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Abstract
This paper presents new rules to derive the signal flow in a

VlSl-design, The method is based on sound logical principles to
guarantee the correctnegr of the results ond a maximal design.
style independency,

The difrerent rtepr in the taggingprocess ate explained and il-
lustrated with exampler. An interesting application ofthe eignal
flow rerultr for veriffcation purporer io the concept of Intended
Unilateral Bloctr. It reflecte the intended behavior of a design
and itr use leadr to an increased efficiency in clectrical as well ar
timing verification programo.

1 Introduction

Several VLSI CAD tools, especially in the ficld of electrical and

timing verification rcquire romc knowledge ebout the signal flow

through M0S transistors (i.e. the propagation of the logic values

through thc awitch network from external inputs to outputs) in order

to understand thc circuit behevior and/or inocase the efficicncy of
the tools. This knowledge about the signal flow can be providcd

manuelly or it can bc derived by cxpert-systcms in an automated

way.

This papcr describes ncw rules, bascd on simple logical princi-

ples, to derivc the signal flow through M05 VLSI-circuits which are

epplicrble within electrical vcrifiers and which are independent of
thc design methodology. ln section 2 the basic aspects of this the'
ory are explained, and thc differcnces with cxisting flow'derivalion
tools are pointed out. Scctions 3 and 4 givc a bricf ovcrview of

the implcmentation and on thc rcsults for various circuit typcs. ln

a furthcr section the epplicetion rrca for thc datallow is discusscd.

Concluding rcmerks ere givcn in section 6.

2 Basic .A.pProach
2.L Existing Techniques vs. Electrical Veriffcation

Many timing verifiers, such as TV [1] and Chrystal [2] requirc the

dcrivation of signal flow through transistors in order to reduce the

numbcr of felsc paths, end to increarc cfficiency. Somc simuletion

progr.ms (CSWAN l9l) ebo urc rignel {low pertitioning to reducc

complcxity.
It was gcncrally expcricnced that the dcrivation of signal {low

for VLSI custom dcsign is bcst performed by combining automated

tagging (by rcliable dircction-finding rules) with hand-tagging for

difficult transistors. A gencral technique to derive this signal {low

has bccn cxtensivcly treatcd in [3]' Rccently, an intcresting approach

based on clectrical propertics was proposed in [131. We think that

the rulcs that were proposed in [3] may be erroneous in complcx

design styles but morcover, the rules arc not applicablc for our needs

of signal {low :

'Profcgor at K.U.Lcuvcn
tlntcruivcrrity Mictoclcctronicr Ccntcr

lndccd, our aim is to exeminc the elcctrical correctness of VLSI-

circuits statically within the DIALOG-environment [5] based upon a

formal thcory of corrcct electrical behavior of a circuit [61. ln order

to derive the intcnded behavior of the circuit wc need a tool to find

the llow direction through transistors. lt is of course vital that the

rules which accomplish this task do not dcpend upon eleclrical cor-

rectncss ofthe circuit. ln a {irst stage we implemented the safe rules

of Jouppi [3] in DlAL0G, cxcluding thc rule on K-ratio's because

of thc explicit requircmcnt of electrical correctncss (following thc

suggestions in [3]). We concludcd that thcsc rcmaining local rules

are indccd effcciivc in romc cascs but unsuitcd for clcctrical vcrifi-
cation : Somc of thc rules implicitly requirc elcctrical corrcctncss

and it is thercfore impossible to guerantcc thcir safety (e.g. the Al-

ways 0n lnvertor rulc is only correct if the composing trrnsirtorr rre
sufficiently large). Morcover, because of the local character of thc

rulcs, fccdback cannot bc handled properly. A small cxample of a

register-file (figurc 1) in our Cathedrel-library illustrates thesc draw-

becks : N1 end N2 cen bc directed by the Always On lnvertor rulc.

lf N1 is dirccted first by invertor 11, then this rcsults in an incorrect
trgging, and the rule is not epplicrblc rny more for invcrtor 12. The

