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Abstract

Thispaperpresents new approach to two-levelhazad-
free sum-of-poducts logic minimization. No currently
availableminimizesfor single-outputiteral-exacttwo-level
hazad-free logic minimization can handle large circuits
without synthesigimesranging up over thousandsf sec-
onds. The logic minimizationapproach presentedn this
paperis basedon state graph exploration in conjunction
with single-cubecover algorithms. Our algorithm achieves
fastlogic minimizationby usingcompactedtategraphsand
covertablesandan efficientalgorithmfor single-outputnin-
imization. Our exact two-level hazad-freelogic minimizer
findsminimalnumberof literal solutionsandis significantly
faster than existing literal exact methods— over two or-
ders of magnitudefasterfor thelargestextendedourst-mode
bendimarksto date This includesa bendmark that has
never beenpossibleto solveexactlyin numberof literals be-
fore.

1 Intr oduction

In recentyears,there has beena numberof success-
ful andpracticalasynchronousircuits designedisingasyn-
chronoudinite statemachinesn theform of extendedourst-
modecontrollers[3, 19, 15, 23, 7]. During the designpro-
cess,it is necessaryo try differentprotocolsand stateas-
signmentsto find a good circuit implementation. This of-
ten leadsto mary iterationsthroughthe synthesisprocess.
The bottleneckof finite statemachinesynthesids typically
in the two-level hazard-fredogic minimizationstep. Since
existing exact synthesismethodsaretoo slow, and may not
even completefor large circuits, designersare often forced
to useheuristicmethodspr partitioning,to interactvely ex-
plorethe designspacein a reasonabl@mountof time often
yielding sub-optimalcircuits. This paperdescribesa new
exactsingle-outputwo-level hazard-fredogic minimization
methodthatutilizes fastalgorithmsbasecdon stategraphex-
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plorationto producesolutionsfor extendedourst-modecon-
trollersin a fraction of the time of the state-of-the-artools.
Thisnew methodyieldsliteral exactsolutionsevenfor acon-
troller that previously could not be solved exactly in number
of literals.

Thestate-of-the-arin literal exacttwo-level hazard-free
logic minimizationis HFM N[4]. However, thistool requires
thousandsf seconddor largecontrollersanddoesnotcom-
pletefor the largestbenchmarks.The tool | MPYM N [21],
whichis basednimplicit algorithms performssubstantially
betterbut is only capableof producingcube-eactsolutions.
The mosttime efficient tool to dateis ESPRESSO- HF [21],
but it usesheuristicalgorithmsandthuscannotguaranteei-
ther literal or cube exact solutions. Theseminimizersare
currentlyusedto performlogic minimizationin the 3D [22]
andM NI MALI ST [5] burst-modesynthesidools.

The approachakenin this paperexploits standardsyn-
thesis techniquestraditionally used for gate-leel speed-
independensynthesis namely stategraph explorationand
derivation of single-cubecovers[16, 1, 2, 11]. In previous
work, we successfullyappliedthesealgorithmsto the syn-
thesisof extendedburst-modestate madinesimplemented
usinggenemlizedC-element$gC)[8]. We notonly achieved
two to three ordersof magnitudeimprovementin runtime
comparedwith the bestliteral-exact tool, HFM N, but our
toolis alsomorethanoneorderof magnitudefasterthanthe
bestheuristictool, ESPRESSO- HF. To be able to achieve
theseresults, we developeda new approachthat allows
stategraphsto be representedrery compactly transform-
ing thegraphtraversalcomplexity from potentiallyexponen-
tial, to linear Compactedstatesalsoallow reducedsynthe-
sistime in the subsequenbinateandunatecover problems
by generatingsmallercover tables. This paperalso devel-
opsa new algorithmto efficiently derive single-outputcov-
ersthat are minimal in the numberof literals. By dividing
thecover probleminto moreeasilysolved sub-problemsnd
thenmeiging the results,the time spentby the algorithmin
finding a minimal solutionis significantlyreduced.

The limitation of our previous work is that the circuit
implementationgequiredspecializedyCsto be in the gate
library. Suchcells are not typically found in standard-cell
or gate-arraylibraries, and may needto be specially de-
signed.In orderto facilitateefficient semi-custondesignof



integratedcircuits, it is necessaryo synthesizeto standard
gatessuchas ANDs and ORs. The key difficulty in doing

so for asynchronougontrollersis the needto avoid intro-

ducinghazardsln restrictingour library to compactatomic
gCs, most hazardconcernsare avoided. In particular the
only hazardissuethat needsto be addresseds for dynamic
0 — 1 transitions.However, whentargetingstandardyates,
additionalhazarddor staticl — 1 anddynamicl — O tran-
sitionsmayalsooccur

This paperleveragesour previous work to addresghe
importantmilestoneof achievzing fastand exacthazard-free
two-level logic minimization. In orderto allow the useof
standardgate libraries, our synthesismethodologyis ex-
tendedto guaranteehe absenceof all static1 hazardsand
dynamichazardsfor 1 — 0 transitionsaswell asdynamic
0 — 1 transitions. By combatingstate explosion through
compactedstategraphsanddividing the minimizationprob-
lem into more easily solved sub-problemspur new algo-
rithm allows very fastlogic minimizationof eventhelargest
benchmarkgso dateandyields peroutputliteral-exactsolu-
tions, bettersupportinginteractve anditerative exactexplo-
rationof designalternatves.

Section2 gives a backgroundon asynchronoudogic
synthesiandthehazardnodelsusedin two-level logic min-
imization. Section3 givesbackgroundon compactedstate
graphsusedby our new method. Section4 presentsa nen
exactalgorithmthatachiezesperoutputliteral-exacthazard-
free coversusingstandardjatesalongwith a detailedexam-
ple. Section5 presentdenchmarlcomparisondetweerthe
algorithmpresentedn this paperand other available mini-
mizationtools. Conclusionsanbefoundin Section6.

2 Asynchronouslogic synthesisbackground

For asynchronousdesign the two-level logic minimiza-
tion problemis complicatedy thefactthattheremustbeno
hazardsn the sum-of-product$SOP)implementationThis
sectiondescribe®urassumptionaindhazardmodel.

