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Abstract

PassTransistorLogic hasattractedmore and more in-
terestduring lastyeairs, sinceit hasprovedto bean attrac-
tive alternativeto staticCMOSdesignswith respecto area,
performanceand power consumption.Existingautomatic
PTL synthesidools usea direct mappingof (decomposed)
BDDS to passtransistos. Thereby structural propertiesof
BDDsliketheorderingrestrictionandthefactthattheselect
signalsof the multiplexers (correspondingo BDD nodes)
directlydependninputvariables,areimposednPTL cir-
cuitsalthoughthey are not necessaryor PTL synthesis.

Generl Multiplexer Circuits can be usedinsteadand
should provide a mud higher potential for optimization
compaedto a pure BDD approad. Nevertheless-to the
bestof our knowledg — an optimizationof geneal Multi-
plexer Circuits(mcs) for PTL synthesisvasnottried sofar
dueto a lack of suitableoptimizationappmoadies. In this
paperwe presentsud an algorithmwhich is basedon effi-
cientBDD optimizationtechniques.Our experimentprove
thatthereis indeeda high optimizationpotentialby theuse
of geneml mcs — both concerningarea and depth of the
resultingPTL networks.

1 Intr oduction

PassTransistorLogic (PTL) hasprovedto be anattrac-
tive alternatve to staticCMOSdesignswith respecto area,
performancendpowerconsumptiof23, 15,9,12]. In ear
lier works using PTL the main disadwantagewas that the
PTL circuitsweredesignedy handandtherewasa lack of
automaticsynthesigools.

Recently severalapproachefor anautomaticPTL syn-
thesisflow were proposed?22, 6, 3, 10, 8, 13]. They are
all basedon a mappingof BDDs [5] (in mostcasesf de-
composedDDSs) to PTL. The adwvantageof this methodis
thatthe PTL circuitsoriginatingfrom BDDs aresneak-path-
free[3, 6], i.e. thereis no assignmento the inputswhich

producesa conductingpathfrom power supplyto ground.
However, BDDs use an orderingrestriction, which is not
necessaryor PTL synthesisMoreovereventherestriction
to free BDDS [2] or generalBDDs [1] is not necessary It
is easyto seethatwe canalsousegeneraMultiplexer Cir-
cuits (Mcs)! asa basisto synthesizePTL circuits without
losingthe propertyof sneak-pattabsenceOf course there
aremoredegreesof freedomfor Mc optimizationcompared
to BDD optimization,sinceBDDs canbe viewed asspecial
casef Mcs. Thus,mcs shouldprovide betterPTL solu-
tionsthanBDDS.

However — to the bestof our knowledge— all existing
automaticPTL synthesisproceduresare basedon BDDS.
Onereasorfor this couldbethefact,thatthereareefficient
BDD packagegseee.g.[20]), which provide efficient BDD
optimizationtechniquesy variablereorderinglik e sifting
[16], whereaspowerful optimizationtechniquesfor mcs
have beenmissing. In this paperwe presentsucha pow-
erful optimizationprocedurdor mcs, which makesuseof
the additionaldegreesof freedomcomparedo BDDs. Our
novel techniqueis ableto improve on both sizeanddepth
of BDD basedcircuits (seeSection5). Althoughtheresult
of ouralgorithmaremcs, we canmale useof well matured
andefficient BDD optimizationtechniquego computethe
MCS.

In Section2 we give a comparisorbetweensDDs and
MCs. Section3 reviews how BDDS or MCs are mappedo
PassTransistorLogic. In Section4 we presentour algo-
rithm for MC minimization. After giving experimentalre-
sultsfor PTL synthesisisingthis algorithmin Sections we
concludethe papemwith Section6.

2 BDDsversusMCs

BDDs provide a canonical representatiorof Boolean
functions. As definedin [5], they areordered,.e. on each

Imcsarebasicallythe sameasif-then-elseDAGs[11].



pathfrom their root to a terminalnodeeachinput variable
occursonly onceandon eachpaththeinputvariablesoccur
in thesameorder

In contrastMultiplexer Circuits(Mcs) aremoregeneral:

Definition 1 A Multiplexer Circuit (MCc) M is modeledasa
directedacyclicgraph(V,E). ThenodesetV is partitioned
into four setsVeons, Vinp, Vinv andVimux

e ThenodesofV¢ong are constantshaveindegree0 and
arelabeledbyOor 1.

e Thenodesof Vinp are inputs,haveindegree0 and are
labeledby Booleanvariables.

e Thenodesof Vi, areinverters andhaveindegreel.

e Thenodesof Vinyx are multiplexers and haveindegree
3.