Complcment Gatc Detcction rule is not applicable to direct Ml and

M2 because a more complcx decoder (instcad of a simple invertor)
controls thc gatcs of thc parstrensistor-nctwork. Many transistors

will remain undirected. Similar problems occur in RAM's (e.g. with

6 transistor CMOS RAM-cell). Finally, the independency of design

style of some of thc safc rules may bc qucstioncd, since thc lnvotor
K-ratio is cxplicitly suitcd for NM05 and thc Always On lnvcrtor is

explicitly CM05,
The method proposed in [13] is more straightforward bccause

it is strictly bercd on solid electrical principles. Howcvcr, it is our

cxpcrience thet strtic verilication cannot work propcrly if the sur'

rounding circuitry of local circuit parts is not considcrcd (relations

betwcen circuit nodes, etc...). Since the mcthod also considcrs tran'
sicnt effects, we cxpcct many uiisct transistors in CMOS with pass-

gatc circuitry. Moreover, wc mey cxpect cfficicncy problems using

the proposed method with large channcl connected comPonents'

Figure 1

2.2 Reformulation of the dataflow-problem

Whcn a circuit has not yct bccn vcrified electricrlly or whcn clcctricel

vcrificrtion is thc mrjor gorl behind the drtrflow problcm, thc log-

ical principlcr and thc electricrl reelity can clash. Mixing clcctricrl
end logical principlcs to obt.in meeningful rcsults ir cxcludcd. Onc

porsiblc solution is to dircct trensistors based on electrical principlcs

([13]) before switch level simulation. Thc othcr solution is detaflow

dctermination based on logical principles. Thc following argum€nts

favor this approach :
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o Logical principles arc likely to be dcsign style independent be-

causc of their more gencral charactcr.

o Logical principles can work on a higher lcvel of abstraction

than the actual circuit components. We will show this by

introducing thc rcduced switch graph. An incrcased cfficiency

results from it.
o Static vcrification rcquires morc than an inPut'outPut bchav-

ioral description of thc circuit. lt nccds a bchavioral description

of lower circuit parts in order to allow for veri{ication of these

parts. The logical data{low dctermination is a way to obtain a

part of this behavioral description, and the global rules provide

somc of thc necessary gencral information.
When verifying the circuit electrically, the physical (electrical) datallow

will be checkcd against the results obtaincd from the logical prop-

ertics, which will allow us to lind electrical bugs in dcsigns ; the

intended behavior derived from thc logical principles is vcrified

against the clcctrical bchevior'

2.3 The logical principles

Deflnition L A noile ni i, c aource of infotmation for another

noile n; if the flou of information goes frorn noile n; to ni aia

source-drain connections of transistort, i.e. if the aalue of node

ni may ilctetminc thc valuc of node n1, Noile n; ie llren a rink
of noile n; [3].
Defnition 2 A node n; ir a 1(0)-source for another noile ni
if ni mog actfuote o drain-source path between ni and odd (gnd)

oia the gate of a trantistor.
Defnition 3 A node a; ir c X'soutce of information for an'

other node n; if it is a 1-source, I'source or tource fot n;. In
that case ni is an X-sink from ni'
Deflnition 4 A noile n; ic a bidirectional with another node

n1 if it ic a X-source for ni anil a X'sink ftom ni.
A transistor is directcd if an assignment of thc opposite direction

would creatc a design that violates the following logical principles :

1. Every node in the nctwork contributcs to the functionality.

This implics that all nodes (exccpt for primary inputs and out'
puts) should be source and sink of information. This principle

lcads to a set of rules that operatc locally on thc circuit.

2. A primary input is only a sourcc of information.

3. Every gate node of a transistor should bc able to switch thc

transistor on and off i.e. evcry gate node in the circuit (cxcept

for primary inputs) can bc driven to l and 0. This principle

results also in local rules.