2.1 Extendedburst-mode machines

The synthesignethoddescribedn this paperproduces
hazard-freemplementationgor controllersspecifiedasex-
tendedburst-mode(XBM) machinesa classof multiple in-
putchanggMIC) asynchronoufinite statemachinesinputs
areallowedto changeconcurrentlyin a form of MIC called
bursts The signalswithin a burst may arrive in arbitrary
order Everyinput burstif followed by a (possiblyempty)
concurrentourst of outputand statesignalschanges.After
the output and stateburst, the internal nodesof the circuit
areallowedto stabilizebeforethe fed back statesignalsare
allowedto reachthe inputsof the circuit. The circuit oper
atesunderfundamental-modehich meansthat the circuit
mustbeallowedto stabilizein responséo thefed backstate
signalsbeforethe next input burstcanarrive.

The extendedburst-modespecificationshovn in Fig-
urelis usedasanexamplein latersections Eachtransition
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Figure 1. Example: extendedburst-modecontroller ack-
xbm-si

betweerstatescontainsaninput burstanda possiblyempty
outputburst. If thereis more than one outgoingtransition
from a state a deterministiachoiceis implied. Signalsanno-
tatedwith + and— signsandnot enclosedn anglebraclets
imply a rising and falling transition, also known as a ter-
minatingedge. Input signalsannotatedwvith a x are called
directeddon't caresandarefreeto changemonotonicallyat
ary time during a sequenc®f specifieddirecteddon’t care
statesbut mustchangeby the time the signalis next speci-
fied asaterminatingedge.A terminatingedgenot preceded
by a directeddon't careis calleda compulsoryedee. Sig-
nals enclosedwithin anglebraclets are conditionals(level
signals)andarefreeto changenon-monotonicallywheneer
not specified Whenspecified sucha conditionalis assumed
to reacha stablevaluein time to be sampledcorrectly by
thearriving compulsoryedgesof the burst. Statetransitions
occuronly whenall conditionalsaremetandall terminating
edgegertainingto a bursthave appeared.

Transitionsn XBM machinedegin in onecubec; and
endin anothercubec, wherethe valuesof multiple vari-
ablesmaychangeduringthetransition. The cubec; is called
the start cube and ¢, is called the end cube of the tran-
sition. The smallestcubethat containsboth ¢; and c; is
calledthe generlizedtransitioncubeandis denotedc;, ]
[25]. This cubeincludesall possiblemintermsthat a ma-
chine may passthroughstartingin ¢; andendingin c. A
generalizedransition cube can also be representedvith a
productwhich containsaliteral for eachvariablex; in which
ci(i) = c2(i) # —.  An opengenealized transition cube
[c1,C2) includesall mintermsin [c1,Cy] exceptthosein c,.
An opentransitioncubeusuallymustberepresentedsinga
setof products.

In ageneralizedransitioncube,signalsmay be of type
rising, falling, or level. Rising and falling signalschange
monotonically(i.e., at mostoncein alegal generalizedran-
sition cube). Level signalsmusthold the samevaluein c;



andcy, wherethevalueis eitheraconstan{0 or 1) oradon’t
care(—). Level signals,if they aredon’t care,may change
non-monotonically

2.2 Hazard model

If afunction f doesnot changemonotonicallyduringa
MIC, then f hasa functionhazad for thattransition. If a
transitionhasafunction hazardthereexistsnoimplementa-
tion of the functionwhich avoidsthe hazardduringthetran-
sition. In an XBM machine the typesof transitionsarere-
strictedsuchthateachfunctionmay only changevalueafter
the completionof aninput burst. A generalizedransition
[c1,¢] for afunction f is anextendedburst-modetransition
if for every mintermm; € [c1,¢2), f(m) = f(c1) andfor ev-
erymintermm; € ¢z, f(my) = f(c2). Thereforejf afunction
only hasextendedburst-modetransitionsthenit is function
hazard-fre¢17, 25].

Although thereare no functionshazardstheremay be
logichazads In orderto designahazard-fre€sOPcover, we
mustconsidereachpossibletype of transitionin turn. First,
if duringa staticl — 1 transition[cy, ], thecoverof f can
momentarilyevaluateto 0, thenthereexistsa staticl-hazard.
In a SOPcover, considetthe casewherethereis oneproduct
p1 whichcontainsc; but notc; andanotheiproductp, which
containsc, but notc;. Thecoverincludesbothc; andc,, but
therecanbe a static1-hazard.If p; is implementedwith a
fastergatethan py, thenthe gatefor p; may turn off faster
than the gatefor p, turnson which canleadto the cover
momentarilyevaluatingto a 0, thusexhibiting a momentary
1 — 0 — 1 glitch on the output. When multiple variables
arechangingconcurrentlythe cover may passhroughother
mintermsalongthe way betweenc; andc,. To be free of
static 1-hazardsit is necessaryhat a single productin the
coverincludeall theseminterms.In otherwords,eachgen-
eralizedtransitioncube, [c1,¢], where f(c1) = f(c2) = 1,
mustbe containedn someproductin the coverto eliminate
staticl-hazards.

In a SOPcover of afunction,the only way therecanbe
a staticO-hazards if someproductincludesboth signal,x;,
andits complements;. Clearly, sucha productwould not
be includedin a minimal SOPcover, so SOPcoversnever
producea staticO-hazard.

The resultsfor dynamichazardsarea little morecom-
plicated,andwe needa couplemore definitions. The start
subcubec], is amaximalsubcubeof ¢; suchthateachsig-
nal undegoing a directeddon’t caretransitionis setto its
initial value(i.e., 0 for arising transitionand 1 for a falling
transition). Theendsubcubec), is amaximalsubcubeof ¢,
suchthat eachsignalundegoing a directeddon’t caretran-
sitionis setto its final value(i.e., 1 for arising transitionand
0 for afalling transition).

For eachdynamicl — O transition,[cy, Cy], if aproduct
in the SOPcoverintersectgcs, ¢;] (i.e., it includesaminterm
from the transition),thenit mustalsoincludethe startsub-
cube,c}. For eachdynamicO — 1 transition, [c1,¢o], if a
productin the SOPcover intersectgcy, ¢;], thenit mustalso

includetheendsubcubec,. If a producttermcontainsc; or

c,, thenit changevaluemonotonicallyduringthetransition.
If aproducttermdoesnot containc) or ¢, but still intersects
the transitioncube [c1, Cy], thenit may changevalue non-

monotonicallyduring the transition. During the transition
from c; to ¢y, the productterm startsout as0, then evalu-

atesto 1 whenthe transitioncrosseghe intersectionpoint,

andthengoesbackto 0 oncethe transitionhaspassedhe

intersectiorpoint. For adynamicl — 0 transitionthis could

resultinal — 0 — 1 — 0 glitch if theintersectingproduct
termis slow to turn on. Similarly, a dynamicO — 1 transi-

tion couldresultin a0 — 1 — 0 — 1 glitchif theintersecting
producttermturnson andoff quickly [25].