Theris abijectivemappingIN: {1,...,|Vinp|} —= Vinp Such
thatIN(i) definegheith inputof thefunctiondefinedoy the
MC M. ThereisamappingOUT : {1,...,m} =V sud that
OUT (i) definegheith outputof thefunctiondefinedby the
MC M.

Thusmcs areBooleancircuits consistingonly of multi-
plexers,invertersandconstantandit is straightforvardto
definethe Booleanfunctionrepresentetly anmc.

SinceaBDD nodelabeledby avariablex; canbeviewed
asamultiplexerwith selecinputx;, it is clear thatBDDscan
beviewedasarestrictedclassof MCs. Becaus&DDs corre-
spondonly to arestrictedclassof Mmcs, it is alsoclear, that
therearemoredegreesof freedomin Mc optimizationcom-
paredto BDD optimization. However the questionarises
how to exploit theseadditionaldegreesof freedom. Our
answetto this questioncanbefoundin Sectiord.

Beforewe dealwith our approachto MC optimization,
wegive abrief review of PassTransistoflogic (PTL) in the
next section.

3 PassTransistor Logic

PassTransistorLogic hasprovedto be an attractive al-
ternatie to staticCMOS design$ with respecto area,per
formanceand power consumptior23, 15, 9, 12, 22, 6, 3,
10, 8,13].

Thebasicunitin PTL is aMOS transistowhichis used
asaswitch. It is very easyto implementa multiplexer asa
wired OR of two MOS transistorgseeFigure1). For this
reasorrecentautomaticPTL synthesidoolsuseBDDs asa
basisfor PTL synthesis.Figure 2 shavs an exampleof a
BDD mappedo anNMOS PTL implementationMapping
BDDs to PTL is easyandhasthe additionaladvantagethat
theresultingcircuits aresneak-path-freeBut notethatthe
sameis alsotruefor generaMultiplexer Circuits.

2whicharein factrestrictedccasef PTL
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Figure 1. Implementation of a multiplexer by
pass transistors

Figure 2. Mapping of a BDD to an NMOS PTL
implementation

4 Our Algorithm for MC minimization

A mappingo PTL is notonly easyfor BDDs, but alsofor
generaMcs. SinceMmcs aremoregeneralthereis ahigher
potentialfor optimizationboth concerningareaanddepth.

A BDD realizingan n—-input Booleanfunction typically
containgpathsof BDD nodes/multiplgersof lengthn, such
that the delay of a correspondind®TL implementations
linearin n. More preciselyachainof n transistorsn series
evenhasa quadraticdelayin n [21] andbuffershave to be
insertedaftera constanhumberof levelsto achieve alinear
delay We will shav in thefollowing thata pathof lengthn
canbeavoidedby usingmcs.

To presentbur algorithmfor Mmc minimizationwe need
the following definition which characterizespecialnodes
atthebottomof aBDD:

Definition 2 A BDD nodeis calleda positive variablenode
iff its low sonis constan® andits high sonis constantl. It
is calleda negative variablenodeiff its low sonis constant
1 andits high sonis constantO andit is called a variable
nodeiff it is a positiveor a negativevariablenode

A BDD nodeis called a multiplexer nodeiff both, low
sonand high son,are a constantnodeor a variable node
andat leastoneof thesonsis a variablenode If bothsons
of a multiplexer nodeare variable nodesit is calleda true
multiplexer node otherwisea pseudamultiplexer node

Intuitively, our algorithm now successiely removes
multiplexer nodesfrom the original BDD therebyreplacing



“partsof the BDD” by “new” variables.The “meaning” of
thenew variabless computedn aseparateic. Finally, the
wholeBDD hasbeentransformednto anmc.

