decl
ComparatordBB_Decl
And2_Decl
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DFlipFlop_BB_ Pos Decl
Multiplexer2tol WB_Decl

define(ctrlword,‘IR8,IR7,IRARW,AorL,MW,MorF LI,ADD,CMP?’)
define(ctrlpars,‘dtIR8,dtIR7,dR6,dtRN,dtAorL,dtMW,dtMorF dtLI,dtADD,dtCMP’)

processCtriword. WBJctrlword] : noexit :=
Ctriword. WB_Aux[ctriword](MWire(10,X of bit=))

where

processCtriwWord-WB_ Aux[ctriword]
(dtIR8,dtIR7,dtIR6dtRW,dtAorL,dtMW,dtMorf,dtLI,dtADD,dtCMP:Bit) : noexit :=
IR8 ? dtIR8: Bit;
Ctrlword- WB_Aux[IR8,IR7,IR6,RN,AorL,MW,MorF LI, ADD,CMP](ctrlpars)
[
IR7 ? dtIR7: Bit;
CtrlwWord- WB_ Aux][ctrlword](ctrlpars)
I
IR6 ? dtIR6: Bit;
Ctriword. WB_ Aux[ctrlword](ctrlpars)
I
(let newdtRW : Bit = dtIR7,
newdtAorL: Bit = dtIR6,
newdtLl : Bit = dtIR8 and(dtIR7 andnot(dtIR6)),
nevdtMW : Bit = not(dtIR7)anddtIR6,
nevdtMorF: Bit = (dtIR7 xor dtIR6) xor (not(dtIR7)anddtIR6),
newvdtADD : Bit = dtIR7 anddtIR6,
nevdtCMP: Bit = not(dtIR7)andnot(dtIR6)in
(
[(newdtRW neX of bit) and(newvdtRW ne dtRW)] =
RW I newvdtRW;
Ctrilword- WB_ Aux[ctriword](Pars(dtRN, ctripars’))

[(newdtAorL neX of bit) and(newdtAorL nedtAorL)] =
AorL ! newdtAorL;
Ctrlword- WB_ Aux[ctrlword](Pars(dtAorL,‘ctrlpars’))
I
[(newdtMW ne X of bit) and(hevdtMW nedtMW)] =
MW ! newdtMW;
CtrilwWord. WB_ Aux[ctriword](Pars(dtMW'ctrlpars’))
I
[(newdtMorF neX of bit) and(nevdtMorF nedtMorF)] =
MorF ! nevdtMorF;
Ctriword- WB_ Aux[ctriword](Pars(dtMorF ctrlpars’))

[(newdtLI ne X of bit) and(newndtLI nedtLl)] =
LI ! newdtLl;
Ctriword. WB_ Aux[ctriword](Pars(dtLl, ctripars’))
I
[(newdtADD neX of bit) and(nevdtADD nedtADD)] =
ADD ! newdtADD;
Ctrlword- WB_ Aux[ctrlword](Pars(dtADD,‘ctrlpars’))
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I
[(newdtCMPneX of bit) and(hevdtCMP nedtCMP)] =

CMP! newndtCMP;
Ctriword_ WB_ Aux[ctriword](Pars(dtCMPctrlpars’))
)
)

endproc
endproc

)
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G ExecutionPath of An instruction Sequenceof the Sub-CPU

In this sectionwe list the executionpathof theinstructionsequence:

Load RO, 0000
Load R1,0011
Load R2,1110
Load R3,0011
Add RO, R1,R2

Cmp RO,R2
Cmp R1,R3
Load R3,0000
Store R3,R1
Load R2,R3

for boththe behaiour specificatiorandthe structuralspecification.Thelinesbeginning% arecomments.

G.1 ExecutionPath for the Behaviour Specification
0  START

% Load RO, 0000

1 IR (((((«B it 1) # 1) #0) #0) # 0) #0) # 0) # 0) # 0)
2 MW 10

3 Ck 10

4 Ck 11

5 RO !(((Bit(0) # 0) # 0) # 0)

6 BusAorMArr  I(((Bit(O ) #0) # 0) # 0)

7 BusBorDtO ut  !(((Bit( 0) #0) # 0) # 0)

% Load R1,0011

8 IR (B it (1) #1) #0) #0) # 1) #0) #0) # 1) # 1)
9 Ck 0
10 ck 1

11 R1 !(((Bit(0) #0) # 1) # 1)
% Load R2,1110
12 IR (B it (1) #1) #0) #1) #0) # 1) # 1) # 1) # 0)

13 Clk 10

14 Cck 1

15 R2 (((Bit(1) #1) # 1) # 0)

16 BusBorDtO ut  !(((Bit( 1) # 1) # 1) # 0)

% Load RS3,0011

17 IR (B it (1) #1) #0) #1) # 1) #0) #0) # 1) # 1)
18 Clk 10

19 ck 1

20 R3 (((Bit(0) #0) # 1) # 1)

21 BusBorDtO ut  !(((Bit( 0) # 0) # 1) # 1)

% Add RO, R1,R2
22 IR (B it (0) # 1) #1) #0) #0) #0) # 1) # 1) # 0)

23 BusAorMArr  I(((Bit(0 ) #0) # 1) # 1)
24 BusBorDtO ut  !(((Bit( 1) #1) # 1) # 0)
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25
26
28
29