4. Every node in the circuit should have a path to a primary input,

in a direction opposite to the assumed signal {low (via X-sink

relations) and cvery node should have a path to a primary

output in the signai flow direction (X-source rclations)' This

statcm.nt introduccs rules oPctating on the global circuit'

The principles one to threc form the truc safc subset of the design

principlcs dcfined by [3], but rcformulatcd in a nodc oricnted way

that will enable thc use of a smaller search graph. The fourth prin-

ciple allows to copc with feedback circuits and it has an important

influence on circuits with intensive use of passtransistors. lt should

bc notcd that the dual principle of the rccond principle ('A primary

output is only a sink of information') is not valid in many cases and

is thereforc not used.

3 Implementation

Thc formulation of the logical principlcs is node'oricnted, but the

application of thcsc rulcs on all nodcs of thc circuit is unneccssary

end undcsirrblc for cfficiency rearont' lndccd, thc globel principle

cndangcrr the lineer complcxity of the problem; this danger is largcly

neutralizcd using reduction rulcs to dccrcase the scarch graph.

Thcrcfore, thc awitch graph of the circuit is rcduced to a partially

dirccted Beduced Switch Graph on which the logical principles

will be fircd in rulc-form. An cxample is shown in figure 2.

o The verticcs of rhis gtaph are the boundary and connccting

nodes of thc biconnccted componcnts ([1tl) o{ thc switch

graph; in [al they arc callcd output nodes. lf a nodc is a

vcrtcx of thc graph, thcn it must bc connectcd through in'
depcndent paths to thrce or more distinct vcrtices or supply

nodcs (thcorem a.3 in [al). The supply nodcs are not vc?ticcs

of thc graph.

o Thc edges o{ the graph are delined as follows :

E = {(r;, o;)lo; has a source-drain path to u; without passing a

o, with ui,ollot verticcs ofthe rcduccd switch graph V)
t-t {< rr.,o- ) lo" is a L-sourcc or a 0-sourcc ofo-

without passing a u, with o', u- end on verticcs of l/)
0 indicatc an unordered pair (an unknown rclation) and < >

indicatc an ordcred pair'
The rules dircct the graph as much as possiblc by changing the un-

known edges into source (and sink) cdges. Edgcs which arc dircctcd

in the two directions are called bidirectional' When the Reduced

Switch Grrph is dirccted maximally, cxpansion of the graph to the

original circuit takes place. This can be done without introducing

any conflicts, because of thc naturc of biconnected components
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Thc four logical principles resulted in tcn basic rules, described

with the LEXTOC languagc in DIALOG [51. Rules 3 and 4 rc{lect

thc {irst principle, rulei 5 and 6 resuhcd from the third principlc'

Thc second principlc is repcated in rule 10'
ln order io master the complexity of thc global principle (which

may involve a long scarch towards tcrminal nodcs) wc introduced
thc lirst two rulcs i thesc ruler trcat nodcs that already havc a path

to an input tcrminal as an input-tcrminal for thc global rulc' By

firing thcse two rulcs regularly during thc dataflow dctermination,
the ixccution time of thl global rulcs is kcpt very reasonable' Thc
global principle itself can be found back in rules 7 and 8.

* For Vi a non-tcrDinal graphnodc r

1, Path to input
Conditionr : A noda Vi ha! a path to lJr in-tcrDinal

via l-rinl lclationr.
Action : Vi ir a ps.udo-in-tct[inal

2, Prth to output : DurI crsc of !uI. 1

* Fo! Vi a non-tcrninal graphnodc :

3. Sinl [odc
Conditionr ! lll nod.r Vj that hrv. e Edtc-!.Iation

sith Vi' X-rourcc Vi .tc.Pt on. vartct
V: rhioh ir unlnorn rith r.!P.ct to Vi.

Action : Tx ir rint ol Vi
4, Sourca llodc : Dual carc of tulc 3

5. l{o path to VDD

Conditionr : All nod.! Vj that h!v. rn Edgc-rclation
iith Vi arc 0-loutccg or X-citrtg o! Vi
cxccpt lor on. vartcx Vx.