2.3 Summary of hazard requirements

The hazard-freecover requirementgor the ON-setof a
two-level SOPimplementatiorof outputfunction f are:

1. Each ON-setcover cubeof f must not intersectthe
OFF-set.

2. Everystaticl — 1 transition[cy, Cp] in f mustbe com-
pletely coveredby someproduct.

3. ForeverydynamicO — 1 transition[cy, Cp] in f, c; must
be completelycoveredby someproduct.

4. For every dynamicl — O transition[cy,cy] in f, each
maximal subcubeof [c1,c2) mustbe completelycov-
eredby someproduct.

5. Any productterm of f intersectinga dynamicl — 0
transition[cy, co] mustalsocontainthestartsubcube).

6. Any productterm of f intersectinga dynamic0 — 1
transition|cy, c;] mustalsocontainthe endsubcubec),.

Requirement®, 3, and4 describethe productterms, also
calledrequired cubes thatarerequiredfor the coverto turn

onwhenit is supposedo. The entirerequiredcubemustbe
coveredby someproductin thecoverto eliminatestatichaz-
ards.Thetransitioncubesdescribedn requirement® and6

arealsocalledprivilegedcubes Intersection®f thesecubes
thatdonotcontaintheappropriatesubcubeesultin dynamic
hazardsThereforeahazard-freeover mustguarante¢here
areno suchillegal intersections As shovn in Section4, all

of theserequirementsiresatisfiedoy thelogic minimization
algorithmpresentedh this paper

3 Compactedstategraphs

Our algorithm begins with a compactedstate graph
(CSG)[g. CSGsis an efficient way to representstatesof
highly concurrentcontrollerswithout introducing stateex-
plosion. Similar methodgo avoid stateexplosionhave been
explored for speed-independergroperty analysisof gate
networks[10]. A CSGis modeledwith a4-tuple(l,0,®,I")
wherel is asetof inputsignals,O is a setof outputsignals,
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Figure2. CSGfor controllerack-xbm-si

@ is a setof compactedstates andr™ is a setof statetransi-
tions. Eachcompactedtateis labeledwith acubeconsisting
of all stategreachablédy all possibleinterlearings of the set
of currently enabledmonotonic(edge)and non-monotonic
(level) input andoutputsignals.For a givencompactedtate
sandsignalu, we definethefunctions(u) asfollows:

0 stablelow

R changingmonotonicallyfrom 0 to 1
suy = 1 stablehigh

F changingmonotonicallyfrom 1to 0

changinghon-monotonically

CSGscan be easily derived from both BM and XBM
statemachines.CSGsderivedfrom XBM specificationsare
composeaf compactedtatesvhichareoneof two different
types. A compactedstateis saidto representaninput burst
if someinputsare changingwhile all outputsarestable. A
compactedstateis saidto represenain outputburst if some
outputsare unstable. Due to directeddon’t caresand level
signals,someoutputburstsmay containunstableinputs. In
aCSGderivedfrom anXBM machinethe successostateof
aninputburstmustbeeitherauniqueoutputburstor possibly
a setof input bursts. Figure 2 illustratesthe CSG derived
from thexbm-siXBM specificationn Figurel.

CSGscan be usedto representhe set of generalized
transitioncubesimplementinga functionin a compactfash-
ion. A compactedstate representsa generalizedtransi-
tion cubefor eachoutput. The transitioncubefor a given
compactedstates is [initial (s), final(s)] andthe productis
cubgs), whereinitial, final, andcubecanbe determinecus-
ing thefollowing threefunctions:

0 ifs(uy=0ors(u)=R
initial(s)(u) = { 1 ifs(uy=1ors(u)=F

— ifsu)=—

0 ifs(uy=0ors(u)=F
final(s)(u) = { 1 ifs(uy=1lorsuy=R

— ifsuy=—

b =
cupas ors(u)=Rors(u) =F

For eachoutputsignalu andeachinput bursts, we can
determinavhattypeof transitionis representelly thetransi-
tion cubefor the state.Assumethats(u) = 0. First, we must
checks where(s,s) € I'. If S(u) =0, thenthe transition
cubecubds), isa0— Otransition.If s'(u) = R, thencubds)
isa0— 1 transition.Now assumes(u) = 1. If s'(u) = 1 then
cubgs) represents 1 — 1 transition. Finally, if s'(u) = F,
thencubg(s) is a 1 — 0 transition. For eachoutputbursts,
the transition cube, cubgs), representghe stateof signals
during the feedbackof the outputvariablesbackto the in-
puts. Feedbacks always a static transitionfor an output.
Thusif final(s)(u) = 1, it is a staticl — 1 transition,andif
final(s)(u) = 0, it represents staticO — O transition.

The maximal subcubedor a compactedstateare the
cubesformedby, for eachcube,settingonedon’t carecor-
respondingto a terminatinginput edgeto its initial value.
In orderto find the maximalsubcubeswe split the statefor
eachsuchdon't caresignalusingthe following function:

0 if s(u)y =0or (u=vands(u) =R)
witsv® = 1 1 s -~ ors - R

ors(u) =F)

Table 1 illustratesthe results of the respectie func-
tions when appliedto states= abdl.xyzuv:0FR.10000of
theCSGin Figure2. In thetable,v = {a,b,d,|,x,yz,u,y}.

initial(s) | final(s) | cube(s) | split(s,v)
010-.10000 | 001-.10000 | O---.10000 | O1--.10000
0-0-.10000

Tablel. States = OFR- .10000appliedto definedfunctions.

