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APPRCACH FOR REGULARI TY' EXTRACTI ON Background of the Invention Technical-
Field of tweobmsenti on: The present invention relates to cofglyes9/assed
‘design (CAD) and, nore particularly, to regularity extraction in the design
of integrated cASYSTEMABRCHPTROACGH FOR REGWHARET Y TXPRACTION 0m
intergrated circuit designs, designers take advantage of the H gh degree of
regularity often present in circuits to generate efficient layouts in terns
of area and performance as well as to reduce the design effort. Datapath
circuits performvarious ari thifdereunthafl the kverdsn ng operations on wide

buses. Such circyi ls.h‘ A hi_ gh _dtf_gree of .r;a%ul ariljt¥= The design
"effort can be rﬁ%@%@%ﬁ?—i@ﬁgﬁg—%ﬁ KPS TRG R I AFT Y in circuits,

t hus i nprovi e; (WAL f i ent, ] F at apat h
circuits i nLOg #éé?%x@%ﬁ?éé@?é&é%’)r%& %?gés Oréﬁ%r#@éé%u%k%%e%?%éﬁ ]%trll]? irely by
“hand. EXi stdcgnGfihit@aled chamsnot extract and utilize regularity to the
extent necessary for conpetitive designs. Various techniques for extraction
of functional rdgadkardundravelndagh-pprfopased cigtorhmtediztedrctuit desig@f exanpl e,
D.S. Rao et al., "On clustering for maximal regularity extraction," |EEE
Trans. on GEBgofrsitatecasivaniege o tg@ bighglegrag ofyegudnrsy offoh present imNoircudts (Aug.
1993), pp. 1 198-1208, gescribes a string, matching algorithmto find all

i nst ances oiCPESETCISRER] Ry RS telhPNare¥ et ATG PrafsimpRes 45, Welhdp eHedice the

heuri stical | y. e f the set .of t lates to.cover the circuit.
The fi nal C(Jc‘)’\\\é/lélﬁa?@ﬂsel%ét?[khﬁg&ctuglstpﬁgoﬂr‘%i‘% Seaéﬁ}g‘}r% BVi T élam lf/’p A& esi gner. M
R Corazao lerftlons on REAE BEIRNSSHARELITE BRld L7k ﬁlgﬁh%c&ﬁ%f@é %ld}ﬁf’.p‘rﬂé} for

Hat apat h-i ntensive highlevel synthesis,” |EEE Trans on CA[S@ of Tntegrated

G rcui ts andtsippeffenscan\telreditbd biNaden8 (idgior ext@86ng repplariB/if-Bl dits, 80 assunmes
that a tenplate library is provided, but clains to generate all conplete as
wel | as parinipadvingtheaproductofity of giesigners e fplrantdy, homwg vet datepath girtvitsdnot her
approach described in R X T Nié ssen gzt, al.., "Reqgul ar | ayout_ generation of

| ogi cal |y oBDFRI-PRBOIRPUFAPREESSom A designed flmgstantingly piandc Sixistipg )
00/284. 1 1 A A°R.2003 BEIILEODI PSR4 L ALENE . @50l BRI @lES, and t hen
growi ng the 0 obtai n bi'gger rierrpf St e MR approach i's highly dependent
on the initd@alpeahot a&sighs. tenpl ates. The approaches in the above-listed
articles either rely on the user specified tenplates or generate tenpl ates
in an i nconpl et eVaiishsadchniqiesrforrearactidppdifanotiohalesg flaity heleibéeni ty extracti on
are m ssed. Accordingly, there is a need for techniques for systematic
regul arity reRpesgétn the I8emivag. yFanexgmpis, Enbdirorat at-s On Hestemngfaringximalc| udes a

a ciroult UERORG SHBUYE: TSR QR CEn GRS Sk wh 6hC A estr) S of 1 ne o
T R R BT P R L

si ngl e- pri ngifRAl alloHBHEe sl MRrahes fie RS Rals i RO LRI iaNg A herbRdally
tenplates is a tenplate in which all outputs of the tenplate are in the

transitive dhaosena sdbsat gfthe st wif amplateptd cofer theecitcaitpTat dinalltevesist  of
tenpl ates may al so include tree .tengl ates. In sone enbodi nents, the set of
tenpl at es issnsitivdipthsttemglatesprovideghbruthedegionen MeRt &iorazae §Uspt i ons

including that.the set of, tenplates include al xi mal . tenpl gt.es of
i'nvol ved cl gb§§.€§“6?°et%q’r5’i"§?t5’§’ U8 Iﬁﬂp&%p@p@ngiorn a rrgﬁ&t%ﬁrggv&alp “ough
permuting 91%%8 s&%%ii” IEEE Trans. on CAD of Integrated Circuits and Systems, Vol. 15,

No. 8 (Aug. 1996), pp. 877-887, also assumes that a template library is provided,
but claims to generate all complete as well as partial instances of a given template
in the circuit. Another approach described in RX.T. Nijssen et. al., “Regular
layout generation of logically optimized datapaths,” Proc. Int’l Symp. on Physical

Design, (1997), pp. 42-47, involves choosing small logic components, such as
1
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Brief Description of the Drawings The invention will be understood hbrAeR 2003
fully fromthe detail ed description given below and fromthe acconpanyi ng-
drawi ngs oWwoamspédidment s of the invention which, however, shd’lﬂTdUWgBS%%
‘taken to limit the invention to the specific enbodi nents described, but are
f or expl analidws.asdempdssandribiémgrosmbg/theffl tGobkin kiggerdemnplaesi dhis
representation of a circuit and three tenplates that cover different
portions of 2RAi@acd isdyghly deneadery Opéh%.mfktéﬁllgﬁﬁﬁ ef lgA@!a¢saphi cal representation
of a 2-to-1 rrulta.%l(:exes. FIG 3 is a,.sc en:afic an i cal representation

.sch .and gra
of an AND UR gat &€ 3PPIOYes ) s #have|igted amaicies cigheyralyp e tiser gp 003

PCT/ US99/ 25 AR ] tajined by permuting the
i ncom ng ed%ég)hg% g?%‘fele%ﬁ%i&jéetgﬁj gﬁ%ﬁg&ﬁ%o@’l‘% %Ef?q }ﬁ%u@{lrpqg ‘es a graph Gwth
the nunber ofpbemmtiad f% rdiuveRy Byirfddnate filsed.~ i1l ustrates representations
far an HDL assi~~nnment. FIG © illustrates tree tenplates for the graph of
FIG ~A FIG 7 Ascardaghgniadre & o+ oded-focmtialiques fafsystemualit rqgulagity ci rcui t which
is covered by different instances of two tenplates. FIG 8 illustrates a
graph correspmatiping to the nultiplier of FIG 7. FIG 9A illustrates t-o
functional | y-equi val ent subgraphs of the graph of 111G 8. FIG 9B
illustrates two tenplates with overl%ﬁ’bmﬁrx nodes. FIG 9C illustrates a

tenplate forned {rom nersi the, two tenpl ates of FlI 9B.  Fl G 10A
illustrates a daInaf)oa{%erBE?(P%F?tsaWH’TS’CBB&EWCF eﬁwcg‘l"ﬁﬁfé‘?‘#@”@éml ates. FIG
10B il lustrat : lﬁp@gt AT AT AR , of a
single tenp 'éﬁgnﬁgﬂ% a s##%iagﬁgﬁﬁ?#%ﬁgagy%&@Pﬁeﬁggﬁ}?ﬁwlg%rr ates a
tenpl at e hi anamaly opkrdiidgs 6 b audcriptibn 6F (Be clrcuik! Ghe hdiollabstinatigass a conput er

systemthat can be used in regularity
covering the circuit with instances of a subset of the templates.

In some embodiments, the set of templates includes single-principal output
templates, where a single-principal output templates is a template in which all
outputs of the template are in the transitive fanin of a particular output of the
template. The set of templates may also include tree templates.

In some embodiments, the set of templates is a complete sct of templates
given certain assumptions including that the set of templates include all maximal
templates of involved classes of templates and a template is not gencrated through
permuting gate inputs.

) Bricf Description of the Drawings

The invention will be understood more fully from the detailed description
given below and from the accompanying drawings of embodiments of the invention
which, however, should not be taken to limit the invention to the specific
embodiments described, but are for explanation and understanding only.

FIG. 1 is a schematic representation of a circuit and three templates that
cover different portions of the circuit.

FIG. 2 is a schematic and graphical representation of a 2-to-1 multiplexer.

FIG. 3 is a schematic and graphical representation of an AND-OR gate.



) extraction. Detailed Description 1. Overview The invention incl udéd APR 2003
general approach to extract functional regularity for circuits (and in -
particul anveladraaat h circuits) from high | evel behavioral or PETAUSEYIHO
‘descriptions, such as hardware descriptor |anguage (I-1DL) descriptions.
Verilog or VHDL FGe4weiksla gesypwGexanpl es of HDL. Enbodi ments of the invention
i nvol ve automatically generating a set of tenplates) where a tenplate is a
repr esent ati on dflGa4Bubuostrates ttvovkmplagts obsarstd hywerinngh@tceiscominghe circuit.
In that a 3 1VO 00/28444 1 1 APR 2003 PCT/ US99/ 25946 circuit may be

repr esent eddass %f‘b? a@‘FESOefFéﬁbﬁﬂf\r cuit may be called a subgraph. A sub-~raph
may be an instang late. I n sone enbodinents, the set of,tenplates

of a tenp }
is the conplete Fégt 4QHﬁP?"%‘iﬁé’s&rﬁP}éﬁt‘é’hﬁ)lhét”é'é“‘l‘iﬁGEW”% givam by B ny
eSoumt Lons,. Thgzet Lok GUBLL 3T, S A5, TG ADAT 2o oL ese Ol
tree template angqagol ﬁfat&!t?e%ﬁcrirmﬁla?cssf&elﬁiz?Lap‘l\’xlﬁ'e%'_sf?? mul ti -out put

tenpl ates, call si ngl e-princi pal output (si'ng "tenpl ates, where all
out puts of the tREPTA £s@Hehatid réh&chihansbtd ¥R 8rQfit @hRAKS éuladr out put
of the tenplate. A tree could be viewed as a special case of a sinble-PO
tenpl at e, hawifigreoningtannes dutyputmpNexsert hel ess, a free tenplate is
considered to be_a different class than a si ngl e-fOtenplate. In sone
enbodi ment's, di 6 &nklustaism graptscarespensint toohgandiimice of FEe And si ngl e- PO

tenpl ates. As i escr.i.bed bel o a.supset of this set of .tenplates is
chosen to cover%t]&eagi‘?]b’ﬂﬁt?s ‘Bﬁ’IV\(i“R‘é“O;S‘?ﬁBFq‘&P’?]CPb%‘ H?aéi[]%é‘hégﬁ %ldoes not
have to spgghfy the tenplates to be used. In some enbodi ments, however, a
bser may designate some tenpl ates. The phrase "sone enbodi nents" refers to

at |east some erfyadbEBENLSrfds dRACHPHWERN B0V I@pM@Hcabs appearances "sone
enbodi nents" are not necessarily referring to tﬁe sane enbodi nents. If the

speci ficati on stFdGe8Calloomunraninpldeimedfrost menging e two tahpin@sbéri stic
"may", "m (%ht ", or “'could" be included, that j particular conponent,
feature, stitdePBre, or characteristic is not required to be included.

Ref erence in th pecifjcation to "an.enpodinment" ar "one epghodi ment" neans
Chat & parti cul S10F Ll Estraled dafappd cigin SRap g el v SMEASED: bed 1 n
connection,w th.fhe enbodiment is included in at |east some enbodiments,

but not necesSarily all enbodi ments, of the invention. The conponents of a

circuit in the Hgh1bBVBhstAESGIdafphMNSrciRWithea §88inG ngaé efd b sbed oia AND, OR
and rmultiplexers) or arithmetic operators (such as adders and shifters).

The task ofsinpbguhwpidie ysieg kisapid dmmg otipui benti fy a set of tenplates, and

cover the circuit b% a subset of these tenpl ates, where the objective may
be to use 4 1 FIGAPRiljuxtratepe topphridigramhy pfiduogivesg o FI1G. 1.