Action : Tx ig sourc. ot Vi (in fact a l-:ourcc)
6, No path to CID r DuaI cas. ot rul. 6

207



7, No path to output
Conditions : A11 nodct Vj thlt havc m Edgc-r.htion

Bith Vi arc X-eourocs or X-sin.ks ol Vi
axccPt tor onr valtax Vx shich ig unlnorn
Fith rc8pcct to Vi.
l{onc ot th. I-sin} vcrticca ol Vi havc
a possiblc Path to r p8.udo-out-tcrminal.

Action : Vx is sinl( ol Vi
8. No path to input

Conditionc : AII nodcs Vj that havc e Edg.-rclation
rith Vi ar. X-roucc! or I-sinla ol Vi
cxacPt tor on. Ycrtrx Vx thich ir sl(notn
Eith rcsP.ct to Vi.
I{onc of tha I-soulcc vcltiocs of Vi havc
a Possibl. rcvGfs. Path to !
pccudo- in-tcrninal .

Action : Vx is souoc o{ Vi
L Bidircctionality

Conditions : A nodo Vi is X-sourc6 sd X-si'nt of Vj
Action : Vi is bidircctional Eith rssPect to Vj '

r For Vi an in-tcrninal graphnodc :

10. In-tcrninals
Conditionr : Orephnodc Vj ir ruJtnorn tith r.tPcct

to Vi
Aotion r Vi ic a !our6. ot Vj

4 Results
4.L Experimental Results

Thc rules have bccn applicd to scvcral real-lifc examplcs, diffcrcnt

in rtylc end size, that hevc been designcd within the Cathedral-

ll [8] environment : a 4 bit dividcr Execution Unit (Exu) of 300

trrnrirtor3, rn 8 .nd en 24 bit Comparator Exu (with slightly dif-

fcrcnt building blocks in it) of 1500 and 4000 transistors, and a

DES-chip ([7]) containing 11800 transistors' All these dcsigns arc

CMOS designs, but they still offcr a wide range of different prob-

lems : passgate-logic such as passtransistor-exors, registerfiles with

conditional tegistcrs by mcans of passgates, pseudo-nmos dccoders,

tristatc buffcrs, scen-piths, pla's, etc...

Thc order of execution of thcse rules does not allect ihe result, but

it affects of course thc cfficiency of the program. For that PurPose'

the local rules erc cxccuted bcfore the global rules, Morcovcr, all

l-sourcc and 0-rourcc edges cen be sct in one singlc pass, and al'

ready drastically rcduce the number of edges that have to be tagged

by thc rules. Local and global rulcs are executed alternatively until

no further nodes can be dirccted. Normally the number of itera-

tions is two or three. Without a conversion to a reduccd graph,

the number of iterations would of course increase. Tablc 1 shows

the cxperimental rcsults for thc 4 circuits : Thc reduction to thc

reduced switch graph and thc final dataflow determination of the

transistors take maximally about 30 % of this total timc. Thc tests

were donc on a Symbolics 3670 with 2Mword of memory. The ta-

ble also shows the avcragc numbcr of transistors that were sct Per

CPU-second and thc rcmaining undirccted transistors. Thc second

part of the tablc focuscs on thc reduccd switch graph. The orig-

inal number of directcd and undirccted edgcs arc indicatcd, and

also the final resulting graph. The bidircctional edges in the 8'bit

comparatot are causcd bY the tristate-configuration of figure 3

Circuit Div CompE Comp24 DES
Circuit Sige

Nodcs
Run time (sec)

tors/sec.