4 Hazard-freelogic minimization algorithm

Our logic minimization algorithm uses state graph
traversalandideassimilar to thosein the fastsingle-cubeal-
gorithm[16] designedor speed-independeandtimed cir-
cuits. An importantpropertyof generalizedransitiongs that
arequiredON-setcubecanalwaysbe representetby a sin-
gle cover cube. Therefore taking a single-cubeapproachis
guaranteedo alwaysfind an optimal solutionfor two-level
implementations.Figure 3 presentur logic minimization
algorithm. The input to our logic minimization algorithm
is a CSGderived from a stateassignedXBM machine,and
the outputis a minimum literal logic equationfor eachout-
putsignalimplementingthe ON-setregionsin the CSG.The
logic minimizationalgorithmbegins by traversingthe CSG
to derivethesetof requiredcubesecessaryo coverthe ON-
set. The algorithmthenproceedgo find the initial trigger



cubesfor eachrequiredcubeseparatelyA triggercubeis an
initial coverthatincludessignalsthatmustappeain ary cor-

rectcover of the requiredcube. Sincethis initial cover may
include mintermsfrom the OFF-set,called cover violations
(CV), aswell asdynamichazardscalledintersectionviola-

tions (1V), additionalcontet signalsmay have to be added
to the cover. A context signalis ary signalthatis stablein

therequiredcubeandwhich is not a trigger signal. Next, a
binate covering problemis formulatedto remove all cover
andintersectionviolationsby selectingthe minimum num-
berof contet signalsneededTheresultis a setof solutions
derived for eachrequiredcube. Finally, a unatecovering
problemis setupandsolvedto find the minimumnumberof

thesesolutionsneededo cover all requiredcubesfor each
outputsignal.

minimize(l,0,®,I))
foreachue O
LocalSol= 0;
RC= find_requiredcubes(l, O, ®,"),u);
foreachrc € RC
tc = find_trigger.cube(l, O, d,"),u);
CS= find_contet_signals(,O,rc,tc);
CV = find_coverviolations{!, O, ®,I"), RC, u, tc);
IV = find_intersectionviolations{!, O, ®,I"), CS u, rc, tc);
table = build_binatecover_tablefc, CSCV, IV);
LocalSol= LocalSolu solve_binatecover_tabletable RC);
table= build_unatecover_tableRC, LocalSo};
Solu) = solve_unatecover_tablefable);
return(Sol);

Figure3. Logic Minimization Algorithm.

4.1 Finding requiredcubes

The setof requiredcubesdescribedhow the ON-setof
thefunctionmustbe coveredin orderto obtainahazard-free
solution.Eachrequiredcubemustbe completelycoveredby
someproductterm. The following requiredcubesmustbe
generatedor eachgeneralizedransition[cs, )

e 0 — 1transition:requiredcubeequalsc,.
e 1 — 1transition:requiredcubeequalgcy, Cz].

e 1 — 0 transition: setof requiredcubesis the maximal
subcube®f [c1,Cp).

e 0 — Otransition:norequiredcube.

Requireccubesarederivedduringatraversalof the CSG
asshown in Figure4. For eachcompactedstate s, the algo-
rithm checksthe value of the outputsignal,u, thatis being
synthesizedIf thevalueof uin sis R, thenthe compacted
stateis an outputburststaterepresenting 0 — 1 transition.
Thishasarequiredcubeequatto theinitial cubeof thisburst.
This statealsorepresenta 1 — 1 transitionwhenthe output

signalsare fed back. This cubeis equalto the entire state
cubewhich includesthefirst requiredcube. Therefore pnly
thesecondequiredcubeis necessary

find_requiredcubes(l, O, ®,I"),u)
RC=10;
foreachse @
if (u) = Rthen // Dynamic0O — 1 andstaticl — 1 transitions
RC= RCU cube§);
elseif s(u) = 1then
if 3(s,8') €T . s(u) =1then // Static1— 1 transition
RC= RCU cube§);
else // Dynamicl — O transition
foreachve lUO
if (s(v) = Rands'(v) = 1)or
(s(v) = F and §(v) = 0) then
RC= RCU split(s,v);
elseif s(u) =0or s(u) = F then; // Norequiredcube
return(RO);

Figure4. Algorithm to find requiredcubes.

If thevalueof uin sis 1, thisrepresentgitheral — 1
transitionor a 1 — 0 transition. If it is a1 — 1 transition
thenthe successostatealsohasu as1. In this case,the
requiredcubeis the statecube. If the value of the output
in the successostateis F, thenthe requiredcubesare all
themaximalsubcube®f s. Thesecanbefoundby checking
eachunstablesignalfor stabilityin thesuccessostate.If this
signalis stabilizing, thena cubeis formedwhereall other
unstablesignalsaredon’t care,andthis signalis stableatits
initial value.

If thevalueof uin sis 0, this representgithera0 — 0
transitionor a 0 — 1 transition. A requiredcubeis only
neededf it is a0 — 1 transition. As mentionedabove, this
requiredcubeis includedin the next compactedstate (the
outputburststate). Therefore it doesnot needto be gener
atedfor this compactedtate.

If thevalueof u is F, thenthe compactedtatemustbe
anoutputburststaterepresenting 1 — 0O transition.There-
quiredcubedor thistransitionarefoundwhenthepreceding
compactedstate(the input burst) is processeds described
above.

Considerthe CSGin Figure2 asan example. The no-
tation x+,3 correspondso the third occurrenceof signalx
rising in the CSGin a depthfirst search(left branchfirst)
startingin the startstateabdl.xyzuv:0ORR.00001 Similarly,
x*,1 refersto the first statictransitionof x, andx- ,1 to the
first falling transitionof x. Considerthe outputsignalx. The
logic minimization startsout by first deriving the required
cubesfor x. Take requiredcube RC(x+,2)= 110 .- 0- 01
asan example. This requiredcubecorrespondso the left-
mostshadedcompactedstate,S= 110 .ROR01in Figure2
wherex is enabledto rise. This requiredcube coversthe
static1 — 1 transitionfor x causedby the output variable
feedbackin stateS Therequiredcubesfor x areillustrated
in Table2.



4.2 Finding trigger cubesand contextsignals

Eachrequiredcubehasanassociatettiggercubewhich
formstheinitial cover for thatrequiredcube. While a final
hazard-freecover cubecanalwaysbe found from anempty
triggercube,addinginitial triggersignalsnarrovsthesearch
for the cover cube. Thesetrigger signalsareformedby sig-
nalsknown to be requiredfor a legal cover andarederived
from the currenttransition.

The transitioncubeof a 0 — 1 transition[cy,Cy] is re-
stricted to turn on only once the end cube c; has been
reached.c; is reachedonly onceall terminatingsignalsin
the transitioncubehave fired. The final cover cubefor this
transitionis thereforerequiredto containthe valueof all ter-
minatingedgesignalsafterthey have fired — otherwisethe
final cover cubewould intersectthe OFF-set.The terminat-
ing edgesignalsof the transitionare thereforeaddedto the
triggercubeasinitial triggersignals.