FIG. 12 illustrates a computer system that can be used in regularity
) extraction.
Detailed Description

1. Overview

The invention includes a general approach to extract functional regularity
for circuits (and in particular datapath circuits) from high level behavioral or
structural descriptions, such as hardware descriptor language (HDL) descriptions.
Verilog or VHDL are well know examples of HDL. Embodiments of the invention
involve automatically generating a set of templates, where a template is a

representation of a subcircuit with at least two instances in the circuit. In that a
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‘| age tenplates with many instances. However, the regularity extract? biPR 1003
often invol vNS a tradeoff, since a |arge tenplate usually has a fewer _

i nst ancesy\Whhigsa snmall tenplate may have many instances. pearueshatdson of a
good set o? tenplates . may allow tradeoffs anmong multiple criteria, such
as area, tin Nz, : r i L-t egl | nol o~y
desi gns, S llljﬂg]ﬁnzrinsa} %ﬁﬁ@%@qe&%ﬁggﬁ-g\g@%‘@ﬁ at %@bgﬁéleggn@é%%pﬁﬁ'oéi c. Prior

art technisgy@spivhlaly b¥mSndme ofh it hgeR. tihaseelhboanten¥, esluge opubopt i mal
covers. There may be di fferent tenplates with the same functional

descri pti ammphesés theeohipiete betlogdl Ipoksblg uagplagpeadéd emeasisipfifidngnce (e. g.,
the | oading on a conponent in the tenplates). The following is an exanple
of an HDL sdasentionsi dhe seinfttemplp®s ojay ipglgdomore flyngine ckos ollepuiates.k; Qut put s
x[1:0], y(3:Ol; begin main faqort=0Qo03do {d([étj] -=a(j] AND y[ii; a[i] :=d[iJ
on ri si ng '&F RXagplejin.saneembydimgys. ops 91ag Sdemplals isfdraclepplalc g (1] =
c[i] ORyLila.X[id .= f(i] ,on falli elk:1 e main,, F1G 1 illustrates a
circuit 10“4’%5"'[&3%3&8 Sé%c]@rcgléf 8me1pg-%upwet}c%%%s. ﬁﬁﬂdd(f&&%'?b‘{‘?‘%l_ Crcuit 10
i ncl ude f (& Ski T o cStvhe A;RI,,] 1 PO, 1 AG s two do- | oops.
A first tg)#%qug't(éenékll@ﬁg{ngl éesf" %VRE;Ee errenttg%gf” cttﬁgqbﬁr&r grltaqglc‘l)}?%op. (The "S" in
S1 repres&ngiﬁvamofa?@@i@&ﬂ%ﬁodnamt&ahé iehfilaild0A ePould BOORWQAN0 to 3, S
1 is included in each of the four bit slices (0 - 3). A second tenplate S2
i ncl udes tshecidlcesmeolt ssingletltetesgdanchadonl andponBeataus eNdwerthbless eeerd do- | oop,
i goes fromO to 1, S2 is included in only bit slices 0 and 1. A third

t enpl-at e $3nplateliggensidsreditecbeaxdifigrant elass| thesea sipenldO templpie. ilpgemei on can be

used to extract regularity fromthe HDL description b ematically
gener at | ng B E S Erin higsri i e yseq EERUACBT A L AGEE PR ¢ 10 with a
subset of %{?ﬁlagg_rrpl ates. One cover includes the S 1 1 APR 2003 WO

00/ 28444 I5 US99/ 25946 four instances of S1 and the two instances of S2.
Anot her cover Ak ddesided®elovd aisiBicRBESSs Rt oBendilshet Re:hbvdn fonvances of Sl
not included in S3. In sonme enbodi nents, as part of the cover process, S2
and t he twe cinsttaiddgeqfricBatt techmiqueech vsar & svwan hdvdr® specrivded from t he | st
of possible tenplates in the cover. Tenplates S 1 and S2 are exanples of a
tree tenplamRlaghie Peuisidatie sape pabadimenisnpoWe T, HUET ARY depentespgt e. From a
br oader pi(sglecti ve, tenplates S 1 and S2 are al so single-PO tenplates. A
maxi mal t &PP&IE is the maximumsize it could be and still be a tenplate. A

submaxi mal te a IS » : i b hi at ReL: b Rimdni®br exanpl e,
there are foumhn ?%éls%egmg‘feggh%ﬁl\smgsaﬁeﬁsgﬁpf at get,s ngﬁ;ol !éma tguf)mahi mal
tenpl at e becausRidnl Tie vanshégppieertal Sofe Embobiran® @ahedidresthsily such
submaxi mal tenplates arc not generated. In other enbodi nents, they are
gener at ed refouingapehesamd erabetimtnomictbe spateication stagss ap@mniposent he coveri ng
process. A tenplate may be a maximal tenplate for purposes of tree

t enpl at es feayre, HruSRess RATaCCBtA d0e) wWhsieht o 98 eRfd dbs Brludeddhat po

templ ates. For, exanple, for purposes of .tree tenplates, .S2 .15 a nmaxi nal

L enpl at o, PROFSE F BeBatensy e FBSRER, 8 appifleis iR FuSufhiabemal tenpl ate
because 1 fydigiet Rideh &R eé%catﬁﬁ,qpl‘«%ﬁ ElBodihedrdirvgRe Ehbsdidenpan be

ei ther functional, structural or topological. Gven a high-Ilevel

(behavi or gheafs thst & Fﬁﬂh&&lr Jeatl2& Girupiur) Br cliarddidrédticateadrityed i@ gommdktién r cui t uses
a set of functionally-equivalent operations or subcircuits (tenplates).
Funct i onalwithethe embodiymanis indudskin at deastewmeumnbodimehis, BiDinotnekessafidy | nst ance

to inprove_ the g_ual ity of high-level synthesis results by identifying
oppor t uni @llesbpdiments of thedn¥dionng. Structure in an HDL description

typicall f to decl ively . i.fied blocks.includi tlist

Wbt ch cah bo AdREPBRERCTh At Tkl Ty oy e APREPURIPI SRR or vert cal
di ti tasyn j LAl (sQgs] i

or dr ea oI BPaE AR DR AR o RAG) A Rl OB GRTP IR 7 Chi

The presenhdishivert) The Rakiof eepuldrity eR@NERAAS I MBATifyanat of REMlaes tand but nmay
have application to structural and topological regularity. 6

cover the circuit by a subset of these templates, where the objective may be to use



1 1, APR 2003 ~~"U 00/28444 2. Problem formul ati on PCT/ US99/ 25946 Th¢1 APR 2003
foll ow~i n~ provides details used in connection with sone enbodi nents. -
However, the domgention is not linited to the particular detabCHUSHIREI46nput
to regularity extraction is a circuit C conposed of conponents that can be
| ogi ¢ gat eslange @niflheewith neperiatoicss. Hoivsvarsthalrtgulalas exirb@ibnusgieng an
1-1DL.. VI~'e may represent C by a directed graph V,L), where the nodes
in V corresponties e tadeoff.géfice adengp tmemiats usvallyHas priewerrigstamgeat whidfa C, and t he
edbes in E correspond to the interconnection anmong the conponents and
primary i npéiftall GoRtatemay bt margdpsincepal emylabRane | 1¢eedisibokignpiates 1 ant i

L, which cor“raesgao\rl, rtdg?jtfhe sets Bf [p[i mary inputs and I OI?- c_conpopents.
‘respect i vel P2 THE VS B MBS MEF P GRS UFkas Al HOupe 84 POWRAeah% pr esent
the lugic f [ [ ) ~ it i.ens. W
first defi ngﬁkgblhgﬂg;&izgfby ﬁg@?‘c')ﬁ&f‘:ﬁoﬂgi%s@sg‘wr‘?‘?”,aﬁ%vﬁégié’bg'ﬂggf’S?t he total
‘number of diistié Agd d¥naRas 1&tic.| PG G UaEE§RRSYill Infisdmbhi oFhdsd ddeotfien a and v
correspond to the same logic function, e.g. a 2-to-1 nultiplexes.

Simlarly, welpodoc atbepamal aders. K herdEmay b differentkahpltashvigy gieysamdge in e,
where k(ut,v)=k(u2,v) inplies that the two incom ng edges of v are

equi val ent . fungrorst dessrptiorpiere2hasthpindeval languagp sescdseswitbiderenemlgte-dbiges have
all distinct indices, while the AND-OR gate of FIG 3 has four edges

assi gned t 0'°8AINg ANGCIHRANEELIN A CHREHBh of Gis a graph G=(V i, E ) such
that V ~cV and Ei¢E :LS.partition i 1 Li. 'The set O of
primary out puts :ﬁs:ibzgcblgél“ﬂng'Sg%bets)‘g#pgcfoqdlfin.migsdﬁ%félrpggﬂ of G corresponds to a
subcircuit pfuflsa[¥¥0]9999)d88:.09by those subgraphs which satisfy the

¢ondi ti on thaty .V E Li; then a E liuLi for every node a connected to v by
an edge (u, \% n’G W call the subgraphs which satisfy the condition

f easi bl e sugd_pé’b%§[ ot &"' 'nce they correspond to neani ngful subcircuits of
C. From her&ggnmay subgraph will inply a feasible subgraph. ' W consider
two subgrapfes iG0 entldg functionally equivalent, if and only if (a) they
are isonorphic, Kdg}:=kfipAEX{igts a one-to-one mapping ~ between Vi and Vj,
{b) the logic fug :qupﬁogfrisg%rcr”gspondi ng nodes are sane, i.e. 1l[v] =
1(~(v]], and (c) ﬂ‘we: 6“1 ) ﬁf correspondi ng edges are al so the sane, i.e.
k(u,v] = K[Q~( u],y ~[v éﬁ ﬁ; 1 1 APR 2003 wo oo~zsaaa PCT/ US99/ ?59a6

call the equival ence b6t this relation a tenpl ate. Any set S of

subgr aphs ofor&=cie hédopartitioned into mtenplates, S1,...,Sm where a
tenpl ate S~ cont #[ils ef§ ORyild~~r aphs. W estimate the area of a subcircuit
that correspondsxfip=tfileord Rippatie) Si by area[S~] _ ~~-L t.~ a[l[v]], where
alj ) is thgdhga, estimate of a node of logic f unction j. A cover of Gis
aset (G _ {GIl,...,Gn} of feasihle sub~iaphs of G that satisfies the

fol |l owi nb condi t Fomse: illlistraves ¥ cinadel Othazdudd bogeated finm {headbbveor®Isubgr aph in
(G, i.e. VGVIV...VWn. 2. If a node v is a prinary input of a subgraph,
It)hgn :c g ri Zlcf;fissr%etr?ra pir¢urht § irichydatfowbiGlises fh- HuthetHBE dgpwsipton subgr aph,

includes two do-loops. A first template S1 includes the elements of the first do-

loop. (The "S" in S1 represents "sub".) Because in the first do-loop, i1 goes from 0

to 3, S1 is included in each of the four bit slices (0 - 3). A second template S2

includes the elements in the second do-loop. Because in the second do-loop, i goes

from O to 1, S2 is included in only bit slices 0 and 1. A third template S3 includes

S1 and S3 in bit slices 0 and 1. The invention can be used to extract regularity from

the HDL description by systematically generating templates S1, S2, and S3 and

then covering circuit 10 with a subset of the templates. One cover includes the



VE [VO U...vOn. In sone enbodi nents, a problemof regularity extracfilokPRi %03
stated as follows. Gven a circuit represented by a graph G find a cover-
C(G _ {Gwp.002843a}, which is partitioned into mtenpl ates $AT/USIN2EH such
that the nunber of n of subgraphs and the overal | area T, a,.eo(Si] of
the tenpl atfesr astngexdit lzaul thiexe fisrinngs afts2. nmdiber cofersinelbdgsrtaphgo wi | |
reduce the effort necdcd to design the circuit, while nmaxim zing the area
of tenpl at €8SIARGS qf@éu”@é thenavoopeiarges oA Seaokingluded Wy Shylnfsagel i t ati ng bett er

are contl | GPTAgTE E%C&?r"og"B%cq»gEBr%?eaSsaa? r%‘*%ag%?%rc??ﬁmw“&r%a‘r aphs.
In general, me'BrwWﬂen t &B%édgﬁbm‘% Y ot%o%?b ?JEE;LI ?m ﬂQEO\Pew ynom al time

sol vabl e), even s are’s roma given set. Here, the
problem i s Ry@AaRDSe &Q'SQ|a?é‘exa%ﬁ"&;%ftahﬁéreeferhﬁ]afboan%ti@rh 1§etszoifsa§ui@;9ﬁ@9hs for
sel ecting the cover. In sone enbodi nents e problem conplexity 1s reduced
by deconposifagingdleiPQ enipMe pBrdns a bydadeepasgetivqhicrhsinips 81 aad 82 afd 4183
generated, followed by selecting a subset of the ternplate set to cover G
Two sub- pr obigePQurenpatas.ed © below. 8 1 1 APR 2003 WO 001 28444

PCT/ U899/ 25946 I n sone enbodl nments. with respect to graph coverin5, given a
circuit represen‘f“é’é’l"‘ﬁf}“1 Legwlgshisdhe ?’Hé‘”&%ﬁ?@t‘éog@tb%‘ﬂdﬁ 1l be a fmripte:

si n~~| e- PO e | at.es .S _generated.give cert assu

crbod ment ¢ SRR AR E%OA ¢ 50T g Ao RRRL Rk Eler kA Eeent ed by
a graph G . f a cover C(G
S~') {GL %?Q.M,Jr%ﬁ%ce%fvé] zit@%g;p{lfﬁ{: ﬁgirlrlgg ls| %ﬂﬁgﬂ a%n% Ic{l)hlg%at es, such
that the numbarsent @fmﬁdléagh@Mé:sanm donge @NBFdinkntars@ah s,ubnhh*fmnbl templbt®f t he
)(errpl ates are maxi m zed. 3 Cnnplexitv of tenplate ~~cneration Tﬁe foll ow nb
are sone praachotegenerdedi niptotien smbsdichants, Seperaegdnecitate hitsire elfrnglatedi | | r educe
the nunber of tenplates addressed to within V' (i.e.. V * V). These

assunpt i ondTeip rpn%eljﬂuere 7§ pastpfi thc F%‘@“@S PEQEEES. ofr t%@&qcarzmlgﬁ Ewpxigal i on.
Assunption 1. [The.s udes Iat es of a

O van el o atmpli it Shurioset S Pes R Rl bCE Sulisilt hBPld GBB be ot east
two instang V\ﬁ]sx)jﬁrlea @nggl%rmgéngﬁmf SMaitPle, ToYp R8s bﬁﬁéﬁt‘é%ﬁﬁﬂn%mrix' mal

t enpl at es, removed I n t e coverin process

tenpl at es c&zrhslaenﬂlfha) tefmpl@e. FOip éb@seébdﬁhgl@fp(?\/ém;ﬁmeﬂ Safiser consi dering
Assunption 1. Consider the graph of F1G 4A conposed of iwo unconnected
trees, wherssbmhziniai¢enplaty edges itgs wether wmplde Shave the same index. It has
t wo terrpl ates shown in FIG  4B. The graph Gof FIG 4Cis corrposed of two
unconnect ed bi na‘?“ig%]?re‘béénéﬂe’ﬁ“tcﬁ‘a‘ﬂ“ &N betch@e'i fetienal sHecie! fave the same

function 1] l.evel co d of .one of the two

subgr aphs, é%o%calé@w% nﬁv‘? (%ﬁ‘haf”é)rrraralloé t&cﬁgﬁé“c”pa?%va) since ever~~
pair of subgraRiyalGEs glﬁﬁ'rdc {221 GREs P&t B?ﬁﬁrhﬁ&m‘l‘l?"-d?}gl\%lcﬁlhgﬁermor{fsQﬁ tenpl at es
of FIG 4B. In sone enbodi nents, we nake the | ow ng assunption that does
ot allow rzebdirtdumg(tddi;ﬁaﬂeﬁbcdmnﬂ@orﬁdmlaﬁty aambdesee\t@rbstrhaugnhts DL wo edges
? ,vV) and (u2,v) have the sane index k(ut,vl= kLuZ v]. For exanple, the two
i nput  edl : e‘@dgffoalme(t@mmpoﬁmqw@ht)’OOfei’nglC-RVg t}@t}wmslrasm bissi gned
different indices, even though they are equjval ent WD 00/ 28444 1 1
APR 2003 Pcﬁvm@@ﬂg@@mwgﬂﬁ%ﬁw% Sharinge nRirugtere; 1%%&%@??@3&*% t hr ough