268

LS2

2L

12,9

156 I
809

105

14.9

3879

2034
310

12.3

1 1884
4092
I 180

10.0

Start info t

Graphnodes
(vi,vj)

< VnrVm >
Final info r

1-sourcc
0-rourcc
soutce
bidir

untraceable

143

7T

181

104

77

66

0

5

564

307

968

545

423
290

l7
0

1 303

843

2331

1362

969
819

0

48

341 1

1754
8779

376 I
5018
1245
t245
536

Table 1: ExPerimental results
4.2 ComparativeResults

Tablc 2 givcs more dctailcd information on the rule-spcctrum, and

on the comparison with thc Jouppi-rules for three difficult circuits :

A registerfile of 4 bit with many asynchronous fccdbacks, a 24-bit

CM0S-version of the Mead&Conway ALU, and a 32-bit Adder with

3 passgate-exors in cvery bitslice. Wc experienced that thc numbcr

of directed transistots is conrparable to the number of trgged direc'

tions with thc Jouppi rules, and in some designs drastically better

(when omitting thc doubtful rule on CMOS-inverters in [3]). ln order

to have a fair comparison with [3], we implcmented the Jouppi-rules
in DlAL0G. Thc 'directed logic'-row indicatcs the number of tran-

sistors that were dircctcd using our logical principles. The next row

indicates the transistors that were set with the Jouppi'rules. Thc

numbers bctween parcnthcses indicatc the samc number when thc

'unsafe' Always On lnvertor is used. For the registerfle how'
ever, thir resulted in 16 wrong directions ! The table also

shows when thc global rules are more effective than the locel rules .

The rcsults are lcss optimal because of thc complex circuitry : ln

add32 thc passgate-cxor (fig a) is responsible for 176 (96 times 2)

rcmaining edges. ln ALUS thc difficult tagging is caused by the

extcnsivc use of passgates : almost all graphnodcs arc conncctcd

to four (or more) other graphnodes. ln this way even the global

rulcs do not succeed becausc there arc too meny possible ways to
an output.
lf electrical verification is not thc major goal or if thc circuil is

known, thcrc is no objcction in enlcring an AD HOC rule in thc

system. By adding one spccific rule we were ablc to dircct in total
more than 95 -04 of all transistors. This rulc is a extcnded, higher

level vcrsion of the Always 0n lnvertor'rule. This special rule can

be formulated as follows :

Condition8 ! V.rt.x Vi is an output ot r fully static
gat. and it i3 unlnoEn Eith
rcsPcot to onlY onc vj rhich
is not thc outPut of a static gatc

Action r Vi sourccs Vj
The second number in thc 'directcd logic' column indicates the

number of directed transistors if this rulc is applicd.

Circuit add92 ALUS Rcr4
Circuit Sisc

Directcd logic
Ditcctcd Jouppi

(vi,vj)
local

global
untraceablc

1428

1111

t072
1426)
t426)

(
(

292
113

0

179

50E

344 (508)
316 (508)

96

0

60

36

216

208 (208)
174 (216)

23

3

16

4

Figure 4
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4.3 Additional Heuristics

Passgate conligurations oftcn behavc as a multiplexer : one or morc
control rignals allow onc path to bc active, while all other passgate-
pathrarc clored. lfthis isthe case, local orglobal rulcs may not hEve
the dcsired effcct because they do not 'understand'this (knowlcdgc
of surrounding circuitry). ln [3] this wes solvcd unsatisfactory with
the Complement Gatc Detcction Rule. We try to accommodate
to this difficulty in another way : Thc user can pinpoint a set of
control nodes (possibly input tcrminals), and our piogram will run
through all possible inputcombinations of thesc nodes, each timc
adapting thc graph by deleting some edges and executing the rules
on the adapted graph. After each inputcombination thc original
graph is restored. ln this way wc were ablc to direct all transistors
in shiftcr.like circuits.

5 Application Area
Partitioning thc network into smallcr subnetworks and analyzing
each subnetwork scparately is a well known technique to reduce
complcxity. Sevcral vcrification programs dividc a circuit into DC-
connected (or channel-connected) components ( DCN ) [101. Thc
intcraction bctween subnctworks is unambiguous (directcd interac-
tion graph) and complicatcd effects due to the bidirectionality of
transistors are handled in thc context of thcse smaller subnetworks,
An cxample is given in figure 5.