Similarly, eachtriggercubefor al — O transition[cy, o]
is requiredto turn off astheendcubec; is entered Eachre-
quiredcube beingamaximalsubcubef [c1, c2), mustthere-
fore turn off asthelastsignalin thetrajectoryit coversfires.
Eachtrigger cubecanthereforebe annotatedvith the initial
value of the lastsignalto fire in its correspondingequired
cube.

Notethata signalspecifiedasa directeddon't carein a
transitioncannotbe a trigger signalsincethattransitionhas
its value asa don't carethroughoutthe transitioncube. A
level signalis alsonotatriggersignalsincethesetuptime re-
quirementorcesit to stabilizebeforeany compulsoryedges
arrive attheinputs.Onceatriggercubeis found, the context
signalsarethosesignalsthat are not trigger signalsand are
stablein therequiredcube.

In our example, after generatingthe required cubes,
the algorithm proceeddo find the context signalsandtrig-
ger cubescorrespondingo theserequiredcubes. For the
required cube RC(x+,2) derived from state 110- .ROR01
in our example, the corresponding trigger cube is
TC(x+,2)= - - --.----1 sincev+ is the signal transition
that causeghe machineto enterthe requiredcubeandturn
onthecover. Thecorrespondingontext signalsarea, b, d’,
y', U’ sincethesesignalsare stablethroughoutthe required
cube. The trigger cubesand context signalsfor x areillus-
tratedin Table2.

4.3 Finding violations

Sincethe initial trigger cube may spanover minterms
belongingto the OFF-set(i.e., a cover violation), and may
alsointersectthertransitioncubesin ahazardousvay (i.e.,
anintersectionviolation), suchviolationsmustberemoved.

A triggercubetc for asignalu containsacoverviolation
if it intersectstransition|cy, ¢z in whichthevalueof uis 0.
Thealgorithmshavnin Figure5 findsall coverviolations.In
acompactedtates, signalu is or is tendingto O whenit has
valueO or F, andif tc intersectss, thentheremaybea cover
violation. Thereis, however, one specialcase. If the value

r Requiredcubes | Triggercubes | Contet signals
x+,1 01--.-000- -l-- - ayzu
x*,1 -1--.10000 | ----.----- bxy z'u Vv
x-,1 111-.10000 | -1--.----- adxy' zZ’u' Vv
x+,2 110-.-0-01 | ----.---- 1| abdyu
X*,2 11--.10101 | ----.----- abxy zu'v
x*,3 111-.10-0- | ----.----- abdxy u
x+,3 110-.--010 --1- | abd'zZ’Vv
x*,4 -1--.11010 | ----.----- bxyz uv
x*,5 01--.1-0-0 | ----.----- abxz v
x-,2b | 01--.10000 | -21--.----- axyzuv
x-,2d | 0-0-.10000 | --0-.----- axyzuv

Table 2. Requiredcubes trigger cubes,and contet signals
for thetransitiong(I") of outputx of controllerack-xbm-si

of uis 0 in aninputburstandR in thefollowing outputburst
thenall statesin the compactedstateexceptthe final state
(whereu is tendingto 1) mustbe excluded. Therefore,in

this caseall maximalsubcubesnustbe foundandexcluded
individually (if they intersecthetriggercube).

find_cover_violations(!, O, ®,"),RCu,tc)
Cv=0,
foreachse ®
if (s(u) =0o0r s(u) =F)andtcn s# 0then
if 3(s,8) €T . s (u) =Rthen
foreachve lUO
if (s(v) =Rands(v)=1)or
(s(v) =F and §(v) = 0)) and
(split(s,v) N tc £ 0) then
CV=CVU split(s,\v);
else
CV=CVUs,
return(CV);

Figure5. Algorithm to find cover violations.

A triggercubetc containsanintersectiorviolation (also
calledillegal intersection)if tc intersectsa dynamicl — 0
transition[cy,cy) andtc doesnot containthe start subcube
;. An intersectionviolation also exists if tc intersectsthe
end cube, ¢, for a dynamicO — 1 transitionand doesnot
containthe endsubcubed,. Intersectiorviolationscanalso
be causedby the selectionof a contet signal that, when
addedto the trigger cube, causesan illegal intersectionof
adynamictransition.

Intersectionviolations can be detectedthrougha state
graphtraversalasshaown in the algorithmin Figure6. This
algorithm returnsa set of intersectionviolations in which
eachviolation is a pair wherethe first elements the choice
of contet signalthatcausegheviolationsandthe seconds
the statewhich mustbe excluded.

For eachdynamicl — O transitionstates, thealgorithm
checksif thetriggercube,tc, intersectss, but doesnot con-
tain the start subcube. The start subcube ¢}, is found by
settingall changingsignalsto their initial value. Evenif tc
containsc), the choiceof a context signal may leadto an
illegalintersectionanda context signalmustbeaddedo re-



find_intersectionviolations(!, O, ®,I"),CSu,rc,tc)
IV =0
foreachse ®
/I Checkif stateis dynamicl — O transitionintersectingriggercube
if s(luy=1and3(s,s) el .s(u)=F andtcN s# Othen
¢} = initial(s); // Find startsubcube
if ¢} Z tcthen
IV=1Ivu{ (s}
else
foreachv e CS
/I Checkif context signalexcludespartof startsubcube
/I but notthestate
if rc(v) # ¢ (v) and cubeg)(v) = — then
V=IVu{(vs};
/I Checkif stateis dynamicO — 1 transitionintersectingriggercube
elseif s(u) = RandtcN s# 0 then
/I Continueif therearelevel signalsor directeddon’t cares
if vel . cubeg)(v) = — then
¢, =s; [/ Copy for endsubcube
foreachve O
s (v) = initial(s)(v);
¢, =final(s'); // Findendsubcube
if tcN < then
if ¢,  tcthen
V=Ivu{(0s);}
else
foreachv e CS
/I Checkif context signalexcludespartof end
/I subcubébut notthe state
if re(v) # c,(v) and cubeg’)(v) = — then
V=IVU{(vs) }
return(lV);

Figure6. Algorithm to find intersectiorviolations.

moveit. In otherwords,if achoiceof acontet signalcauses
the cover to exclude part of the startsubcubebut still inter-
sectthe state,then we must chooseanothercontet signal
thatexcludesthewhole states.