Pﬁzz(r)nrjrf Ingge g@gﬁ #Yn’% crﬁé%g ?T?FVC%’ Q&{ffﬁe%rkjg %é}atégdlnf g'ﬁe&r\éf&wxgﬂ%gr?bg of Gwth

assigned a unrque i ndex
of k[ u~, vIZescr{tRld s@hém&ﬁ!aﬁ a&r?ﬂﬂ%a%@h?ﬂtﬂ%ﬁv@meﬁ%eﬁbﬁ% hE Ref3Ot
generated frompernuted I n ther crl~bodinments, the tenplates are
gener at ed fRigdlypea rmpmegcalryr}u $lar d¥gigndia@inglanBrdaédestt bNblbtie wikiviepivega pr ocess.
Assunption 2 disallows S~ (shown in FIG 4B) as a tenplate for the graph of
FI G 4A begaodénisal plooérderiddorctheatrewt. bijhepresant imgniadpsti¢ulatidcencams nodes |
and k. As a result the graph G of Fig. 4C also has a single tenplate. The
justificat ifepctional Fagal 'f}iﬁb\)%“ a9y hae PRR]ICRYOR Ipastruciural 88 AQRYRIEAd from an

1-1DL regularity.



description of C, which ensures that nodes with the sane function aid APR 2003
defined identically. For exanple, as illustrated in FIG 5, the HDL

assi gnment vev avessent “"for i =4 to 6 {x[i] = a[i] b(i] + c[iPCOus}y25%44 I
correspond to three nodes which are transformed identically in building G
The above as3unpt Payblahe&smiudtionul € out the regularity inherent in the HDL
description. The edge indices are different fromthose in FIG 3 as a
result of Assunpt Toafdlowbdng pervides demtiodiedemtennsttisrheith sematinbadimepts ol | ow
Assunption 1 and/or Assunption 2 and/or other assunptions. Details

regar di ng geHeray$ioHiednventien is e%nraﬂ@stoah@pepﬁdwedmlq ehil lapeisoi n some
enbodi nents are, now consi der ed. 4. Gen ates Atree

‘ t(331“{a‘t|on of treeteagi
tenplate i s %erERpI etteCH%ISr?gC*acug.%rr’époa putomRRiCRs A dt pratogic gates
reconver gence, , Ay} 1‘;6?8% ?:ﬁ?sf -0t er ngl des@rqg%oxfshrg,g.?ncﬁﬁ)'es We r@@%

Separates to para S (where one "or para s may
‘have an intecnpd &F&té&?@ﬂh @W If)e&ﬁ)é}é’ﬁ{egﬁ)%estl‘ﬂ PP ondG ﬁé?&ﬁ@t an

al gorithm (e. g seudocode Sanple 1 ) for generating all tree tenplates
of a given g(fcap;borﬁmsl?ﬁehwlpﬂ@ﬁig na0Rlof Cl agd didledBeAnsliomtésponidte may
generate sub-nmaximal tenplates in violation of Assunption 1. However, the
sub- maxi mal mmme@ommomﬂmm@dcmiutﬁirprtroaradmpneoiﬁn Tb setoVemn hg. |t
can be shown that the nunber of tree tenplates is wo Qoii~saaa 1 1 APR
2003 PCT/ USORrgBonss ingyiveerbsetsisptiln winch @HG@?OI‘Q§§G%%H‘§)9%PF1méWd 2, which
makes the enunerat |dgn .0of such t at es ze the

e

conpl exity %P os's c\?ﬂ’éjpge’itﬁgp?pﬁﬁ"wlgfﬁ?‘h%&@oﬁf%”mﬁw@q %uq ded. The
enpl ates ar d (R i VR tfgm te S~
}s a class o %Jtﬁ{cf?i onal | (%génltlﬁtlfi l\?é‘lbglrllrtm“on %}nhm?@oﬁe@gib |nefﬁts

i nstead of sfuRkiitis- Wadihstidenpé au@@mpd,a{ﬁﬁ (Ve 15t aviRral die Biag as a set
of hierarchically organized tenplates. A tenplate Si can h~ conpletely
defined by tmenbagifdiftimactypenoblogictfsnations. Pfcbkﬂ!é—lﬂdntbmed dog rapotespanidi |, and
the list of teppl ates chlldren tert~pl at es| Sf~}.to which the
subgr aphs r oG8 sape togis Hunetgh B-enddd 'ﬂ“lt‘W%xerroétm’t‘%H’e“ﬁé‘ls%ﬂ‘fg"e f-or

a0 Prhe tenest & ESLLRED hRERVEYRDediors sbarelyTheb i Dgfole R " T O
chil dren_t enpl atheshilg ed Féé@fvérz,cqm%eﬁl $Or Ee%w@ HI0E2 SRAGEa FBfipIsgRe f or

storing the subgraphs ol each tenplate by sinply storing the root node of

t he subgr aphsghbst inpét ddigéd haveadlFdigdesind]ces, Whilkeabe ADID-URegite6PFEGES I8 in FI G
G root_nodcs[8] _ {o,p}. It can be shown that the subgraphs of a tenplate
Si can be pr@@!iségcfassésmﬁistbmbte@iméicmg root-fn[i], and the lists children
tenpl ates[i] and root nodesg:‘ . For efficiency reasons, the terrpl ate |ist
ST may be sorted ﬁysuﬁg@@h‘ﬁé 5@ H{éﬂb e ViEi gugh ‘h‘a‘lv'g(}éﬁli‘%@tﬂ;%s ky = {root
fn, children-tenpl ates where_f is t_h? nunber of fan-in nodes ﬁt ee
terrpl ate genBPHEPRS @F%B@Ptiﬂm dbesd&yo H“g’é%mé%‘éd% W%S‘é‘?sef pELT yent i on

Jonpi &: S:”:yjeﬁe'r LA ??swspﬁsﬁ?{ﬂnaa%f:*?ﬁ%é" O Weehygeat e(%% §;a‘?sif#*§e)

S
i1y oot nal é?{gﬁ%i?‘?“ﬁ dncifor {3 s ENAGNPE (SEPFLEay BE u P TR e
SUDGr aphs Of cincERl 19O LS ARIUEHELH i 6 W LR ek alidklalish/ ypl Cenerate

Tenpl at es(G( ogl ca son the nodes of as ..
VNp; 04 ST : eodaimod feasihlesuBgRBhS 616G | sirkk tdy dogregponties m*e/an@ﬁnsubcx&mté* mi s
nunber of terrpl ates generated so far */ 05 tenpl ates ... VN vl ... W
= 0; /* tenpf@t Er¢miherevgrl, a subgrapnwilkimply gifeasiblet wbgiap ex of tenplate to

whi ch functional | y-equi val ent subgraphs roofed. at nodes vi apd vj belong */
07 for i =1 to N cqrmqeemequpbs Gi gnd Gpapoetorsdly\wauyatsas 2‘8%11340*15 /U S
Egﬁ Segtg 4?’6#3 aattlécty\ﬁre 1s\pl1’r)orph1cr:] elvg Eheerg)ex?ftse a gx?e tl?)eonsctrgzrxpepqné 8 bgtween V]i and Vj,

(b) the logic functions of corresponding nodes are same, i.e. I{v] = 1{¢{v]], and (c)

the indices of corresponding edges are also the same, i.e. k{u,v] = k[¢[u], ¢[v]]. We
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[* benerates a tenplate with two |argest functionally-equivalent subgrgRm0)
G and G rooted at vi and v~, respectively */ 11 ifSm-B 12 k := Find _
Equi val en{yol@mgkate(Sm ST); /* find Sk in ST equival ent topSmus$9/25846

template[vi, vj] :=k; 14 if k = m/* Smis a new tenplate */ | S ST := S~i
a{ Sm}; {4l tﬁé’@qtﬁ%kﬁce&lhss1ofﬁﬂ§ﬂlﬂtnﬁta tetn 'Ia%mAﬁ§ sécgéteéiizb faphs 61 €l se 17
root _nodes[k] := root_nodcs[k] a m v~ }p ; 5 |Peturn ST; 20

end /* genemndtgmriiorgdsttotns e;aq)lmemfsed .8m, aN}&Iﬁtda teni;ha% saeemhmnqmi onal | y

equi valent */ 21 Largest Tenplate (u, v) 22 if I[u] ~ 1[v] /* a and v have
di fferent fubgraphs. UP‘Mﬁ¢5(b|ﬁ§11@Vh3233r(7étiLﬂUhCI¥<dllt D4t @irsep@Bistoote kenfpidte S= 1[ u] ;

[* settlng fiel ds o%dterrp m*! 26 for i =1tof do /* both a and v
each have §Y #75MiSw ledr alkfvil Whm afi] isthe areg eptimate of a noge pfogi7 i f ui and
vi have a SI ngl e fanout each 28 add tenplate [ui, vi] to children-tenpl ates
[n: 29 el$8¥Ad-0 to children terrpl ates[nj 30 root nodes[nj - {u v}; I*

P o Tl e B bl SRR ol

function fj T eqU| vaI ent to Sm by performng a binary
search on Séi}gﬁ{séhgt&l%Wl@E%d’ﬁb 2 Find Equival ent_Tenplate (Sm ST) 33 if

ST = ~ 34 return m. E3<§'y'nfodgﬁyﬁrﬂcloﬁgg?yat[léést 6nd Qtfb%}adh m@%@‘r(")k i.dirst half of
ST *1 36 return Find Equival ent Tenpl ate + )2 +1)});

37 else ifvkeylnl.uwvnkey [(I +])/2] /* check second hal f of ST */ 38 return

Fi nd Equi val ent Tenplate(Sm {S((i+j)/2+t), ..., §1}); 12 1 1 APR 2003

WO 001 2844-t PCIY/ USOH 25846 89 prigdaay thput offa subg2aphl, theB(it isteijhpt 2 and Sm are

equi val ent *I Pseudocode Sanple |I It should be enphasized the invention may
e i npl emgnimdy-rputtdf Gf dreceptit of another subgraph, i.c. for all ve i,

ve luOI1u....w0On.

In some embodiments, a problem of regularity extraction is stated as
follows. Given a circuit represented by a graph G, find a cover C(G) =
{G1,...,Gn}, which is partitioned into m templates S1,...,Sm, such that the number

of n of subgraphs and the overall area - of the templates are maximized.

ea[ Si]
Maximizing the number of subgraphs will reduce the effort needed to design the
circuit, while maximizing the area of templates will reduce the overall area and
delay by facilitating better optimization during technology mapping and layout.

) The above two objectives are conflicting, since a large template usually has only a
few subgraphs.

In general, finding an optimal cover is NP-complete (not polynomial time
solvable), even when the subgraphs are selected from a given set. Here, the
problem is even more complex, since there is no such set of subgraphs for selecting
the cover. In some embodiments, the problem complexity is reduced by
decomposing it into two parts, where a set of templates is first generated, followed
by selecting a subset of the template set to cover G. Two sub-problems are stated

below.



details than those recited in Pseudocode Sanple | . Pseudocode SanblleAPR 2003
generates a conplete set of tree tenplates neeting Assunption 2. Sone -
enbodi mentygp ggksk use an al gorithmthat generates a snal | er peRUSEH2M46e
“tenpl ates than does Pscudocode Sanple 1. Further, an algorithmcould
generate a conpih&bme@mbpdihérd. Witistesikct & N8pIEcORERLLzivaNDEiphs that may

i ncl ude reconvergence) although the conplexity may be sifinificantly

great er thapresdrttdd Bis e gdphdilaehSaompbietelset Aftrexardidresiafle-Plietcaptatad ison of
Pseudocode Sanple 1 can be given with re,fcrence to FIG 6. First, the nods
of G are t3spelated given qeptamasswdpt{dnsne 03). Topol o~,ically sorting; neans
sorting fromprinmary i ldts to qutputs (or left to ribht). A nunber |evel
is assigned to I@é@ﬁ’%r’?&%. ‘Ws-é‘}?gh’ﬁﬂé’,c‘ OrRr L OVERDS LTG0y &§ U8y el i ncl udes

nodes e, f, Roid) ] ~and. 1. a ond .l evel, i-ncl ude des a, b, ¢, and
d; and a trI%P'r%aenlléedv}@?a%ﬁ%’ﬁ%%@g%&égjgagﬁd{%ﬁ?"rﬁ”Iolfﬁc ]@6‘,@% Ilféde? &M at e has
two indicegs, eLe gachghn RE: : e. L,.oQp fihdd Nnes 07
and 05, cadss acR FoaaCnar o o Ba ST gERE R ) fp PR B i e, 1 he
function La¢ gesberheofiubh@pHECART @k 0§l bRAP| atred W bhiHewemplh@raphs, one
rooted at each node. Largest Tenplate conpares the logic function of the
two nodes,angikhen constructs the list of children tenplates. The tenplate
Sm thus generated, is i conpared with previously-generated tenplates by a
bi nary seaych ohoryfietv BOickf¥ate bEnc®iidns equi val ent to an existing tenplate
Sk, then its subgraphs are added to Sk; otherwise Smis stored in ST as a
new t enpl at e. Refeciollonwing we BOESprud¢Aca askudptions stedtiheome iewiballimeany| ates S
t,...,54 arc generated. 'Then, fromthe remaining nodes {a, b, c, d, o, p},
}SS i s genevekivilbiedvserwruatbenohisamntesaddraseed © weneNatied: ¥y ¥bnparing a
and c. The.tenpl ate .obtained. by.conparing a and d is found to be equival ent
to S5, soeH"“iggE?P'&pgan? W”P}Fuee’”r%g‘fé)‘ﬁ’dg‘é%o'g?” FegHEY M RCRg two tenpl at es