Our algorithm startswith a BDD for a single-output
Booleanfunction. (Note that it can easily be extended
to multi-rootedBDDSs andBDDs with complemente@dges
[4].) The algorithm usesa mapping mc.map between
{X1,...,%} andtheinputnodesof themc, i.e., mc.map(x;)
givesthe mc input nodelabeledby x;. In the courseof
thealgorithmmc.map is extendedo newly introducedvari-
ablesx, heremc.map(x) givesthesignalline in themc cor
respondingo x.

The algorithmnow proceedsasfollows (for illustration
seealsoFigure3):

Input: BDD B representindunction f : {0,1}" — {0,1}
with inputvariablesxy, . .., X,.

Output: wmc for f.

1. (a) Computeall multiplexernodesof BDD B.

(b) If thereis a true multiplexer node,choosevmux
as the true multiplexer node with mostincom-
ing edges. If thereareonly pseudomultiplexer
nodes, choosevyux as the pseudomultiplexer
nodewith mostincomingedges.

(c) BuildtheBDD BDDy for anew intermediatevari-
ablec.

(d) Replacevmux andthe correspondingub-8DD in
B by BDD.

(e) A new multiplexer is introducedin the mc.
If vmux is labeledby variable x, the selectin-
put of the multiplexer is connectedo Mc node
mcmap(x). If the low sonof vy is constant
0 (1), the O-data-inpubf the multiplexer is con-
nectedto constant0 (1) nodeof the mc. If the
low sonisthepositivevariabley, the0-data-input
of the multiplexer is connectedto mcmap(y)
and if the low son is the negative variabley,
the 0-data-inputof the multiplexer is connected
to a new inverter which itself is connectedo
mcmap(y). The 1-data-inputis assignedn the
sameway.

2. OptimizetheresultingeDD B by variablereordering.

3. Repeastepsl and2 until theBDbD consistonly of one
variablenode.

Note thatreorderingcancausea changeof the variable
label of the next multiplexer nodeto be replaced.(Exper
imentsusingour algorithmfor mc optimizationshav that
thishappensndeed.)

3Theintuition behindthis selectionis thatthis multiplexer nodeis the
“mostimportant”for the computatiorof the BDD in somesense.

In eachstepof thealgorithmtheinitial Booleanfunction
f is representedby two parts: a BDD partanda Mc part.
Of coursewe may interpretthe BDD partasanMc. If we
connectheselect-input®f themultiplexersfor BbD nodes
labeledby variablex to mc.map(x), thenwe obtainanmc
for f.

The Mc size achieved so far canbe determinedby the
sizeof the alreadyconstructedvc partandthe sizeof the
remainingsbD. Optimizingthe sizeof theremainingsDD
correspond$o optimizingthis preliminarysize.

But we canalso optimize the depthof the currentmc
circuit: Eachvariableof the BDD correspondso a primary
input variableor a multiplexer of the alreadyconstructed
MC. This meanghata circuit depthinformationcanbe as-
signedto eachBDD variable. If we interpretthe BDD part
asan Mc again,we cancomputethe currentdepthof the
circuit. Changingthe variableorderof the BDD doesalso
changehedepthof thecircuit.

To optimizesizeanddepthof the resultingmc (step2.
of thealgorithm)we usea variantof sifting [16], whichwe
call delaysifting. (Ordinary)sifting is basedn finding the
locally optimalpositionof avariableassuminghatall other
variablegemainfixed. To determingheoptimalpositionof
avariablein thevariableorderit is siftedto all possiblepo-
sitionsandthen,the position,wheretheresultingBDD size
is minimized,is selectedThecostfunctionduringsifting is
only the sizeof theresultingBDD. To take accountof our
two optimizationgoals(areaanddepth)we changehe cost
functionof sifting: We usesomecombinationof BDD size
anddepthof the overall circuit.

For eachpositionof the variablewe determinethe new
sizesizé®' of the resultingepb andthe new depthof the
overall circuit depth"™. Thenwe choosethe positionfor
thevariablewherethe expression

sizéeV depth"e¥
o Sz + (1= deFr)JthO'd @)
is minimized. (siz€'? anddepth®'?, respectiely, meanthe
BDD sizeanddepthof theoverall circuit beforemoving the
variable,a is a numberbetween0 and1 to influencethe
tradeoff betweersDD sizesanddepth.)