For eachdynamicO — 1 transition,if thereareno un-
stableinput signalsor conditionalsignals thentheendcube
equalsthe endsubcubeandis a singlemintermsotherecan
benoviolation (i.e., thisis aburst-modéransition).If thisis
notthecasewe setall outputsin thestateto theirinitial value
sincethe 0 — 1 transitiontakesplacebeforethe changesn
outputvaluesare allowed to be fed back. To calculatethe
endsubcubewe setall unstableinput signalsto their final
value.If thetriggercubeintersectghis compactedtate but
doesnotincludethe endsubcubethenthereis anintersec-
tion violation anda context signalmustbe addedto remove
this compactedstate. If a context signalchoicecanexclude
part of the endsubcubewhile still allowing the cover to in-
tersectthe state thenanothercontext signalmustbe chosen
to remove therestof the state.

Considertrigger cubeTC(x+,2)= ---- .----1in our
example. This trigger cubehasa cover violation sinceit in-
tersectccompactedstateORR .00001which belongsto the
OFF-setof x. Sincex goeshigh onceb rises, the cover
violation is representedy cube OOR .00001 The trig-

TC cv 1V
X+, 1 1101. 00000, 11F1. 00000 none
1100. 00000, 11F0. 00000
x*, 1 1R1-. 00000, 1101. 00000 none
11F1. 00000, 1100. 00000
11F0. 00000, 101-. FOO00
OO0OR-. 00001, 001-. FOOOO
000- . 0000R, 00F-. 00000
x-,1 CV(x+, 1) OFR-. 10000
X+, 2 00R-. 00001 01R-. 00001
X*, 2 CV(x*, 1) none
x*, 3 CV(x*, 1) OFR-. 10000
X+, 3 none none
X*, 4 CV(x*, 1) none
x*, 5 CV(x*, 1) none
x-, 2b CV(x+, 1) none
x-,2d | 1101. 00000, 1100. 00000 | O1R-. 00001
00R-. 00001, 000- . 0000R

Table 3. Cover violations (CV) and intersectionviolations
(IV) for thetriggercubes(TC) of outputx of controllerack-
xbm-si

ger cubealsohasa potentialintersectionviolation of state
ORR .00001 If d’ wasto be selectedas a context signal,

the trigger cube would no longer cover the end subcube
011- .000010f the transitionand the cover would be haz-
ardous. If this context signalis addedto the cover (to re-

move otherviolations), the entire end cube 01R .00001 of

stateORR .00001mustbe excludedin orderto remove the

introducedhazard. This is achiezed by selectingothercon-

text signalsthat excludethe entireendcubefrom the cover.

The cover andintersectiorviolationsfor outputx areshovn

in Table3.

4.4 The covering tables

In orderto find the bestchoiceof contet signalsto re-
move all violations, our logic minimization algorithm sets
up andsolvesa covering problemwherethe columnsof the
coveringtablearethe availablecontext signalsandthe rows
aretheviolationsthatmustberemoved. Sinceselectingcer
tain context signalscanleadto moreintersectiorviolations,
this coveringproblemis binate.A row is addedo thebinate
covertablefor every coverviolationalongwith an”X” in the
columnfor every context signalthatcompletelyremovesthe
violating statecube. Similarly, a row is addedto the binate
tablefor every intersectionviolation. An "X” is addedfor
every context signalthatremovestheviolation. In addition
an”Q” is addedf theintersectiorviolationis causedy that
context signal.

The binate cover table is then solved using classicre-
ductiontechniquesanda branchandboundalgorithm. Dur-
ing columndominancea dominatedcontext signalis only
removedif the dominatingcontet signal excludeslessre-
quiredcubes.Sinceour ultimategoalis to find theminimum
cover of all requiredcubesthis stepis necessaryo ensure
that a minimum literal solution can be found. During the
branchandbound,the algorithmrecordsthe setof minimal
unigue hazard-freecubesthat can cover the requiredcube.



e u , S C o LocalSol(x+,1) = ab
x-,1 adxy zZuV x-,2b axy zZuv x+1 ay z LocalSoI?x*,l)) = Ex
LocalSol(x-,1) = X
11F1.00000 X 11F1.00000 | X X 11F1.00000 | X LocalSol(xi,?) = bv
1101.00000 X X 1101.00000 X X 1101.00000 X LocalSol(x*,2) = tZJ bv, bx
LocalSol(x*,3) = X
11F0.00000 X 11F0.00000 X X 11F0.00000 X LocalSol(x+3) = u
1100.00000 X X 1100.00000 X X 1100.00000 X LocalSol(x*,4) = U, bb Xb
OFR-.10000 X O LocalSol(x+,5) = @D, bx
LocalSol(x-,2b) = @b, bx
LocalSol(x-,2d) = d'x
b) Local solutions
x*,1 bxyzuv xX*,3 abdxyu X+,2 ab d u’
1R1-.00000 X 1R1-.00000 X 00R-00001 | X X X | @b bx z by u dx
1101.00000 X 1101.00000 X X 01R-.00001 X (o] 01- -.-000- X
11F1.00000 X 11F1.00000 X -1--.10000 X
1100.00000 X 1100.00000 X X 111-.10000 X
11F0.00000 X 11F0.00000 X .2d o o 110-.-0- 01 X
101-F0000 | X 101-.FO000 X ' axyzuv 11- -.10101 X X X
00R-.00001 X X X 00R-.00001 X X X 00R-.00001 X X 111-.10-0- X
001-.FO000 X 001-.FO000 X X 1101.00000 X X 110-.--010 X
000-.0000R X X 000-.0000R X X X X 1100.00000 X X -1--.11010 X X
00F-.00000 X X 00F-.00000 X X X 000-.0000R X 01--.1-0-0 | X X
O0FR-.10000 X o 01R-.00001 X X 01--.10000 | X X
0-0-.10000 X
c) Unate cover table
X*,2 abxyzuv x*,4 bxy z uyv X*5 ab x Vv
1R1-.00000 X X X 1R1-.00000 X X X 1R1-.00000 X X a
1101.00000 X X X 1101.00000 X X X 1101.00000 X X b
11F1.00000 X X X 11F1.00000 X X X 11F1.00000 X X
1100.00000 X X X 1100.00000 X X X 1100.00000 X X b
11F0.00000 X X X 11F0.00000 X X X 11F0.00000 X X X M
101-.FO000 X X X 101-.FO000 X X X 101-.FO000 X X u
00R-.00001 X X X X 00R-.00001 X X X X X 00R-.00001 X X X b
001-.FO000 X X X X 001-.FO000 X X X 001-.FO000 X v
000-.0000R X X X X 000-.0000R X X X X 000-.0000R X X d
00F-.00000 X X X X X 00F-.00000 X X X X 00F-.00000 X X X

a) Binate cover tables

d) Final cover

Figure?. a) binatecover tables b) local solutionsc) unatecover table,andd) final solutionfor outputx of controllerack-xbm-si

A minimal uniquecubeis a cubecovering a setof required
cubesnot coveredby ary othercubeof smallercardinality

Oncea setof hazard-freeminimal unique cubeshave
beenderived for all requiredcubesof an output function,
finding the minimal coveris posedasa unatecoveringprob-
lem. In theunatetable,therowsrepresentherequiredcubes
of the function andthe columnsrepresenthe setsof mini-
mal uniquecubes.Solvingthe unatecover tableusingclas-
sictechniqueshenresultsin afinal hazard-freeoverthatis
minimal in numberof literals.