S7 and S8, ar,@ssﬂig_w!g’g_‘?i%@tl.eGYh'@%eP&WPI%HaY@iﬁﬁ%ﬂ%@:ﬁ@nﬁ%ﬂh{aﬂcnﬁﬁa@ ofdd (0. p),

respectively. Largt l'ate returns a ate, I'n the case of
remai ni ng diedeciPRl (The dehinitidn 4f ARRIAOOZ sWRe LPBRAAGs1 BER 16399485946 Not e t hat
every tenplate has only two subgraphs. except SS with six subgraphs riven
by root nadgsnces. dnlpmeadmbopimentsnigest ma¥atspliadledasubksximeduersplatgdsy and
starts fromthe leafs (inputs) and works toward the rootnode (output) of
the tree tWhgh maé,begg,mpm;fméhq IVGERE PEPISat e i s constructed from small er

tenplates. Referring to FIGS, 4A and &, . h d the tenplate S8 |
a0 o o . RO L e rbte (i (G, GOHERNer B 28 Sl Cotnode o

S6 is nod Al tin ' r S6 and S7
are const ?3@%@5 ”Ege?ggrlgnétgﬁpll'gggnsg%q%h%éwggf%gé@b‘#ﬁ§%;E§§§ S g’ro e children
W th respagioiircd.tretfleviend BeBndhe ed@elonedey abdd evelid esmdShdenditS7 t hey
arc joined to node a or ¢ and node b or d (see FIGS 4A and 6) to Form

tenpl at e S&s tjvo t¢mplste26ha8n irsE1(.4B.hEbe geplikpof bi. 2G is coptpobsd eff sal f c~wi ng
input pernutations. In sone enbodi ments, Largest Teppl aife takes a constant
fime for BoGrimsantesiadpipar:yres sushihatplldbeindgingimodss havedbesame 39) as ~~~cl |

ol | od 1 ortoB Ry B e he Kaged o SO i merbrdbs &l &' ©
logV). Ve &t@.erﬂ&g*m%ﬁ@nﬁﬁiek%?%kﬁﬁw, eﬁneéem;, SQN%WukSLﬁmsaG?, whi ch

requires a nmenory e storage required r subgraphs Is also

QA(Vz), singd Ge Sani@raBhédSusiOEiatr bt t@fpliates of 0G. 4mde. Thus, the overal |
storage conplexity is Q(VZ). The Find Equival ent Tenplate function (lines

32-29) is used Insofermintodihents, wamdkewhe folbowihgrassimptmnttbatpiogs eot For
exanple, if a tenplate is created, it may contain a fairly |arge anount of
*i nf or mat | GlopoPeEELNg {hejincomipg edeesAi dmRds cysadhavrieheiwe rldes dip can be

Shneas ¢ PRV B rng e BRTREfle o B Sty SRRl ket 464 1"
gener at i ory ol 4Qfk bR P RO SR e as AR HEF iRRRL itks, even though

they are equivalent.




covers for datapath circuits conposed of sparsely interconnected 11 APR 2003
subcircuits, but it mght not performwell for circuits with a high nunbe

of nmultiphgofhappyy nodes. More specifically, in addition topgensyatsomny tree
tenpl ates, sone enbodi nents of 14 1 1 APR 2003 w0 00I 28444 PCT/ US99/ 25946
the invention Cwq%ﬂﬁéﬁbe/ﬂ@teﬁﬁﬁﬁé &l not bantaed tt{}HJ:ng thuttH LETRb@L.es
referred to herein as a single principal -out put O? subg z§ph (tenmpl ate) A
si ngl e- PO $tdanathbr pesspgectiug, tfor @udtyprdde SULTE apth. mmhmsae ey fyoratoget |ies in
the transitive fanin of a particul’ar output. For exanple, in FIG 1,

t enpl at e Suk..i.Bf grer¥xdapisespgne csmmqqenadmftl\éwpt]at rh8daiste Intsons a

mul ti-output tenplate (it has outputs ~. and y), hut output y is in the
transitiveCTRATIHIEHES, &E’E‘lﬁﬂtesﬁre Gt ﬁg’P‘éa‘F’@)ﬁQﬂ‘amg‘UWéP%‘éve‘t athef nt er est i ng
properties nternal vergence .as well as cycles, and can

h
Doy e SRR e el s B e FmCa ol ot S piaded of

usi n~~ sin is that despite their conplex structure, the
nunber of g{@ﬁc %}@ pﬁgggf G under the Assunptions 1 and 2 is al so

restrrected to VA'sQurﬁﬁt%’d dskalib®s SHRGLARNT F§©t41§)f&’s zhht?n %E‘Y@r&h@ﬁﬁa@ﬁ”y t hat
if u v EV (G), then every node won a path froma to v also l ongs to
V(G) As anbitthen eecanyd $2 whliG b2 crdaledyrpriratife Aodes4 At tanPlinbéés j20, in
which a tenplate S1 includes diagonal arrays and a tenplates S2 includes
AND gat es. u@ s pepresenthe gragh GARRY zat@d aBoltas anioglcansplavtl Thepl i er 20 is
covered by. 3 .Lnstances of tenplate S 1 and 4 instances of tenplate S2.

Tenpl at e S’”f“i‘%‘“’r?ﬁt for therabove é?fﬂﬁ{’@t‘@” isARalg dt eryIsucted fipen éﬂbbllq,L the al gorithm

f Pseud d th t f FI G th t
O Chree troraioT o e vhidrult B Sha® el Ghat ORI T ons. are
obt ai ned. HeRRlALE For txampi! %l]ﬂ&hhe & fiFel § o agonnpgsﬂ}n%enlt\@t\éﬁ_éﬂg ess,

illustrated and descri bed bel ow, three arrays o

i ncl ude si gk £=BQb teerwpi]at &$). b FHG] %[i]'p‘ ﬁllgéﬁfﬂﬂpc‘y’rﬁﬂ%lt@tl&eQBdéEJ\k'hl'cﬁhfeer 20 of
FIG 7. The two subgraphs shown in FIG 9A are two functionally-equival ent
si ngl e- PO subfprapHsdargatingn @HBlingvGt Mhegbavdasdmpterdsds@ot 8)le ast thhe
respective prbnm pal outputs. A single- PO tenpl ate has |nstances of

si ngl e- PO ¥8BgPap erepkindhe HOLdescpinie, t&ngeéldﬂ%q%ﬁrea@@em 8B r epr esent ed
by 3 11 St RLERHEr A LEMRLRLER ) G of SR PUGELARRL N0, HveVer e

chlldrente 1 ates” cah over Billustrates
tenpl at es ,§venmqn§;fmovt DsBptiont AndhBA 20 1\5\920£{d?c§ cthdy- 1 PCT/ US 99/ 2
5946 ~,raph of F1G~ 9A 9C shows the tenplate S3 with two subgraphs of
FIGS. o. A &30mPRonsS3 has tvvo children tenplates, St and S2, which have
over | appi ng nodes, such as cl of subgraph 'S and c2 of G ~a. Theref ore)
S3 cannot be coﬁptlaés sdeprdipgeerferamnjafsee ynplies hidssingt-RQ enyhateginen

tenpl ates. Instead, every tenplate is specified individually. The nodes of
a subgr aptFOQFed’étPde’@eg‘Fé‘FceEP%ﬁo’&’qef%‘t nodel i st using the depth-first search

prder. pt h-£Lr [ uni que for all isonor ph| c sub~raphs. The
subgraph O‘F é Faui Plrec il 195 node al has nodeli st {al, bl cl, d
1, al 17, 9 A thee- te%ﬁa‘ﬂe %‘é%rﬁmpf&%j}%vh{k J‘nglle'o%tput‘ﬁﬁd ﬁ&?rft@mhis fanm and
fanout 1inks as wel I n sone enbodi nents, nmenory required to store a
subgr aph irecé{Wgehod. Aﬁwadmﬁtefoa?rmen@rx&p@@ergenseudq&mtdmasedﬁa}@esao bel ow, nay
be used to generate a conplete set of single-PO tenplates. |Zepcat |ines
Ol- 20 of p:munbw@e (8hers| aneor botheafahapasli¢lpatisangekaveequnieanedietesi ngl e- PO
subgr aphs (te | at es) rooted at uandv*/ U Largess Tenpl a C(hl v) 02 if
Ifu] -~ l[v‘]° dgganddeeonyesses 192 nafis e eer%a'eart adgprahp (¢-8..figpudaceds oot node s

;h:ngi {/Séa qe lgfo]?oggg#a B%/ égeg tes of[a glz?r}graé {P\%eucIocode Szfrp;:gl)et ,?/ f gg /

add nodel 'ﬁﬁssﬁ@éﬂss%&?ﬁ2%¢¥rﬁ gmﬁ?tg?tle'sﬁlg -rhdithal tgx%gﬁﬁi& iRQSBhi&] of Ovi] at

the end of nodelist | E nodel I st d w2 E nodeli st
[Cvi]; Assumption 1. However, the sub- maximal templates can be removed prior to

completion of covering. It can be shown that the number of tree templates is
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[* there is a path fromw (w2) to a (v) through the incom ng edge df1 APR W3
with index i *|I 11 add i to path[wt, a]; 12 add i to path[w2, v]; 13 for .
E nodel i stwp@psenad w2 E nodelist[Gv] 14 if path [w, u] ~ parR[sa22s%¢ 15
del ete all copies of wt (V\Q) from nodel i st [ Q] (nodellst [Gv]); 16 else if
path [w, m&dd&aﬁtmtéll‘tﬁaﬂhdhﬁESsﬁh@ImBMIéﬁd’l@,l‘\ehlctpﬁlbhc:a[tm enwtheratipgbh[ w2, V]
*[ 17 deI ete remai ning copies of wil (w2) fromnodelist [Gu] (nodeli st
[Gv]); 18 Smehtenfpdates m]cucagg\hreewumamp thegcomplexity APRI2 003 WZroMie844.t- /* S
ris alist of k t enpl at 8 Sk. This function finds the tenplate
S'r, equi véi‘l“e’hp t}b“ rides iy aﬁtwur@f:%em emplases AT §IOFRAP az0t &Y Ad- Equi val ent
Terrplate(Sr 21l fori=1to0 %l f od = no ellst [Sr] 2 ~
return i; g Wt‘“&?u%é%a%a@a%t% ﬂssﬁéfnggﬂ 5YHE"Y ‘fmshoul d be

enphasi zed sﬁm@a]’)}%\/qlﬂt %meritm@%%t%rtwv eherdbhbet wqu@ﬁ%gj L than

those recited i'h pseu 0co conpfFete se

“tenpl ates kfed weesplate dseaqatofahtmtchmlﬁy@magtzed %ﬁlﬁ@'ﬁ&@rﬁ lanesttanm rcuit
that meeting /assunptions | and 2, above. It may al so |ncFude addi ti onal

si nbl c- PO terpinatasly ck:ﬁnedb»rttm]ldmoffuwdmionlof myoddeodedenaed by ooott fngi]) i st of
tenplates later, for exanple, as pari of or prior to covering the circuit.
As can be ebtééh\ﬁédoﬂﬁg@tl@ié%@db’@ahw’@msﬁl]s-tgb -saifeo adidsibgdoegraghsSanpl e 1
except that th gntlQnL rgest Te te (u, v) (called fromline 10) and
the functi M)‘?—qe?\‘d EE GEvaNe 0? H"p‘l"étt ‘%é’r‘?{O“ST) (called fromline 12) arc

diff d he dif h
Si ngl e PO t enpl A66 THRKY g 1B AEEr s Sver ris! e el "og). an

exanpl e of 44 eTﬂ@%rﬁHa@fBMan'%%%‘&‘?&W@efﬁ@m §odt_[rnfejpr Quhgded in connectl on
Mith FIGS. 9 9B, and 9C. Prior to the cal Largest Tenpl ate (P5, P4), the
tenpl ate ScHildrsn akmphdss(flenSeated Wetdlsotratucsubgspaphsquicad for areingake
Simlarly, S2 is also generated with subgraphs Gh~ and Gh2. The nodelists
of Gal andsmrapl(scsafzcaahctn@t@}: barsemplyradringahe eoadbodd of tttheulrrgrdtehsnmthfof GPs
(Gpa). After i nes -0 nodel j st [ al , I

hi, i1, cl IS‘dPO‘_é‘lode?r i] }?aﬁ%FCrPéd'éq tegt(?’[’ftse Ef%t]“ {”Q |§4f°°ét21° bﬁ% 1540, F&ﬁ e2

g2) h2, i 2 node W to

t he root ns‘ﬂqeg'\)/ }t%‘xf%ﬁlﬁhthﬁﬁl?gag}] eflantgoﬁtpaﬁeg eC§B pr‘tcl?d r,&gonS(?mc%t(}It w
occurs mul héxR%?o&t' ﬂﬂ?j hiy tﬂ@ﬂ@t‘s'cﬁildré@’t]em ﬁ%s[x?%rﬁﬂﬂéb?no@cs}n is connected to PS
through the edges g FIG 9A, and hence, it occurs
twi ce in nodeli $or [:fﬁcnsic) r&/hoﬁl:eft}nmterr@ldm Eit Srahdi}[w, sotfed by a cdmpos®R 2003 W O
00/ 284. 14 PC 1'/US99/ 25946 (lines 10-12) which contains the indices of the
i ncom ng e&@egf Pfe 6+t1h|deﬁ@qti apthier It {1ops fis shildrenglamplptes). whee fpathig[ b 1, P-)

{ (}, whi n<<i s are the nodes
i n nodel i st“”Btbgr ﬂd" fﬁg)e(si mtééci@TP‘q}["f get”ﬁé’“ﬁﬁt"ﬂﬁ F%@t o) t’ﬁér’%‘brrespondl ng

nodes are g&t&rth fit:ﬂﬁhvtenxiciﬁf%?%%ﬁt zﬁéﬁseu?o&%e wgtée]d bklon the

respectlve su I nes rw se e two path lists are
same, but haxere@uéﬁxbmt@smdbﬁ Fetely Befindd (8 ﬂglo%muﬂﬁtl&foftthese nodes
have to be, o?FtBéi aﬂﬂr test[ gaﬁﬁ%l?@ llcﬂgg ‘tﬂ&fmﬁi‘ @ P?ﬁ' C 1 (c2)
in GP5 (GP i PS I
bl, cl, °é+"° ‘.‘tf‘ roof fiodgs piberaphs B?

el gl, hI can be 90@%}0&?66@@ Se('eteezﬁeldsn{w a2 b2 c2 d2, e2, gz h2 |3}
The function Find Equivalcnt_'fcnplatc conpares a terrpl ate vm'th every

ot her terrpbate Genkfte SRinpBités(GYV /M) chi ng correspondi ng nodes in the two
nodel i st' syysi nggglt]he “depth-first order of the nodes of a graph is unique.