%

31
32
33
34
36

%

37
38
39
40
41
43

%

44
45
46
47
48
49

%

50
51
52
53

%

54
55
56
57
58
59
60

Clk 10

Clk "1
Flagl 1
RO !(((Bit(0) #0) #0) # 1)
Cmp RO,R2

IR ((((((«B it (0) # 0) # 0) # 0) # 0)
BusAorMArr  I(((Bit(O ) #0) # 0) # 1)
Ck 10

Clk "1
Flag0 !0
Cmp R1,R3

IR (((((«B it (0) #0) # 0) # 0) # 0)
BusAorMArr  I(((Bit(O ) #0) # 1) # 1)
BusBorDtO ut  !(((Bit( 0) #0) # 1) # 1)
Ck 10

Ck 11

Flago 1

Load R3,0000

IR N(((((«B it (1) #1) #0) # 1) # 1)
BusAorMArr  1(((Bit(0 ) #0) # 0) # 1)
BusBorDtO ut  !(((Bit( 0) #0) #0) # 1)
Clk !0

Ck 11

R3  (((Bit(0) #0) #0) #0
Store R3,R1

IR (B it 0) # 0) # 1) # 0) # 0)
MW 11

BusAorMArr  I(((Bit(O ) # 0) # 0) # 0)
BusBorDtO ut  !(((Bit( 0) # 0) # 1) # 1)

Load R2,R3

IR (B it 0) # 1) # 0) # 1) # 0)
MW 10

BusBorDtOut  !(((Bit( 0) # 0) # 0) # 1)
Diin  !(((Bit( 0) # 0) # 1) # 1)

Clk 10

Clk 11

R2 (((Bit(0) #0) #1) #1)

# 0)

# 0)

# 0)

G.2 ExecutionPath for the Structural Specification

0

%

o Ul

START

Load RO0,0000

IR8 1
IR7 11
IR6 10
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# 0)
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# 0)
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# 1)
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10
11
12
13
14
54
55
56
57
58
59
60
61
62
63
64
65
66
67

%

79
80
81
90
91
92
93
94
95

%

96

97

98

99
100
112
113
114
115
116
117
118
119
120

%

126
127
128
129
141

IR5 10

IR4 10

IR3 10

IR2 10

IR1 10

IRO 10

MW 10

Clk 0

Ck "1

R0O2 10

RO3 10

ROO !0

RO1 10
BusAorMArr3
BusBorDtO ut3
BusAorMAr rO
BusBorDtO utO
BusAorMArr1
BusBorDtO utl
BusAorMAr r2

BusBorDtO ut2

Load R1, 0011

IR4
IR1
IRO
Clk
Clk
R13
R12
R11
R10

Load

IR5
IR4
IR3
IR2
IRO
Clk
Clk
R23
R22
R21
R20

1
1
1
10
1
10
10
1
1

R2,1110

1
10
1
1
10
10
11
11
11
11
10

BusBorDtO ut3
BusBorDtO utl
BusBorDtO ut2

Load R3, 0011

IR4
IR3
IR2
IRO
Clk

11
10
10
11
10

10
10
10
10
10
10
10
10

11
11
11
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142
143
144
145
146
147
148
149

%

153
154
155
156
157
158
171
172
173
174
175
195
196
197
198

%

199
200
201
205
209
234
235
236

%

237
238
243
244
245
246
253
254
255

%

256
257
258
259
260
261

Ck 1

R33 10
R32 10
R31 1
R30 1

BusBorDtO ut3
BusBorDtO ut2
BusBorDtO utO

ADD RO,R1,R2
IR8 10

IR6 11

IR5 10

IR4 10

IR2 11

IRO 10
BusAorMAr rO
BusBorDtO ut3
BusAorMArr1

BusBorDtO ut0
BusBorDtO ut2

Clk 0

Clk 1
Flagt 1
ROO 1
CMP RO,R2
IR7 10

IR6 10

IR2 10

IRO !0
BusAorMArr1
Clk 0

Clk "1
Flago 1
CMPR1,R3
IR2 11

IRO 1
BusBorDtO ut3
BusAorMArrl1

BusBorDtO ut2
BusBorDtO ut0

Clk 0
Ck 1
Flago !0

Load R3,0000

IR8 1
IR7 11
IR5 1
IR4 1
IR2 10
IR1T 10

10
10
1

11
11

11
10
11

1
10
1
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262 IRO 10

274 BusAorMArr1 10
275 BusBorDtO utl 10
278 Clk 0
279 Ck "1
280 R30 !0
281 R31 10

% Store R3,R1
282 IR8 10
283 IR7 10
284 IR6 1
285 IR5 10
286 IR4 10
287 IR 11
288 IR2 11
289 IRO 1

291 MW 11

302 BusAorMArr0 10
303 BusBorDtO utl 11
316 Clk 0
317 Ck "1

% Load R2,R3
318 IR7 11
319 IR6 10
320 IR5 11
321 IRO 10

323 MW 10
331 BusBorDtO utl
339 DtIn3 10
340 Dtin2 10
341 Dtinl 11
342 DtIin0 11
345 Clk 0
346 Ck "1
347 R22 10
348 R23 10
349 R20 1