In our example,considerthe binatecovertablebuilt for
triggercubeTC(x+,2)= - - - - .- - - - 1. Thecontet signals
a, b, d’, y', u' of the trigger cube are enteredas columns
in the table and the two violation cubesOOR .00001 and
01R .0000lareenteredasrows. An “O” is enteredfor row
01R .00001in the columnfor d’ sinceaddingthat context
signalwill introducea hazardandrequireusto remove the
row from the table by selectinganothercontext signal. For
eachrow an“X” is enteredn eachcolumnwherethe con-
text signalwould remove the violation cube. In our case,
signalsa andb would remove cover violation 00R- .00001
anda would remove intersectionviolation 01R .00001 In
this fashion,binate cover tablesare built for eachrequired
cubefor x asillustratedin Figure7(a).

The binatecovertablesarethensolved oneby one. For
trigger cubex+,2 thereexists two minimal uniquesolution
cubes,bv andav. Sincethey both cover the sameset of
requiredcubeswith the samenumberof literals, only one
cubeneeddo bekept. In our casewe keepbv. Generallya
trigger cubecanhave severallocal solutions.x*,2 for exam-
ple hasthreedifferentlocal solutions,z, bv, andbx. These
areall minimal uniquesolutionsthat cover a setof required
cubesnot coveredby ary of the otherlocal solutions. For
example,while zis a smallersolutionthanby, it coversonly
requiredcubell- - .10101while bv covers11- - .10101and
110 .- 0- 0L Thusbv is a minimal solutionfor the unique
setof requiredcubest covers.Similarly, while z coversonly
a subsebf the requiredcubesthat bv covers,z is a smaller
cover, so z is still a minimal cover for the setof required
cubes{11- - .1010%}. The local solutionsfor eachtrigger
cubeareillustratedin Figure7(b).

Finally, aunatecovertable(seeFigure7(c))is built with
the requiredcubesas rows, and the combinedlocal solu-
tionsascolumns. A final minimal literal solution covering
all requiredcubesis thenfoundusingclassicreductiontech-
niques. In our caseocal solutioncubesab’, bx, bv, u, and
d’'x areall essentialand form the final cover illustratedin
Figure7(d).



ATACS HFMIN IMPYMIN ESPRESSO-HF
(literal-exact) | (literal-exact) (cube-exact) (heuristic)

Design [®] 10 Time Lt Time  Lit Time Lt [ Time Lt
ack-cdplayer-p1 88 48 80.36 708 impossible 1254.57 743 | 8546 736
ack-fibonacci 60 38 298 415 | 313284 415 | 346.50 522 | 19.27 494
ack-diffeq 36 35 116 261 14256 261 57.84 287 | 10.81 288
ack-barcode 38 31 135 229 | 10550 229 6527 254 | 9.02 253
ack-ged 3 21 052 98 1874 98 2337 98| 404 98
ack-factorial 23 17 039 40 1157 40 1023 40| 459 40
ack-xbm-si 20 9 031 34 647 34 903 34| 228 34
cache-ctrl 98 36 || 23848 500 | 1316.79 500 | 236.59 550 | 18.58 536
chu-ad-opt-e 8 6 029 M 362 1 386 11 219 1
dme-e 20 8 030 22 6.30 22 558 22| 213 22
dme-fast-e 20 8 0.31 30 6.06 30 568 30| 2.18 30
dram-ctrl 26 14 047 50 893 50 828 50| 310 50
hp-ir-sc-ctrl 76 30 311 264 7747 264 4157 280 | 9.99 298
hp-ir-sd-ctrl 54 24 095 131 29.91 131 2762 134 | 764 132
hp-ir-it-ctrl 24 13 036 52 1048 52 903 53| 300 54
hp-ir-r-ctrl 26 13 038 32 869 32 737 32| 334 3R
hp-ir-two-tick 18 8 030 15 483 15 419 15| 2863 15
hp-ir 16 5 0.28 8 3.21 8 320 8| 156 8

postoffice-pesnd 28 10 040 65 587 65 612 65| 222 65
postoffice-bufsnd | 17 8 034 34 554 34 564 34| 215 34
postoffice-bufrd 14 7 029 15 478 15 492 15| 135 15

PSCSi-pscsi 19 22 9.63 400 5342 400 4240 421 | 833 428
pscsi-isend 2 N 039 74 819 74 808 74| 328 75
pscsi-ircy 13 9 035 31 6.70 31 560 31| 249 31
pscsi-trev-bm 18 10 036 40 818 40 721 40| 387 40
pscsi-trev 14 8 034 25 473 25 512 25| 27 25
pscsi-tsend-bm 24 N 039 62 873 62 760 62| 341 62
pscsi-tsend 24 N 039 55 851 55 774 55| 341 56

sscsi-isend-bm 24 N 040 61 792 61 722 61| 388 61
sscsi-isend-csm 18 1 039 44 6.88 44 6.09 44| 380 44
sscsi-trev-bm 24 1 039 54 734 54 654 54| 385 54
sscsi-trev-csm 18 11 038 43 789 43 6.05 43| 274 43
sscsi-tsend-bm 26 1 040 64 750 64 814 64| 380 64
sscsi-tsend-csm 2 1 039 37 732 37 701 38| 288 39

stetson-p1 84 30 406 284 78.32 284 4295 298 | 956 315
stetson-p2 56 24 096 148 33.58 148 28.17 153 | 873 155
stetson-p3 18 7 030 11 333 11 378 11| 223 11
vanbek-ad-opt-e 6 6 029 14 327 14 379 14| 18 14
xscsi-fifo2scsi 26 1 038 83 717 83 850 84| 297 83

xscsi-dma2fifo 2 9 033 52 635 52 750 52| 296 52
xscsi-fifo2dma 16 8 035 29 507 29 461 29| 265 29
xscsi-fifocellct! 6 5 029 M 347 N 317 11| 187 N
yun-diffeq-alu2 3% 15 051 143 1443 143 1577 156 | 534 146
yun-diffeg-alu1 18 10 033 43 865 43 818 43| 338 44
yun-diffeq-mul1 8 7 029 42 462 42 461 42| 244 42
yun-diffeq-mul2 6 6 029 15 317 15 395 15| 194 15