03 topologically sort the nodes of G as {v1, ..., VN};
04 ST = @; /* St stores the list oftemplatcs */
05 m = 0; /* m is number of templates generated so far */

06 templates [vl ... VN, vl ... VN] =0
/* template [vi, vj], if non-zero, gives the index of template to which
functionally-equivalent subgraphs rooted at nodes vi and vj belong */
07 fori=1toN
08 forj=i+1toN
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I'n sone enbodi ments, Largest Tenplate takes (V) tinme, since it conbtiPRtl8)]
two nodelist's and then traverses themtw ce. Find_Equival ent Tenplate -
takes Q(V3Wwatdomsgsdsi nce it conpares two nodelist's at nost VEHU§RES94These
two functions are called for every node-pair (line 07-08, Pseudocode Sanple
1), resultd9ng in themt'Fme+dormhee»<iempla1é tdbe/SpredThEmodel i st of every
subgraph regqguires a sg@rager ,\{E],atel(\esq hting in a storage conplexity of

QV3). If the nunber ofy.gin @oslameslbquh%t%q}w(eﬁg iAlent then e

overal |l tine and Qac corrp eX|t e gl ven
respectively. | 3'%e é aq;;)row des a terrpl ate GI, we can generate aII |ts
conpl ete as wel | as par#Ndi reated i and w.hespasue!Ydf aph G by cal ling t he
function Larlgest Tenpif8tez@ i ne 10, Pseudocode Sanple 1 ) for every
node-pair (j¢i, vj) whepe- \Flncﬁ'ﬁqu}ualeg?hg lle Sﬁ' Qﬁ? GL'find 'RSRRGE | Vel Y- Thi's
feature all owls\denetod§sl,pner to control tfacti on approach and i nprove
the ci rcwtqgover as esired. 6. Coveri ng of g"ra~h by ten ates The above
descri bed dPgorithms géﬁ@?élee"' a'ik&tkof Sr tenplates for G ST can be
either a sd# of all trékk Fanpl*diress onevategplatef*/ al | singl e- PO tenpl ates of G
under 18 13 1 APR 2003 WEOS $8444nPCH A9 2594 udh@ais sdmhé ons 1 and 2.
' The set of ﬂ}f,(lri]*yerrpl ates generated includes the sum of the sets of

tenpl at es e different classes of tenplates (c.g, ST =

ST(TrecTengpat es) -( S'CFS Esmgl c- PA ' enpl at es). g In many circuits, all
conmponent s 1dnd associ at ed pathedwiklt:Aeoe nedastk]dadvibe i ncl uded in at | east
one tenpl atig. 1-1owever, ohhkem<ciycuits may include one or nore conponents
t hat cannotlgbe |,@uangenpl ate because t hey appear only once. Accordingly)

t he phrase .} coveri;ng the circuit" means to cover those conponents of the
circuit thap are |ncI uded in an instance of a generated tenplate. In sone
cn~bodi nents, in some cases, a conponent may initially he part of an
instance of a tefnsererates lagestiagesiseote@atu and v B1at arctlongsionnlly dauivalgnt He
cov~rinr~ Riocedsargdsn Tremmplate(w,aits, there will be many possi bl e covers
(conbi nat i gns oflrlnpiﬁop%u%d { AR éme%n{ i?@tc ﬂunatdﬁge/the entire circuit).

I n that caég) t he "§u t of the tenplates’ be fewer than all

gener at ed nplaﬁ ver, where the only p055|ble cover invol ves using

i nstances of al Ie%’;enerat ed te | ates, the phrase "subset of the tenpl ates”

i ncl udes aP-IS the generfded:TH I/atsetsmgﬁfﬂlcb@ltiqmmmmﬂmf“errpl ates are

gener at ed, 28ssunpt ifoni 4 1tofidy maxi nal tenplates) is nmet during the covering
process. Let S denot g*tbb@ s&id WéachhivefhamRides, (it he utiemd gties. skpred in
ST. Now, we present a solution to the graph covering problem where given G
and ST, thg,obj ECtIVE‘ifIS 4, 6avea %u se{nea G, ST) of the set S of all
subgr aphs rﬁat fornms a ' i enbodi ments, heuristics are
used to seP8ct the cover. QHt%’BH]@‘ce[Hch&]l‘Hﬁﬁ reny IGEMPIAEY ng process is
used. Firse9 a tenpl als aed@mmldrqmmmnjmdm]ectu ve function out of all
tenpl ates B30 ST is reel acdesfin] FA U ehplalme hat two shispraphs) Guamdliett i ve

functi on I gt he efagn $hat nost neets the heuristic or is the tie breaking
tenplate in the case of a tie.) Next, all nodes that belong to the

nonover | appi n her te es of ST are
r emoved frpgm g i 1?“?‘ &bl ar §’3 gf‘l‘ﬁ‘e’ﬁﬁti% Sﬁ@ﬁﬂ?&@“& (50 r{p}e‘r‘rpl ates for the
remai ni ng @h‘é‘ﬂfﬁ"@ﬁﬂ@%ﬁed circuit) is generated, which regeneration may
result in differBnsfungtion finds thPrnmAga@ in ST, equxvalem to Sm, by pertorming a
binary search on
ST={Si,..., Sj} ¥/
32 Find_Equivalent_Template (Sm, ST)

33 if ST=0@

34 return m

35 if key[m) <key [(i +j)/2] /* check first half of ST */

36 return Find_Equivalent_Template (Sm, {Si, ..., S(G +j¥2+ 1)});
37 else if key[m] > key [(i +))/2] /* check second half of ST */

38 return Find_Equivalent_Template(Sm, {S(i+p2+1), ..., Sj});
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WO 00/ 2844. Z PCT/ US99~25946 tenpl ates than existed before the terrplbﬂ JER 3403
ST other than Si were renoved fromthe list A newtenplate Si with a -
maxi num objerdel@i4f Unction is selected. This process is repeatreusunsikb
either all nodes of G are covered. or ST is found to be NL1LL If sonme nodes
are |eft ungovergama(id- ;52 BecqnBy? Ml bm dd&fhidi& *emai ni ng nodes may be
stored in a tenplate vmth a singl'e subgraph. (In case of datapath circuits,
t hi s tenpl dseudendelanple Ito its control | ogic. ) Note that in the process of
regenerated tenplates ST for the remaining graph, there may be nodes that
arc not cont ai nddshauldbe emphastizzdiibemvsmianeaebd snplomempétith differeat t hough
t hey were; éff.nltla | ~~ in .an instance of a terrFI at e Non overl appi ng

0

- subgr aphs ¢¥tads thandhegsaeciteqd igdiseusiosprisrsample hotseadpensis SeawipbBRMI3CS har ed by
o SRR A B
'slice 1 Wer e gﬁ'a@toﬁ%m Iﬂ’rén ol at@%’ﬁ QrHtxlle(?fsett rcé‘W?ﬁ? 191 d%e% of bit slice 0

were fed into thé& I nput of t atch o Ice then, in sone
enbodi ment PschdirydeBathplelle Rivdet aRRICBEIFYEANRPARrAE a Sodpletdlod Rigrigoveri ng
process, the latch and MJX of bit slice 1 may not be included in a tenplate
after regenst af siogle obitpue rapiFates thal mapinthrde esdoadérremtesalifouplithe t enpl ate Si
is selected. Next, all nodes inside tenplate Si are del eted, but other

t enpl at es |CﬁlT$1€\aWéﬂ¢>ean$l&@l@Ca@l\i SLMMBW withBstwdocednpinatle 1S i s sel ect ed
fromthe remai ni/&'? ! S\ s in ST, H’;l r th n regenerating a new set of
ST for the uncovel &t Ff—’ 1 BrEralink oEPsedeqode | f‘mipkL beodicisen Wik a better

Fover Wil DRraRLa BRY YPLSIBISOAING A0S 38000 MRY ASSmbLL 1 a0

)takes rmre I me are two ased on an

obj ective IdMllE%FtlﬂMem ééﬁ?r@ f;(Q‘ﬁ p?l‘?r{a‘?ﬁtdpﬂg; tb%lﬁﬁt &2 -left to

Lar gest - Flt rst (LFF) heuristic: Select the tenplate Si with the maxi num
area areaf Slghx) A nifnberlbve quasionbd to-dach 8dde( Mok pxdiepie) atHIG: 48ch fiest Si with
t he maxi mum nunber ~Si ~ of subgraphs (ll nstances). In sonme enbodi nents,

heuri stic 2Zevesircludenpedassdf. iz bd, ag owsondihesl endlvds nodaph.dt, esaridave an
equal nunbey o% 2]?Q 1 1 APR 2003 CVO 00/ 28d-t4 PCT/ U899/ 25944 i.nstances.
and one t efpPaq athid jexel nglpdespgdespapdier In king6, diedemplamasdie ’P@;‘C%Sel ect ed

as Si. |-l g»w%régd ?x ﬁe\cg? %Ex}ssg{tf Qacg%ogp d’ht lggp Lﬁl}x])eg 695:1(90{? %Q@Xéa terrpl ate

nust have eas e Sél ec ere an i nst'ance o

subnaxi el ﬁo@ﬁ/@bi@'&@bé Sonsideretelod dVed pafBindl&, Wellindne t han one node
Usual Iy, the F and L. FI~ heuristi cs give different covers. since a

terrpl at e wilidngest |Taenipdatazescrh@s aﬁemplsmb&ar}mp&mbgrapﬂs ine esored staeach
hic',UI5t1CS other than LFF and MFF § conbi nati on of the LFF and MhF)
coul d be udede. hame&t_ifﬁ@p@twmesdh@ orga%ﬁvapthmﬁth? B4 nesies, gnd then  as

T o e i B AT B R 10,51 S o
§2 and the &%a&é&%ﬂl%ﬁe% Ss lf-EéH% a‘i‘éaelﬁmﬁpatcs by a binary search on St using key.

If Sm is equivalent to an existing template Sk, then its subgraphs are added to Sk;

otherwise Sm is stored in ST as a new template. Referring to FIGS. 4A and 6, first

the trivial templates S1,...,54 arc generated. Then, from the remaining nodes {a, b,

¢, d, o, p}, S5 is generated by comparing a and b, and S6 is generated by comparing

a and c. The template obtained by comparing a and d is found to be equivalent to

Ss, so d is stored in the root_nodes of S5. The remaining two templates S7 and S8,

are generated by comparing the node i)airs, (b,d) and (o,p). respectively.

Largest_Template returns a NULL template, in the case of remaining node pairs.