If the alreadyconstructedpart of the mc circuit gives
depthinformationdy for variablex atlevel i, we saythatx
providesdepthcontribution dyx + i. The depthof the over-
all circuit is estimateddy the maximumdepthcontribution
over all levelsi. This givesus only an approximationof
thetotal depth,but the approachasthe advantagethatthe
depthestimatiorcanadjustedocally duringlevel exchange,
suchthatasymptoticcompleity of delaysifting remainghe
sameasfor original sifting.

Figure4 givesaninterestingexamplefor our algorithm
to optimize mcs. We considerthe exor function with 8
inputs. Note that for this examplein eachstepof the al-



Figure 3. lllustration of step 1) of the algorithm: x; is a primary input variable, ¢; and ¢ intermediate
variables for multiplexers introduced in previous steps of the algorithm. The multiplexer node labeled
by ck is replaced by a the BDD BDD, for a new variable cand a new multiplexer is introduced in the mc
which computes the assignment of c. After reordering in step 2) the next selected multiplexer node

is not necessarily labeled by c.

gorithmthe function representetby the remainingsbD is
totally symmetric suchthatchanginghe positionof a vari-
abledoesnot changethe BDD size,i.e. in formula 1l only
the secondpart concerningdepthplaysary role. Starting
from a BDD with lineardepthour algorithmconstructstep
by stepa Mc for the samefunction. The resultingmc has
logarithmicdepth. Theimprovementon the depthis dueto
thefactthatintermediatevariablesareusedasselectinputs
of multiplexersin ourapproach.

5 Experimental Results

In this sectionwe presentour resultsfor PTL synthe-
sisusingthe Mc optimizationalgorithmof Section4. For
our experimentswe usetheimplementatiorof [6] whichis
integratedin thesiservironment18]. Buchetal. [6] trans-
form a Booleancircuit into a so-called‘decompose@bD”

to preventa sizeexplosionof a monolithic BDD approach.

BDDs are constructedstarting from the inputs. When a
certainsize or depthlimit of the resultingebb would be
reachedanintermediatesariableor cut pointis introduced.
Theresultis a setof clustersof the circuit, which arerep-
resentedy BDDs dependingdn primary input variablesor
intermediatecut point variables.After thatin [6] the BDDS
for theseclustersaremappedo PTL. A “PTL cell” is com-
putedfor eachcluster To copewith the quadraticdelay of
transistorsn seriesbuffers areinsertedfor the outputsof
thePTL cells.

In this paperwe replacethe BDD basedPTL mapping
of [6] by an Mc basedmappingasdescribedn Section4.
(Of courseour Mmc optimizationapproacttanalsobe used
asa post-processingtepof othereDD basedPTL synthe-

sistools like [10, 8] to optimizethe PTL cells originating
from BDD representations.)n the following we will call
our synthesigool, which usesan Mc basedPTL mapping,
“mcmap”.

Sincethe clustersproducedby [6] are very small (the
depthof theBDDs is notlargerthan3) andwe madethe ex-
periencethatthe optimizationpotentialof themc approach
canbe increasedisinglarger clusters,we alsopresentre-
sultsfor a secondversionof our MCc basedPTL mapping
tool, which first enlagesthe clustersto someextentto in-
creasdheoptimizationpotential.ln this versionwe remove
cut point variablesby compositionas long as the overall
BDD sizewill notincreasen thiswayandaslongasamax-
imum BDD sizefor a clusteris notexceededin our experi-
mentswe usea limit of 100). In the following we will call
this secondversionof our PTL synthesigool “mc.map+".

We tried two differentoptimizationstratgies: optimiza-
tion only for area(weighta = 1.0, seeSection4) andopti-
mizationfor acombinationof areaanddepthwith a = 0.2.
Ourdepthminimizationmakesuseof depthinformationas-
signedto the alreadyconstructedvuc part asdescribedn
Section4. As alreadyproposedn [6], we can addition-
ally usealsodepthinformationsfor theinputsof the clus-
ter, which is presentlyoptimized,sincethe clusterswhich
computetheseinputsignalsareoptimizedbefore.