Although meny DC-connectcd components are smrll, thc use
of pass transistor logic can lcad to very largc subcircuits of a few
thousand transistors. The interaction between DCN's remains un-
ambiguous, but a DCN on itself docs not reflect the designer's orig-
inal gate-level building block. Wrong undcrstanding of the circuit
(c.g. in finding feedbacks) and non linear complexity rcsult from
this. Figurc 5 shows a feedback bctween DCN's 3 and 4.
Thc knowlcdgc of thc data{low allows us to split up a DCN further
in lntcnded Unilateral Blocks (lUB's) :

Deflnition 6 For euery graphnoile ni :

Euery tranticto? on a source-ilrain path lrom n; to ang other
graphnoile n; lhat iloes not violdte the dataflou, is in the tame
Intended Unilateral Block (IUB). ni ir an output ol the ItlB
if it har a t?antfuto? of another IUB connecteil to it. Euerg output
of IUBi whieh gates a trandctor of IUB; or uhich it source or
drain ol a trantistor of IUB;, fu an lAB-input of IIIB;.
Thc interaction between IUB's is unambiguous for the intended (or
logically meaningful) bchavior (thc designer intendcd onc IUB to
servc es input for enother IUB). This interaction is described in the
Data Dependency Graph : The vertices of the graph arc thc
outputs of the IUB's or primary inputs and the directcd cdgcs in-
dicate a reletion ftcr-dnfuence-on between circuit nodes (figure 5).
The new graph fully rcllccts thc composition of the basic cells as

the designer conccivcd them and feedbacks are intended feedbacks.

The original fccdback in the data interaction graph changed into
two rcconvcrgcnt paths between IUB Z and IUB D (fig.5).
This ruggests the use of the IUB conccpt for timing tools, but the

study of the IUB's instead of the DCN may also be used in elcc-

trical verilication tools such as [6] : it war provcn in [10] that the
electrical correctncls approval of IUB's results in a correctness ac-

ccptencc of the DCN (whcn using thc switch modcl). ln this way

the 'granularity'of the verificetion problcm is chengcd drastically,
and the efficiency may improve accordingly. Table 3 compares the

DCN-conccpt with thc IUB-conccpt : The largest DCN (lUB) and

the numbcr of DCN's (lUB's) are shown for 3 dilfercnt circuits. For

our vcri{ication program, which involves path scarching, generation

of pullup and pulldown functions and tautolgy checking, we gained

e factor of 5 in efficicncy for the MCALU24-example. Othcr appli-

Circuit shift8 MCAIJU24 Add32
NR DCN
NR IUB

26

93

282
363

448
448

Max DCN
Max IUB

8E

5

2!2
I

6

8

Table 3: DCN.IUB Size Comparison
cations of our datallow approach are thc climination of false paths in

timing veriliers (e.g. shifters), and the gencration of simple pullup
and pulldown boolean functions ([10J,[12]) which re{lect the switch

level behavior of output nodes.
{5

ht. tnt.drb. Ofh 0.r..oo..dncY cdth

Figure 5

6 Conclusions

Wc have prescnted a safe mcthod to derive the data{low in a M0S

circuit. This mcthod is besed upon design-stylc independent logical

principles, which makes thc method suitablc for circuits which have

not bccn checked on thcir electrical correctness. The use of two

global principlcs has an important inlluence for more complicated

designs but also results in an efficiency penalty which could be kcpt

very reasonablc by introducing graph rcduction rules and heuristics.

Thc datallow rules havc bcen integratcd in the overall DIAL0G-

system to pcrform electrical vcrification, and they o{Icrcd an invalu-

able help to break up the verification problem in subproblems and

to copc with feedbeck in derigns, by introducing the conccpt of
intcnded unilatcral blocks.
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