~
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i'n the instances of tenplate S3 arc renoved |iom consideration. fn £ PR 2003
enbodi ments, the other two instances of tenplate S 1 (bits slices ? and 333

‘woul d be dﬂ)ﬁ&’%“ but tenplates for the remaining portion obctRRe§idoG4i t
(i.e., Ices 2 and 3) would be regenerated. In other enbodi nents,

tenpl at es [ i Lrcuit other

than in |nfg?gﬁggts&%%gipngeRQHJ@QEW? %gph% E)‘Clé ?gekvétﬁe%‘é% rf)&r‘aPWlet her

retai ned ofivEggeR&IiAARIs =t % L WQ dinst ances of S I vvoul d then be selected to

cover the Femaining~portion of the circuit. The result would be the circuit

is covered by instganiCEemplateSFofk@heddirdivell bf®stafls &deh theatds (inph@ngRis of Sl

for bits slices 2 and 3. If the MFF heuristic is chosen, tenplate S 1 would

be sel ect edods (Svardthereothoder @uipusofftbeirred ratphanees wht MIQ;erItahpllate and MJX

conmponents but ( 1 S1is larger and (2) the AND, |atch, and MJX

tenpl at es Kaoestpilag feors smeller cwphrsn drrgrriaashF1GS. 44hend Gohe satesls i n 2

were the s as the Jatch in S1, there would be six i.nsta s_of the

ot o, FouivEr RIS BBbAPRENYSOR i UF TEAL BRI af Naer E@gs@ ect ed,

because s I v have nor e
Uﬂge r%{) fodP oi’lkg %"QC aefal dray en%;}g&n%‘cfof‘éﬁ’% rgafa@ %&e o S

t han one not e on ¢'Sht age of

al | owi ng S$@%@S7‘%%ohﬁm&keﬂt&%rbfPeﬂuSlat‘é(SS' FHRTERKoa o3 61d $PE@er tenpl ates
that would be nore useful.) Once tenplate S 1 are selected, all sub-nmaxi nal
t enpl at es dhild&nlwal GesbecmWSG. Theom cemagdiatabatnood of l'Eli’erhmcﬁS@Qﬂ&jBfﬁ%d?n t he
enbodi nent, 21 1 1 APR 2003 WD 00/ 28N4N PCT/ US99/ 259N6 tenpl ate S? is
ei t her r ey éuinethie nodgermercanddodob os{l fse ¥ [E8 M aral) [T Hernt iomediate S8er woul d
be four instances of t% npl ate S1 and {wo_of tenplate S?. The cover of the 4
X 4 multiplier bPeFee? @S%féhﬂhé\d“u‘éﬁ"r@%hé“‘ﬂﬁ? Jigtfovepg éR¥Nt ai ns si x

t enpl at es, the | argest tenplate shown in rIGS. 9A and 9B covers nore
than hal f oefrmtuhaelo&srcwt (The cover of two tenplates sho~,vn in FIG 7
cannot Dbe obtai m%mesensm,ﬂeﬁtsqur QF ITtiPI4i8 (kRS b b fdiffl 1in €€ and
single-PO tenplates.) 1f the MFF %eurlstlc is used, then the cover of three
smal |t enphaanhasdAimilgphe, BindRR¥ardh én SuVlindsrdot 3D RS wdllsasaRdcatidesE. Snt .
Applications of tenplate~encration The follow ng are sone useful extensions
of the ahdvéTtdscti)oekt Oapy htime batnef whichareadagjod fartevery nddermairchi cal
representation of re uJaritX QConsi two covers for the circuit graph

t
of FIG 1 B*éﬁe‘rhﬁt"éﬁfaﬂﬁ”‘ﬂ"rl%or@(]ﬁ'&’c'ﬁ|Qf§(r2é?ﬁ%oa\¥ﬁSEPé"s’(ﬂol Bddhove: one wi th

two subgr of S3 nd Sle other one with raphs of S2
and fougrJ o‘$1h] égl c{r “VHat ergglae w(}:](l)%po 2h Soafmgnfrya%ffﬁgﬁ ?ﬂ%o!to captured
by these ts‘(\é}a%@x‘éﬁtﬁedWFsﬁﬁﬁ}aﬁ}%@%&'O(V”?QTn%é@@EbérQﬁ?% sidved GRY &S §s Dby

identifying the hierarchy of tenplates describe above, i n the case of
tree terrplrabefsqdeaTﬂleﬁmhabeerbBst@'ta(greedrrimlfeditgns@(‘ef%)l |y as a set of children
tenplates. This notion of tenplate hierarchy can be generalized. For a

given G every Tfmﬂf)héﬂéqmsalemﬁ@rlplhleefva@m iatd 32-éBhsaiseditoofinda her
enpl at es npl ates in a

| eaf |
over geneﬁ?’af‘é’&" V’agatl? é‘%fl!?ngf ?%‘S?“Fé!?z‘g £0t F’ffzﬁ"fafrdfBé‘ﬁhﬁaﬁe‘éﬁfqak?@;ﬁabove The
conpl et e txﬁ t,?eﬂqlfg{@r]%t}% amnpgf ﬁ?&-ﬁ{aﬁhﬁgo g}éae Wrnﬁ ¥se|/¥?1cﬁﬁ31r acti ng the

regul ari ty e gr onpose m’nde gra

Sm  until Mﬁaﬁ(fe%fltﬁé( kn?lét@cﬁr?@é AR EREALWAR rﬂiUMessThﬁ)rﬁlﬁﬂFh By @ferély the two
covers of FIG can conpactly represented by the hierarchy Shown in
FIG 11. Idbsg@hfgrtahm &nhesaheait}ednetrtemfatﬁ can be represented by a

tenpl ate hierarch which allows the user to select the nost desirable
cover for %ubsdﬂuénm_l_&m&ﬂmalla_tgﬂesi gn stages. Referring to FIG 12, a
conputer system./| 20 includes nenpry 122, processor 124, dis ia 126

i nterface 128, %ewplamwemen al&?”&ﬁ?r@sf‘é‘ﬁﬁ%ﬂﬁc#émpée I'gives excelledlpr 2003 WO
00/ 28444 PCT/ US99/ essor 6 exec ry | 22
Chat  per f GPYE BEtH AR 5P putHosn S Ther Fisetpriet S ATy B3 v

hol d the %@-jﬁ; ?&wfohﬂwm?cifrghmm &Eggm%mb% bf dhultipld-Parldt Rdesact ed)

tenpl at es nt coverings) etc hi erarchy of cover options can be
pr esent ed, MbRY spe&ERIE itv hadifibh Yo Sherhinphay haflaes, sofrendntsbdimemyoh printer
130. "I ~he user can select options through interface 128 (c.g.) a keyboard
or nouse). Menory 122 is intended as a generalized re:presentaiion of
menory and ma~~ include a variety of fgrns of menory, such as a hard drive,
CD-ROM and random access nenory (RAM) and related circuitry. A Bard drive,
CD-ROM and RAM arc exanples of articles including, machi ne readabl e nedi a.
For exanple, the program perfom~ing the rc~,ularity extraction nmay be

i ncluded on a CD-ROM and | oaded fromthe CD-RO -9 to a hard drive. The

hi gh | evel description may be received, for exanple, on a disk or renotely
through For exarrpl e, a nodem Generatl n subcraphs for a user- gl ven

M I oy o, ~1 oy o, o



covering can be easily generalized such that Gis covered by a mx of1 APR 2003
user-specified and automatically-generated tenplates. General nulti-output
t enpl at es:wO0akd4¢, the primary outputs of datapath circuit PCVESHEFETHfI ed
by busses. The primary outputs can be group with the satire bus index to
forma dumbe moemjort dunspeneraatd spgcial (aITBf nhuls-@fipdthemsplaree ravededito A heuri stic
of adding a dunmy output bus can be used such that a tenplate generation

al gori t hm fhicreds aha gieater princinal-pitpoutPltsubgnaph dteeplFor AexiagistRO FI G 10A
illustrates a circuit }00 having bits slices 0 and 1 that are_each by

tenpl at es $U32TARMY IBMUlty-oYtpAREIbALES. WP S eBAaRPPCTIURIDY UBTREves2. As
illustrated i.n FIG 10B circuit 100 can ified. to create a circuit
04" Rt oba B oHeb sl pierp b T B 53 H AR et 108 so
as to creat, lbrl : i.n plase of S1
.and S2. Eatéﬁlgg% tﬁbsllkfn gl tgyégglysre?ﬁ|§Staa@glziia%‘gﬁHﬁég%@gﬁgfgh%éﬁgug in ;dﬁg” tenpl ate
S3. After bheowipguy & intihe RassibeenNMATALEAd. the dumy bus [Q and dummy
node 108 can be i~nor~d at a | ater stage of design. Those skilled in the
art having the [femdéiPO plaphdhaye dewcdl omeresting ptopapesethat eantiiae nmany ot her
variations fromthe | oregoing description and draw ngs may be nmade within
the scope #ficpkregprgsance ps/wall poeyclgcast eindgivg any DUIiﬂbertﬁé)Ufmllﬂ,dm ng clai ms
i ncluding any amendnents thereto that define hb scope of the invention. 1
24 1 1 ABRSBHY YiE /b Bap) adVARHLG Qb usigipels (gﬁ“%@dlsé? ey deseiteact i on,

corpr 109, BEDR ALLER ke Rk 1B ALFS, A B4af 1 G0 0 comput o

ierml ates iA@%rHF@csnssi BEH 21PNk PRt WU L e @E%bgrﬁfa}%&ﬁué@ the

ingle-principal output tenplate is a tenplate in which all outputs of the

tenpl at e acénveR prbgerty Masiftui ve Vaumn eh evepanddcCwloara sudh pdin @to v he

tenpl ate; and covering the circuit with instances of a subset of the

t enpl at es. alRo b¥leagsrat VigGlh).of claim|, wherein the set of tenplates includes
tree tenplates. 3. The nmethod of claiml, wherein the set of tenplates

i nclude tree t ey amoer axanpe.dgGepiusicdtent 4 out pudtiptliendl.an edichhe net hod of
claim1l, vm%?r{gin t he sat dQf tenplates,is a con'%l ete set of tenplates under
condi t i ons SMRPEH! HEClUASk dirgraakatiays ind & IRTRIFES S2Avqlurrs NP galesx Sl

tenpl at es gpf r%gﬁ{s%ﬁ%é%@%? 'ana_%%mﬁrbc(?ﬂngf ]\ful]ﬁi)l?cﬁ‘]”.o i\é\QS\r/eerg:cﬁ"b{/ Be condi tions

al so inclu enplate i's not generat et rough-pernutirng gate
i nputs.  ThesiREEOSK ©inptdi@s Mhd 4 WemRESbaeNPIdi g2t IT%m(;Bllart&Sl ts Adiualeees

sel ecting one of the set of tenplates and neeting at | east one of area,
ti mng andtepgpime. erdcbatingly afidedppittheigigadithrmofl@scudocode Sample | to the
multiplier of F1G. 7, then numerous instances of three trivial tree templates: AND
gate. CARRY and SUM functions, are obtained. Template S1 is also not a single-

) PO template. Nevertheless, as illustrated and described below, the three diagonal
arrays of FIG. 7 include single-PO templates. FIG. 8 is a graph version of
multiplier 20 of FIG. 7. The two subgraphs shown in FIG. 9A are two
functionally-equivalent single-PO subgraphs GPs and Gpé, with P5 and P4 (see
FIG. 8) as the respective principal outputs. A single-PO template has instances of
single-PO subgraphs.

As described above, a tree template may be represcented by a list of children

templates which are non-overlapping. However, the children templates can

overlap in single-PO templates. FIG. 9B illustrates templates S1 and S2 of the
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i'nstances of the selected tenplate. 7. The nethod of claim®6, where{n §PRE00]
covering fmther includes deleting tenplates in the set of tenplates other
than the sgleqaiadist enpl ates and regenerating a new set of terqiaswasfibom
the renaining uncovered circuit. 8. The nmethod of claim1, wherein at |east
sone of the:hsipf FIEHAf FIMOGioval thé RMRIAESS WiIeHELaABLAHAE of FIGSr t through
recursion wherein a rootnode is joined to children nodes. 9. The nethod of
claim1l, wiexenhi9Bo¥erhangve childraresnipkitesg Saahdfyedtielf hidve biveddpper i sti c
wherein a tenplate with a |argest area is selected. -25 1 1 APR 2003 10.
The net hod reiesisasidcl ahabgraph v enil ng of MPol Veeelosé, B cannot be
nost-frequent-fit-first_ heuristic where a tenplate with a_maxi num nunber of
subgr aphs i@nyuslelyispgciied Justhy ki od itschiddran tsmplatghelsicAd £ ¥Mer ar chy of
cover possibiljties is.presented to.,a user 0,can | ect anong, them 12.
The net hod Ib‘?’p@}lca'isr?PFC,’ﬂgfriu&dé‘f’a”#lﬁeolg‘«gtnoa?s?é’rﬁﬂbafaé’g%ﬁ’scaaéﬁé}cﬁf‘gay fn part

t hrough detigf 0l MiiRPLY; S e {. E f.GdaL md... Wwherein

t he set of ?gnp al'?eg l?gggee(%gﬁha egkjg‘?dg&p%rrbtgr't%@ggﬁgﬁgg(gg%r%&yn?%g?‘éaai val ent
tenpl ates. [ddall KBmonBHhibQEb@ApHE! aThRsdbpWRIEs BlempldAES Cidotddid nBBY ai RS ude
portions for which there is no tenplate because there is a conmponent that

i s not repemilelst =11, Pheclpdt feddflof 1 £l &With dverywnedeimnadclis ewe speeitf i es sone
of the set of tenplates and the conputer autonated operations specify other
of the set fafinpadfnaussinkg® wall. rBiitsoid someresgadimenty nesararacequared teonpri si ng:
generating a set of ter e or a circuit through conputer autonated
oper at i ons smeas%gepb&pé)é\b @f L‘E‘H@‘@‘ﬁ‘f“ﬁﬁigfa,phMerei n the set of tenplates

i ncl udes singl e-jpLj hci pal Pt ates: d ri jreuit with

| nst ances of Ja SupabfoBP Spllleh bl ST RLS B3t ML A BR LSEE  Lher i n
the set of {gnpbetemplsed conplete set of tenplates under conditions
including that the set of tenplates includes all nmaximl tenplates of a

gi ven cl asRept8.linth @11 dfqdewfocod@bamplé,l wherein the set of tenplates al so
includes tree teorpdniAss thé farg A0 e@hilAiehSirle-PFONuUbaahiY @resIaRE) wotkd:at &

machi ne req]dzﬁrgl‘p:%gedi um i ncl Gdi ngdi nst rur(%?i ons t%gt \A(ﬁeen execut ed cause a

conputer t ?):1 B 2q,argest_Templatc(u, V)
02 iflfu] #1[v]

03 return &;
04 else
05 nodelist{Gu] = {u}; /* root node is the first node in nodelist*/
06 nodelist[Gv] := {v};
07 fori=1tofdo /*uandv each have f fanin nodes {ul, ...., uf} and
({v1, ..., vf}) ¥/
08 add nodelist [Gui] at the end of nodelist [Gu];
) 09 add nodelist [Gvi] at the end of nodelist [Gv];
10 for wl € nodelist [Gui] and w2 € nodelist [Gvi];

/* there is a path from w1 (w2) to u (v) through the incoming edge of u (v)
with index i */

11 add i to path[wl, u];

12 add i to path[wz, v];

13 for wl € nodelist [Gu] and w2 € nodelist{Gv]

14 if path [wi, u] # path[w2, V]

15 delete all copies of wi (w2) from nodelist [Gu] (nodelist [Gv]);

16 else if path [wl, u] has more than one element /*here, path [w1, u] =
path{w2, v] */ .