Table 4. Benchmarkcomparisonshetweenexisting two-
level logic minimizers ATACS (the method presentedin
this papej, HFM N, | MPYM N, and ESPRESSO- HF. (|P|
- numberof compactedstatesin stategraph, O - number
of input, output,andstatesignals,Time - logic minimization
run-timein secondsl.it - numberof literalsin solution.)

5 Results

The algorithm describedin this paperhasbeencom-
pletelyincorporatecandautomatedn the ATACS [16] syn-
thesistool. The ATACS extendedburst-modelogic mini-
mizer is exact in numberof literals. We compareagainst
the publicly available stateof the art hazard-fredogic min-
imizationtools developedby Nowick etal. The HFM N [4]
minimizeris exactin numberof literals. Thel MPYM N [4]
implicit minimizer is exact in numberof cubes,but does
not performliteral minimization. The ESPRESSO- HF min-

imizer is heuristic. It should be noted that the HFM N,
I MPYM N, andESPRESSO- HF tools are optimizedfor the
moredifficult problemof multi-outputminimization. As our
goalis to generatecontrollerswith small delay ratherthan
smallarea,the minimizersarerun in single-outputonfigu-
rationsfor thebenchmarkgresentedh this paper

The runtime and literal comparisonshowvn in Table4
containsthe largestbenchmarkghat have beenbuilt in the
burst-modecommunityto date. Thepostofice[3], cache-ctrl
[18], diffeq[23], cd-player[9], pscsi[24], sscsi[19], xscsi
[22], dram-ctrl [19], andbarcode[20] areall derived from
real-life designs. The burst-modecontrollersadk-cdplayer
ack-fibonacci,ack-diffeq, ack-barcode adk-gcd, and adck-
factorial aregeneratedutomaticallyfrom a proceduralan-
guagedescriptionby the high-level synthesisframewnork
ACK[12, 13, 14, 7, 6]. Theotherexamplesareclassicburst-
mode benchmarkdrom various publications. All bench-
marksarerun on a 333 MHz Ultrasparc-2processomwith 1
GB of physicalmemoryand840MB of virtual memory All
benchmarkghat finishedran completelyin physicalmem-
ory. Hencetheresultsshouldshow thetrueruntimepotential
of therespectie minimizers.

As can be seenin Table 4, our logic minimization
methodis very fastfor the vastmajority of the benchmarks.
As illustrated by the ack-cdplayerpl, ack-fibonaccj and
ack-diffeq benchmarksour algorithmis especiallyefficient
when minimizing large and complex extendedburst-mode
controllersbecauseof the compactway our methodrep-
resentsdirecteddon'’t caresand level signals. For these
benchmarkspur methodis well over two ordersof mag-
nitude fasterthan the literal-exact tool HFM N. While the
I MPYM N tool performsbetterruntime wise than HFM N
for large benchmarksit canonly producecubeexact cov-
ers. Thesecovers have up to 25% more literals than cor
respondingminimal literal solutions. The ESPRESSO- HF
minimizerperformswell for all benchmarkén termsof run-
time. Beinga heuristicminimizerhowever, it producesov-
erswith upto 19% moreliteralsthanliteral exactsolutions.

These obsenations underscore the importance of
achieving fastliteral exact minimization. Even whencom-
paring againstthe heuristic algorithm of ESPRESSO- HF,
ATACS is asfastor fasterfor all but onebenchmarkand,in
addition,producediteral exactcovers.In additionto simply
beingfaster our methodcanalsoperformliteral exactmin-
imizationfor designswherethis haspreviously beenimpos-
sible. For the adk-cdplayerpl benchmarkHFM N runsout
of memorydespitel.84 GB of availablememorywhile our
minimizer ATACS completesn 80 secondausinglessthan
74MB of memory It isworthnotingthattheonebenchmark,
cache-ctrl, for which ATACS hasa relatively long runtime,
hasaninordinatelarge numberof requiredcubes.Thelarge
numberof requiredcubesfor this benchmarkesultsin a di-
minishingreturnfor ATACS otherwiseeffective divide and
merge minimizationstrateyy, explainingthelongerruntime.
Neverthelessfor this benchmarkATACS is still on parwith
theimplicit algorithmof | MPYM N.



6 Conclusions

An efficient algorithm for single output literal-exact
two-level logic minimization hasbeenpresented. The ef-
fectivenessof the presentedogic minimizer canbe mainly
attributedto two factors.First, the signalconcurreng prop-
ertiesof extendedburst-modecontrollersallows themto be
expressedvery efficiently in the form of compactedstate
graphs.Using compactedstategraphsto represenextended
burst-modefinite statemachinestime spentin stategraph
exploration grows linearly, ratherthan exponentially with
thecompleity (amountof signalconcurreng andnumberof
level signals)of the specification.The notion of compacted
statess alsoexploitedto significantlyreducethetime spent
in solvingthe binateandunatecover problemsnecessaryo
find hazard-freaminimal solutions,asthe size of the cover
tablesis significantlyreduced Secondthe presenteaingle-
outputminimizationalgorithmnaturallydividesthe problem
of finding a solutioninto smallersub-problemsf finding lo-
caluniquesolutionsfor eachrequiredcubeseparatelywhich
arethenmergedinto a final minimal solutionfor the entire
outputfunction. This divide and meme strategy hasshavn
to performwell for mostbenchmarksndparticularlywhere
the numberof requiredcubesis limited. Puttogetheythese
techniquedorm a literal-exactlogic minimizationapproach
thatcanperformseveral ordersof magnitudefasterthanex-
isting methodsbasedon classicalminimizationapproaches
for largeandcomplex controllers,makinginteractize andit-
eratve designexplorationpossible.

Acknowledgement: The authorswould like to thank
Michael Theobaldand Steve Nowick for their help with
benchmarksndtools.
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