We startwith Table1 whichshavstheresultsof mc.map
and mcmap+ using areaoptimization (a = 1.0) for IS-
CAS89 benchmarksand comparethem to the initial so-
lution of the tool from [6]. Columns2-4 show the re-
sults of the tool from [6], columns5-8 the resultsof our
tool mcmap with areaminimization and columns9-12
the resultsof mc.map+ with areaoptimization. Columns
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Figure 4. Computation of an Mc for exor(xs,...,xg). Here we use BDDs with complement edges. The
numbers beside the BDD nodes represent the depth information which is assigned to the nodes and

which is used by delay sifting.

“mux/inv” give the numbersof multiplexersandinverters
of theresult,columns“area” give the active transistorarea
for arealizationusingonly NMOStransistorgthesizeof an
NMOS transistolis assumedo be 1.5\ x 1\) andcolumns
“md” give the maximumnumberof multiplexerson a path
from primary inputsto primary outputs. Both [6] and our
tool usebuffer insertionto force the maximumnumberof

transistorsin seriesto be 3. The experimentswere per

formedona SFARC Ultra 4 andwe uselLong's BDD pack-
age[14] for ourimplementationColumns‘time” give CPU

timesin secondgo transformthe BDDs into McCs.

The experimentsprove thatthereis indeeda high opti-
mization potentialof MC minimization comparedto BDD
minimization:

Our areaminimizationis ableto achieve considerable
improvementson the multiplexer/inverter countsand thus
alsoonthetransistorareain comparisorto [6]. In all cases
themultiplexercountsareimproved(upto 21.7%for C7552
andmcmap andup to 39.3%for C7552and mc.map+).
On the averagethe multiplexer andinvertercountsareim-
proved by 12.1%and 16.1%respectiely by mcmap and
by 28.4%and 32.2%respectiely by mcmap+. Thetran-
sistorareais improvedby 14.5%by mc.map andby 30.8%

by mcmap+. Interestinglyalreadythe areaoptimizationis
ableto improvethedepthsof the PTL circuitsin 8 outof 11
casedor mc.map andin 9 out of 11 casesfor mc.map+.
Theoveralldepthimprovementfor mc.map is 3.2%andfor
mc.map+ theoverallimprovementis 12.9%.

Theresultsfor our combinedareaanddepthminimiza-
tion can be found in Table 2, which hasthe samestruc-
tureasTablel. As expectedthe combinedareaanddelay
optimizationneedsslightly more areathan our resultsfor
pureareaminimization,but is still betterthanthe resultsof
[6]. (It remainsanaverageareaimprovementof 16.2%for
mc.map and21.6%for mcmap+.) Theexperimentshav
thatwe canreally exploit anarea/depthradeoff by our pa-
rameterfor delaysifting. In all caseghedepthresultsof [6]
areimproved (up to 31.3%for C880and mc.map andup
to 40.6%for C880andmc.map+) while maintainingbetter
arearesults.Ontheaveragehedepthresultsof theareaop-
timizationarefurtherimprovedby 22.4%for mc.map (24.0
% for mc.map+), suchthatcomparedo [6] mc.map could
improve the depthby 24.9%andmc.map+ couldimprove
depthby 33.8%.

As alreadymentionedaninspectionof theresultingmc
circuits of our optimizationalgorithmshaows, thatthey are



circuit H

Berkeley

mcmap (area)

time H

mc.map+ (area)