17 delete remaining copies of wi(w2) from nodelist [Gu] (nodelist [Gv]);

18 Sm = {Gu, Gv};
19 return Sm;
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1 1. APR 2003 generate a set of tenplates for a circuit through conplflesPR 2003
aut omat ed operations on a description of the circuit, wherein the set of -
tenpl at es woandes singl e-principal output tenplates, where RCT/US99/25946

singl e-principal output tenplates is a tenplate in which all outputs of the
tenplate are in the transitive fanin of a particul ar output of the

template; and coverr 1§Q¢isPéFkCHH mfest@] | nsgianges kiéh AHBSEL of the
t enpl at es. r% erein the set -of

tenpl at es Iﬁcl u&ogﬁ CiL ;\E?NF ‘%a’?gn Oﬂgfé‘r“*éé&]&imt%%n that the set of

tenpl ates i mplaishbatde of a given class. 21. The article
of manuf acfre dpr thlthQ wherein the set of tenplates includes nore than
‘one class @ tenpf addesist [B2). = fbdzliar iSndl e of manufacture of claim 21, wherein
one class s a tregugmplate. 23. An article of manufacture conprising: a
machi ne readabl u‘ﬁ'?ﬁh#m including instructions that when executed cause a
‘conput er to: generate a set of tenplates for a circuit through conputer

aut ormat ed o)peratl ons on a description of the circuit, the set of tenplates
i ncl udes silsgdocpds RENPIEI2 out put tenpl ates; and cover the circuit with

i nstances of a subset of the tenplates. 24. A method of regularity

extraction, conqt kisduldbe E@BRANZAGhE IHSRiorSREE bé irRsleineniel Atifh differ@t ating a
set of terrpl ates for a circuit through conputer autonated operations on a

descri pti odeunfls thn thbsecatited ingusidiendnsprhple 2ugecorsjgeristi efsitgeplat e,
wherein the set of tenplates includes single- gjlnm pal output tenpl ates,
where a si ﬁgn@a\ﬁﬁlnﬂrdw%ﬁmat busput thoengingle £ emp tetseﬁplnea@ecwtri giteshing| |

of Che. torpi'avBPUaRT B raPRyet haves 4 GUTE Y po et ameleEr Bemp@lister of "t e
tenplates. ;gne oraﬁ%tf%‘%' h%a ?n@‘(y ?%ro%Ih%al%FéH{:‘mpﬁ?e‘I‘?ﬂt 'f&gcxapérYe, 1 1 APR

2003 generating a set a circul rough’conpu aut omat ed

oper ati ons ;9 a@gd@ﬁﬁﬁb%l&mcﬁ,ﬂ ieicliicuit, wherein the set of tenplates
include a nmultiple-output te %ate created through joining outputs in a

dummy node; and Axeamrbergpsertved q:swctdcbde/\samplieﬁsit drcesic b Paciglobedet of t he
tenpl ates. 26. An article of nmanufacture conprisi ng:é3 a machi ne readabl e
medi um i ncSaaipleg! pxeept thet therfunatisatl afgrsh Templalr @l vE&aled GomdinsuOdand o

perf o m & IELagd) eI, RSTeTALLRNSR, S8l el L 69 Lot gl o
e el L0 B W S SR SRS D bt
the tenpl atkisdrer lemplatedichh 6V&12pf(c FaREE BT, YCY. conpri si ng:
An example of the operation of Pseudocode Sample 2 is provided in
connection with FIGS. 9A, 9B, and 9C. Prior to the call Largest_Template (PS5,
) P4), the template S1 is already generated with two subgraphs, Gal and Ga2.
Similarly, S2 is also generated with subgraphs Ghi and Gh2. The nodelists of Gal
and Gh1 (Ga2 and Gh2) are combined to obtain the nodelist of Gps (Gr4). After
lines 07-09, nodelist{Grs] = {PS5, al, b1, cl,dl,el, f1, gl, hl,il, cl,dl,el, f1}
and nodelist[Gra] = {P4, a2, b2, c2, d2, €2, 2, g2, h2, 12, c2, d2, €2, f2}.
There can be multiple paths from a node w to the root node v through
different incoming edges of v. Asa re.sult, w occurs multiple times in nodelist

[Gv]. For example, cl is connected to P5 through the edges (al, P5) and (hl, P5) in

FIG. 9A, and hence, it occurs twice in nodelist [Gps]. We define a list path[w, v]
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a machi ne readabl e nmedi umincluding instructions that when executed tABR)I&
conputer to performa nethod including: generating a set of tenplates for_a

CI rcuit t\,BHQ%“gpnputer aut onat ed ope_rati ons on a descri pt ipghoo/bdoes
circuit, erein the set of tenplates is a conplete set of tenplates

assum 19 afin8 36112} Water BAARN ol SIDH G kol HIRS oL Ln/WRHh Tt oDl 2t es

of a given class; and coverin e clrcurt wt tances of a subset of
the tenpl akes corfecteinodr, bigChRhRI , PEINU ACtWHIR NPT, i) RY! 1,8} Maghihgg I eadabl e
medi um i ncludi ng instructions that when executed cause a conputer to
perform a pathcd comphriedheigodegémesddisngf Gu st Goflider®l 4f e gath lissof r cui t

t hrough conputer automated operations on a description of the circuit,

wher ei n; atig cogeepandipgttedesare diffarenti thian these nodrsdiavd taabessigbzped dfom he

tenpl ates, wherein covering the circuit involves sel ecti_ng one of the set
of tenpl at B "SIRFCHERb8EPEE (hnsade- lone Oherwissall the WynBatAAEISE6eaMer i teri a
and del eti al | instances of.the sel

des .| d |ate., -28
.A3{F?. A A r’?“A’?/E?“X?‘%%HI?d/q&%e{S’A RS ?’R%‘?L’{g/fﬁﬁf‘fﬂ\?g%%&%i!’St&‘.?“’/im‘."‘)?(t%?‘? B& AF% A . A9. A

h. A9. AA. AF, . A%.A. I i . : i
?, 1 {vql gb] F'°X| cal é\'a 83%3}@?@%%%%0%@5%5]052 ta déacllégf)clg]%};] (cGa])]42:§] ca] cal ca]

ca] c<a] cPaj@akeaFufuy cales tiak o8] makkaler) Zqps2abi| &7vie} xsnidnZlil §a] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca]ca]ca
] ca] ca] ca] wal nBENSY [K1PX] ¥J85, al, bl, cl, dl, el, g1, hl, il}.and nodelist [GP4] = {P4,

VIETTETTEg" | wel gb é&ca cal caJca ca’] ca] caj ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]c
a] ca] ca] cai}?ezil]?céi ] ea)edalhd a o al eapetsndapd A g vatentk Berspls S S v@meesia (((() v1{

Ll sl ol o

2<V<<<<2=B==K>Y>k 22 g N : a] ca] ca] ca
] ca] ca] ca] ca gg\]végfga cg] c?!'lﬁg(r:lg?gaﬁﬁglgf@éﬁzﬁc%ﬂ%gg?g]é]%ggﬁ%gl]éﬁ%]DD LI I } I
| (JKi KKKLeLLMN1{VEdrbX exbX iy Siirdles? Peprii 2k 4k 02V § ahfealieic@lical cal ca] ca] ca]

ca] ca] ca] ca] ca] ca] ca] ca] c”a] ca] ca ca] ca] ca] ca] c*a] ca] c*a] ca] caV] ca! RRT" UhUV
FWAV XaY] [ §9rfstructs two nodelist’s and then traverses them twice.

[[[\\N\NKIAA 471 { """ }xsnic™X] c\%ca_] caV] ca] ca] ca] ca] ca] ca}_ca] ca] ca] ca] ca
| ca] ca] ca] Eafchpwinileny dampkteukesPOW) simee sinea ]t carpales afe dlodalistsiaaaabXbbb B

e M A s Ll ol s
Al o PGS N s s palpalgeirl el

I E, nQ, _every subgraph requires a storage of O(V), resulting in a storage complexity of

] dns+Yzt oj e R/] ] ca] ca] ca] ca] ca] cal] ca] caU] ca] cal] ca]gca] caj cat]ycaU] cajcalJcalc
a] ca] ca] caP¢e])calf ek mahba]of aingix} RQJorapleiad o0& GYMBOLdHBIHVEBR@hESE thgl gb] X] ] ] ca] ca
] ca] ca] ca] ca] ca].cal] ca] ca] ca] ca] ca] ca] ca] ca] cag ge{J ca] ca(]sca} cal ca]ca]ca]calc
a] ca] ca] cagvesglbnap @ad gpace cempleaity piay be given by O(S” V) and O(S V),

Y% 2} xsni d"Yél %&c U] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]calc
d] ca] ca] caled f@a] ca] ca] ca] ca] ca] ca] cal 2>M $MoU2s7zupj e [V]] ca] ca] ca] ca] ¢

Na] ca] ca] ca] ca 2 : - Na] ca] ca

cal cal cal ool cal TN ER R B B B O BUr 2] oo cal
ca] ca] ca] ca seafisahashesah e i6plhiGRipal b3lcaRing ahe alnefds BheRkC Feapidief 0&P\ dh] } x
snid_Z]]ca] ca] ca]ca]ca]ca]ca c;g]"lca] cg?ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a] ca] ca] caflina]l®aPsafocaidedaom]ec B]fonévePy node-pair (vi, vj) where vi and vj belong

r Dd%OT4} xsni d_Z] ] ca] ca] ca] ca]l ca] ca] ca] ca] ca] ca] ca] ca] cat] ca]hca] ca) ca]ca]calc
a] ca] ca] calecaped [FaJeatdipya) duy feajusaplieyycihedggpner to control the

I 3& 10%a& ()-5!3& 10%.f & () -5!3& 109%m xm .

& ()-5!3& i’é tl?r)z ?Bmﬁﬁ_‘ifb&‘d(‘ _pm%b&cx(ﬁu_lt cover as desired.

S=>?@ Wb TSY910%-& L} FIOX & € e L0340 10s

TOf #1098 & () - s! & T0YF~& () - or 3& L0¥@a& ()-5MKHaBsT5Y99 10% & ()- 10% & () -
Y10% & () - 10% &Tf¢ aboh@™eserlbed hlgatifiié defiefale a set of ST templates for G. ST can

be either a set of all tree templates or a set of all single-PO templates of G under
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\' . dEST5Y910% & ()-L10% & ()- 10% & ()- 10% & ()- 10% & ()- 10% & {)}-APR 2003
?, 1 dEST5Y9 ! 10% & ()-M0% & ()-&10% & ()-110% & () -
10% & () - J\Qg ?7 4)4 Zq, dEsT5Y9S, 10% & ()- *10% & ()- ( PCT/US99/25946
10% & () - -39F10% & () -y# 10% & () -, w2~dEST5Y9 710% & () -
510% & () - %%yﬂ:% u())ls l:hna(a%me(s% &%ﬁqgﬁlg‘la(as nerated mcludes the sum of
.10% & () -~ @#&I0%& () - 109&" ( 96 AF& ()- 107 10/
10/1:s10% &m(Q)C{Mf lkl}lﬁ&'tes@flﬁp/&ff@be‘m aﬂmg/‘&f (e}nﬁl?t%(s @%/&T(% S+(VchTemplalc<)
%098 ()-F10%&' ()- 109%& ()-6>yaB~ @MO0%& ()- 10%&' ()-  10%& ()-!f109%& ()-Z
1098 () - 109 ()elctOBem@ds) IOVR' () -! #109%&' () - #109B& ()- ! YI0%&' ()- @ 109%& ()

S10%& ()--BN'<~_ @45! 109%& ()-!02nmd0%& ()-!, S109%& f) S109%&' () - Y*10%&' () -
)t 10%& () - Tn many circuits, all components and associated paths of the circuit can be

included in at least one template. However, other circuits may include one or more
components that cannot be in a template because they appear only once.
Accordingly, the phrase "covering the circuit" means to cover those components of
the circuit that are included in an instance of a gencrated template. In some
cmbodiments, in some cases, & component may initially be part of an instance of a
template, but can be left out of a template during the covering process. In many

3 circuits, there will be many possible covers (combinations of instances of
templates that include the entire circuit). In that case, the "subsct of the
templates"” will be fewer than all generated templates. However, where the only
possible cover involves using instances of all generated templates. the phrase
"subset of the templates” includes all the generated templates.

If sub-maximal templates are generated, Assumption |1 (only maximal
templates) is met during the covering process.

Let S denote the set of all subgraphs in the templates stored in ST. Now,
we present a solution to the graph covering problem, where given G and ST, the
objective is to find a subset C(G, S1) of the set S of all subgraphs that forms a

) cover of G.

In some embodiments, heuristics are used to select the cover. In some
embodiments, the following process is used. First, a template Si with a maximum
objective function out of all templates in St is selected. (A template with the
maximum objective function is the one that most meets the heuristic or is the tie
breaking template in the case of a tie.) Next, all nodes that belong to the non-
overlapping subgraphs of Si are deleted and other templates of ST are removed
from a list of templates. Then, a new set ST of templates for the remaining graph

(uncovered circuit) is generated, which regeneration may result in different
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o/ <IX~_@"L109%& ()-" "' 109 ()-!XY10%&' ()- 10 10 11 APR 2003
10f : " 109&' ()-17 10%& ()-X dE~_@ "109%& ()- f 10%& ()- F109%& ()- 109%& ()- _
109 () - fﬁg&ﬁg ;e dE-_@210% ()-*10%& ()-M)"10%& () -pSrridddlisade) -
Y0%& () - % - VI T xnbC ' 109Z&' ()- 10 10 10: 109&' ()- 710%& () -
5109%&' () - e (thad LideWhe | Cw
$1092& () - %gﬁ)ggﬁs)@qno%%e%b_e %852%9?’5‘?%&8%"8? S SRS B s aBmb
(109%Z& () - 108@& (A n&l’@@ﬁﬁafe) Si AW EniaX mhiehd d8¥&idn function is selected, This

109%Z& () - $$3%h%8B8a X6nbCl 0" 109%VhVE& ()- '0710%c& ()- !0 109KKE& () -
10" 10%€c& (Procdss I0peaded Yntil either all nodes of G are covered. or ST is found to be
, 109&Z& () - W&RT& L((} A<mbCl ! 5$10%/v& () -L310%Z& ()- *10%Z& ()-!'@"109%& ()-m
&L109Z&' () -WELLodazxeng podes are left uncovered and St becomes NULL, then the

Nb@!!! "10%5h5& ()-2K! 10%&" () -' nl0%=& ().- 10Z 10Z
(1§)(Z|( ( g%w&t@ﬂﬂ%@ﬁ&&ﬂ(ﬁy- (S)mrﬁqkw wﬂp{léﬁ%&\% smglﬁéwh( Kin gt 0G

!:LOE/SIBOS/% (ag%;a%}c%’@ﬂﬁg%ﬁaﬁ %&r&g/%% Iigsgpzor%{r;)i ‘%g’?/o- 5 5& ()-211112T22dBdY: !
Lo ) SIOPEE BRIt Ee BT B el 0 @200
4109%Z&' () - @&IH Weke (ay HeHIUEL HA) are nb{ &d%Bed th-ademplaé Bicudd théresis no
~ @ YSYA0%& ()-SHLI0YGK () -!110%x& () -' 3mlO%& F) - 10Z 10z
10Z9: * 109%&Z&Lgotition2althongkdiiey @@ iHiliOPMGERI €) mMA0eER o (ealplate Non-
&S10%& () - YY10%&' () -3 10%% () - YSUO0%G .
& () - S<2=B=~elopane-sugarghs 91 Gv@re(onesmebigrthere is o1 @Eiefcompongnt)] 0948 () - F
) shared by the two. Overlapping subgraphs of Si are ones in which there is a node
(component) shared. For example, in FIG. 1, if the AND gate of S1 of bit slice 1
were deleted, but the output of the AND gate of S1 of bit slice O were fed into the
mput of the latch of ST of bit slice 1, then, in some embodiments, they would be
overlapping subgraphs of S1. In the covering process, the latch and MUX of bit
slice 1 may not be included in a template after regeneration of templates.
In other embodiments, first, template Si is selected. Next, all nodes inside
template Si are deleted, but other templates in ST are retained as is. Then, another
template Si is selected from the remaining templates in ST, rather than regenerating
a new sct of ST for the uncovered portion of the circuit. It is possible that a better
) cover will be obtained by regenerating the set of templates, but it also takes more
time.
The following are two covering heuristics based on an objective function
that may be used for selecting templates.
1. Largest-Fit-First (LFF) heuristic: Select the template Si with the
maximum area area[Si].
2. Most-frequent-Fit-First (MFF) heuristic: Select Si with the

maximum number |Si| of subgraphs (instances). In some embodiments, heuristic 2

is further modified as follows. Where two templates have an equal number of
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10%G& ()-!- 109 ()- G??@AAAAAAJYNC! ! 10G 10G 11 APR 2003

. 10G T 1096 () - F-z&10%%&' () - F-z&10%k&' () - -
4, 10968 () -W0308438' () - AAABCDD}\ : YNC! ' L90%' () - g& PCT/US99/25946

| LYd0% ()-g& ! 3N 109 ()-!!3N 109%& ()-9!10%&' ()-' 10%& ()-DE H I1111zodY:!1

0%t| & ()- 10Onsldhces. and one template is larger than another, the larger template is selected as

10: s10%& () -!1L%0%& ()-g& | LUA0%& ()-g& | LUA0%& () - g&l | (JKi KKKaBdY:!Y

310%| & () - S-1demgic(d m]_g%;]s&'b@)'no YABLsERHa) a kubmaximal template must have

f10%4| & () -! ccaivlofym 4| & ()-KLeLLMN1GaBdY; ! F _ ,

040%| & () - Y5IEes e !‘(Ofie.'} fo@pﬁgt%c}cgw(})erc an instance of the submaximal template is

R e
| 1ovee. <(&) y 183;3?&;”%' %@%@% é'ﬂ. AT Ee S Y R RATRIN YN 1 (
1 10%& () - &wh%UGarde) ardVRASH subo AMLOUEEY icd-vhrsa. Heurisuces other than LFF and
1 109638 () - 10%G& () -aYYYVZZ[[[a?1C 10 O O 0.10% O
O& ()-" 0. 109G (0.g.. tambidAMBERO] the LOFLOMBAFK ) could HOUSE, {n)xl-thekQPEZb&' () - [
101D o 467 Bditlonal modifications (&, a5 mentiondd with respent o the MiRy. ) orore O
Consider examples with respect to FIG. 1. If the LFF heuristic is chosen,
template S3 is selected as Si. Templates S2 and the two instances of templates S1
in the instances of template S3 are removed from consideration. In some
embodiments, the other two instances of template S1 (bits slices 2 and 3) would be
deleted, but templates for the remaining portion of the circuit (i.e., bit slices 2 and
3) would be regenerated. In other embodiments, templates in the remaining portion
of the circuit (i.e., the circuit other than in instances of S3) are not deleted and not
regenerated. Whether retained or regenerated, the two instances of S1 would then
be selected to cover the remaining portion of the circuit. The result would be the
circuit is covered by instances of S3 for bit slices 0 and 1 and instances of S1 for
bits slices 2 and 3.
If the MFF heuristic is chosen, template S1 would be selected as Si. There
) are also four instances of AND, latch, and MUX components but (1) S1 is larger
and (2) the AND, latch, and MUX templates have only one node (component)
each. If the two latches in S2 were the same as the latch in S1, there would be six
instances of the latch. However, in some embodiments, that latch would not be
selected, because such a template would have only one node and S1 would have
more than one node (note modification to Assumption 1). (Onc disadvantage of
allowing single node templates is it could break up other larger templates that

would be more useful.) Once templafe S1 are selected, all sub-maximal templates

in S1 are removed from consideration. Then, depending on the embodiment,
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templates.) If the MFF heuristic is used, then the cover of threc small templates-

AND pate, CARRY and SUM functions, is obtained.

7. Applications of tcmplate gencration

The following are some useful extensions of the above-described template
) generation algorithms.

Hierarchical representation of regularity; Consider the two covers for the

circuit graph of FIG. | generated by the extraction approach described above: one
with two subgraphs of S3 and Sleach, and another one with two subgraphs of S2
and four of S1. The fact that S3 is composed of S1 and S2 is not captured by these
two covers. We can compactly represent these two covers by identifying the
hierarchy of templates. As describe above, in the case of tree templates, a template
is stored hierarchically as a set of children templates. This notion of template
hierarchy can be generalized. For a given G, every template is either hierarchically
composed of other templates or is a leaf template. Let Si, ..., Sm be the templates
) in a cover generated by a regularity extraction approach, described above. The
complete template hierarchy can be generated by recursively extracting the
regularity from the graph composed of m independent subgraphs, Si, ..., Sm, until
we are left with leaf templates only. The templates in the two covers of FIG. 1
can be compactly represented by the hierarchy shown in FIG. 11. In general, any
set of covers of G can be represented by a template hierarchy, which allows the
user to select the most desirable cover for subsequent physical design stages.
Referring to FIG. 12, a compu;er system 120 includes memory 122,

processor 124, display 126, interface 128, and printer 130. In some embodiments,
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hard drive, CD-ROM, and RAM arc examples of articles including machine
rcadable media. For example, the program performing the regularity extraction may
be included on a CD-ROM and loaded from the CD-ROM to a hard drive. The
high level description may be received, for example, on a disk or remotely through,

for example, a modem.

Generating subgraphs for a user-given template: Given a template S, a

template generation algorithm can be modified to identify all subgraphs of S' as well
as its children templates. For example, if the user provides the template S3 for the
circuit of FIG. 1, then all subgraphs of S3 as well as its children templates S1 and
S2 can be generated. A user might also specify template S1 of FIG. 7. In some
embodiments, the only modification to the template generation algorithm of
Pseudocode Sample 1 is that the function Largest_Template (line 10) is called for

) every node-pair (vi, vj), where vi and vj belong to G and S/, respectively. The
covering can be easily generalized such that G is covered by a mix of user-specified
and automatically-generated templates.

General multi-output templates: Usually, the primary outputs of datapath
circuits are specified by busses. The primary outputs can be group with the same
bus index to form a dummy node, thus creating a dummy bus of the same width. A
heuristic of adding a dummy output bus can be used such that a template
generation algorithm finds a general rﬁulti-output template. For example, FIG. 10A

illustrates a circuit 100 having bits slices 0 and 1 that are each by templates S1 and
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which output busses x and y are grouped with a dummy node 108 SO as to create a
single dummy bus and a template S3 formed in place of S1 and S2. Each bit slice of
circuit 104 can be covered by a singlc template S3. After the regularity has been
extracted, the dummy bus [0] and dummy node 108 can be ignored at a later stage
of design.

Those skilled in the art having the benefit of this disclosure will appreciate
that many other variations from the foregoing description and drawings may be
made within the scope of the present invention. Accordingly, it is the following

claims including any amendments thercto that define the scope of the invention.
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1. A method of regularity extraction, comprising:

generating a set of templates for a circuit through computer automated operations on a

description of the circuit, wherein the set of templates includes single-principal output templates,

where a single-principal output template is a template in which all outputs of the template are in

the transitive fanin of a particular output of the template; and

covering the circuit with instances of a subset of the templates.
2. The method of claim 1, wherein the set of templates includes tree templates.

3. The method of claim 1, wherein the set of templates include tree templates and single-

principal output templates.

4. The method of claim 1, wherein the set of templates is a complete set of templates under

conditions including that the set of templates includes all maximal templates of a given class.

5. The method of claim 4, wherein the conditions also include that a template is not

generated through permuting gate inputs.

6. The method of claim 1, wherein covering the circuit involves selecting one of the set of
templates and meeting at least one of area, timing and power criteria and deleting all nodes in

instances of the selected template.

7. The method of claim 6, wherein the covering further includes deleting templates in the
set of templates other than the selected templates and regenerating a new set of templates from

the remaining uncovered circuit.

8. The method of claim 1, wherein at least some of the templates of the set of templates are

generated in part through recursion wherein a rootnode is joined to children nodes.

9. The method of claim 1, wherein covering involves using a largest-fit-first heuristic
wherein a template with a largest area is selected.
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who can select among them.

12. The method of claim 1, wherein the set of templates is generated in part through

determining largest templates.

13. The method of claim 1, wherein the set of templates is generated in part through

determining equivalent templates.

14. The method of claim 1, wherein the circuit may include portions for which there is no

template because there is a component that is not repeated.

15. The method of claim 1, wherein a user specifies some of the set of templates and the

computer automated operations specify other of the set of templates.

16. A method of regularity extraction, comprising:

generating a set of templates for a circuit through computer automated operations on a
description of the circuit, wherein the set of templates includes single-principal output templates;
and

covering the circuit with instances of a subset of the templates.

17. The method of claim 16, wherein the set of templates is a complete set of templates under

conditions including that the set of templates includes all maximal templates of a given class.
18. The method of claim 17, wherein the set of templates also includes tree templates.

19. An article of manufacture comprising:
a machine readable medium including instructions that when executed cause a computer
to:
-26-
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20. The article of manufacture of claim 19, wherein the set of templates is a complete set of

templates under condition that the set of templates includes all maximal templates of a given

class.

21. The article of manufacture of claim 19, wherein the set of templates includes more than

one class of templates.

22, The article of manufacture of claim 21, wherein one class 1s a tree template.

23, An article of manufacture comprising:

a machine readable medium including instructions that when executed cause a computer

to:

generate a set of templates for a circuit through computer automated operations

on a description of the circuit, the set of templates includes single-principal output templates; and

cover the circuit with instances of a subset of the templates.

24. A method of regularity extraction, comprising:

receiving a user specified template;

generating a set of templates for a circuit through computer automated operations on a

description of the circuit, considering the user specified template, wherein the set of templates

includes single-principal output templates, where a single-principal output templates is a template

in which all outputs of the template are in the transitive fanin of a particular output of the

template; and

covering the circuit with instances of a subset of the templates.

25. A method of regularity extraction, comprising:
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26. An article of manufacture comprising:
a machine readable medium including instructions that when executed cause a computer
to perform a method including:
generating a set of templates for a circuit through computer automated operations
on a description of the circuit, wherein the set of templates include tree templates and single-
principal output templates; and

covering the circuit with instances of a subset of the templates.

27. An article of manufacture comprising:
a machine readable medium including instructions that when executed cause a computer
to perform a method including:
generating a set of templates for a circuit through computer automated operations
on a description of the circuit, wherein the set of templates is a complete set of templates
assuming at least that the set of templates includes all maximal templates of a given class; and

covering the circuit with instances of a subset of the templates.

28. An article of manufacture comprising:
a machine readable medium including instructions that when executed cause a computer
to perform a method including:
generating a set of templates for a circuit through computer automated operations
on a description of the circuit, wherein; and
covering the circuit with instances of a subset of the templates, wherein covering
the circuit involves selecting one of the set of templates and meeting at least one of area, timing

and power criteria and deleting all nodes in instances of the selected template.
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