muxfinv_ | area | muxfinv | area| md | mux/inv__ | area| md | time
C17 7112 75 4 777 52.5 4 0.34 6/6 45 3 0.21
C432 207/250 1746 47 204/236 1674.0 48 27.22 196/229 1618.5 51 15.96
C499 414/413 3100.5 26 332/357 2602.5 21 49.65 302/273 21345 23 26.52
C880 354/401 2866.5 32 335/320 2445.0 31 54.77 313/309 2329.5 29 31.46
C1355 510/465 3622.5 34 484/462 3531.0 29 74.15 326/305 2350.5 28 28.94
C1908 416/430 3183 39 354/366 2709.0 33 53.69 307/321 2365.5 29 28.46
C2670 768/917 6430.5 28 678/687 5125.5 26 106.98 512/493 3754.5 41 44.99
C3540 1112/1173 8614.5 52 1025/1025 7687.5 47 160.75 950/913 6958.5 42 95.88
C5315 1912/2162 15465 47 1673/1569 | 12079.5 40 | 282.79 1185/1099 8500.5 34 113.79
C6288 2698/2764 20532 | 159 2551/2946 | 20910.0 [ 181 | 365.67 || 2208/2402 | 17433.0| 133 | 182.28
C7552 2706/2776 20610 38 2120/1897 | 14896.5 30 | 284.72 1642/1622 | 12225.0 28 | 151.36

3 [ 11104711763] 862455 506 || 9763/9872] 73713.0] 490 | [[ 794777972] 59715.0 | 441 |
Table 1. Comparison for PTL synthesis (area optimization, a = 1.0).
Berkeley mc.map (depth) mc.map+ (depth)

‘ circuit ‘ muxfinv_ | area| md H muxfinv | area| md | time H mux/inv__ | area| md | time
C17 7112 75 4 717 52.5 3 0.25 6/6 45.0 3 0.21
C432 207/250 1746 47 209/226 1644.0 34 10.59 226/228 1704.0 31 10.80
C499 414/413 3100.5 26 278/291 21435 18 15.98 373/372 2793.0 20 22.65
C880 354/401 2866.5 32 332/353 2584.5 22 16.72 332/334 2499.0 19 17.04
C1355 510/465 3622.5 34 358/396 2856.0 25 23.00 405/332 2709.0 24 26.49
C1908 416/430 3183 39 355/391 2824.5 29 17.22 363/362 2718.0 25 19.09
C2670 768/917 6430.5 28 608/635 4681.5 20 34.54 542/530 4011.0 18 34.96
C3540 1112/1173 8614.5 52 1026/1004 7596.0 37 51.87 1067/1040 7881.0 32 59.51
C5315 1912/2162 15465 47 1496/1613 | 11746.5 33 93.48 1206/1215 9085.5 30 79.47
C6288 2698/2764 20532 | 159 2729/3006 | 21714.0 | 131 | 136.75 2641/2798 | 20514.0 | 107 | 133.30
C7552 2706/2776 20610 38 1822/1999 | 14461.5 28 117.69 1745/1865| 13627.5 26 99.89
Y 11104/11763| 86245.5 | 506 9220/9921 | 72304.5| 380 8906/9082 | 67587.0 [ 335

Table 2. Comparison for PTL synthesis (depth optimization, a = 0.2).

substantiallydifferentfrom BDD realizationssincewe get
rid bothof theorderingrestrictionandtherestrictionto Mcs
with only inputvariablesasselectotinputsof themultiplex-
ers. Thus,wereally obtaineda generalmc structureby us-
ing algorithmsworking onthe (restricted)BDD structures.

6 Conclusionsand Future Work

In this paperwe presentedor thefirst time anautomatic
PTL synthesisapproachwhich is basedon generalMulti-
plexer Circuitsratherthanon BDDs. Our experimentshaw,
that we are ableto exploit the additionaldegreesof free-
dombothfor areaanddelayoptimization.Thesedegreeof
freedomarisefrom remaoving restrictionsof BDDs, which
areimportantfor verificationapplicationsput not for PTL
synthesis.

We put our experimentson top of the resultsof [6], but
it is obvious,thatour mc optimizationapproaclcanalsobe
usedasapost-processingtepof otherebD basedTL syn-
thesigtoolslike[10, 8] to optimizethePTL cellsoriginating
from BDD representations.

As a future work we planto incorporatedon't carecon-
ditionsinto our approachDon't carescanbe usedto mini-

mizethe BDD partduringthe Mc computatiorusingmeth-
odsfrom[7, 19, 17]. Therearetwo typesof don't careinfor-
mationsduringMc computatiorfor a clusterof thecircuit:
satisfiabilityand obsenrability don't careswhich originate
from the ervironmentof the clusteranddon't careswhich
originatefrom themc partof theclusterthatis alreadycom-
puted.
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