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Lecture 13- LQPMGM\ Solver

Tnol% wWe  Algcnss A neac  linear time o\\gof‘ﬁ\m« {mf lev\hi Lapladm g\ﬁgwm.

g‘tmp(z SOD Solwer

Gven o Q\Sﬁzm orf lineay lg«aﬁm& A\(:]o, 7{ & s gaﬁmwzh\xc and. ”“‘“gwﬂ“g Asminan b (q; >:\E\lﬂ\:)\ HT),

Jhen tlee Y¢ a §3m\>\z {2duction ‘{rm thic F(OWW‘ +o go\v}v\é a Laplac\mn Sagﬁm Ly=b .

The. %rSJC neac  linear Bima  Soluer s d\zsﬂ&\nd\ ba Q?Tz\mw and Tmng, who er\n% Tla \Nmé! Tatvodued Tl Aeole

fov Q?M&m\\ g\bms‘r&gﬁ?m) {ocal SFQP\A Pﬂ(ﬁﬁﬁ\'\\\r\g, [~ styeteh g?am«%hg toes and  Combingfonal P(lmo‘\\y“ﬁm‘mg,

The rm&‘m& O\\Sm‘\ﬂm NS %«Jtz cm?hmﬁd\ and. the Wdden Polxa[ag fm{w NS %,AT{;L fw&;b

The cxl&m\t%m tlat we  disunss de\ma, doesnt  nozd 4o do g?zd\m] g}ams\.{w‘aﬁm and {veal Sm\m Par%kﬁw\ng,

and XS numedcal @*ﬂ?s axe \/ua q\\w\?\av Couctal W the a»\a\ﬂg}s Ys The low - steectch gpwmé F2a Wlﬂ’

Problem QQ{M‘D

C‘(wm Qa La?\qdw\ S\Agﬂm Ly=h. as wa have Seen b@fwz, s CWMY{:MM +o CWPMﬁVL& the \/GHQ&& Vector ‘f\»{

Seme ety Llow p(oblzm.

Tluz QTMP\sL a\&‘(?thm e o Compute ‘o f[s\,\/ vectsy (on f\LLdgtg jfw o electhc ‘Flm FYDLLEM Tnstead.

Recall that <lechic flow 1o the wnigu {(m tlat m\\m\vw\%e,i the et gy gmLJ‘ui o the {Lm Gmteatitm  eonstrants

Qo, the peoblem of  Computing the elachic v can be frrmulaksd  ag

Min {TRJ& = DEE {&{2 whace o Vo tle yeligtone  ond jCL s the Llw on odge 2
n

cA- %T{ = L whice B ls te wawn 2dge —vertey Incdence matyix \MfJ
(2ach Yow hwo wonyecos ) + -

n
}\SOYQ %th BQR 1< He ‘G\-D\,\/~d»awxﬂ,ﬂd\ \/Q(,t““(\; \NU(L ‘0\\ > O \\—Q 1 \‘S o Sowlce , \DT <o \\~? A \\3 aQ %}HKA

The Constvarn T ET{: =4 zn{wcu thot e bl md&{w\& {Lm minks to tstel Mc\w{m& Llow ot 2ach voitex 1

T¢ JLKQCJCL\% a%\,\gv{ ‘o \p’\ N ”%wa'dlmcmoﬁ veitey . So . Hete are tlo «Hm CswSecvatien  Constvaints.

In b Q?MPM al&o(\»f\nm, we Stacts with an inttial flow

Thaw |

So\{\\sfﬂ\m& The '9(17\/\} ConSovvathon  snstaints,

WS- Ko,w:? Ou;\\hg Sl %‘vm?la DpQ(q‘HW& ‘o ddve dewn the  total lhar&%)wk:\m &ouﬁﬁ]c\a\w% Aoy yqtion .

Recall frvsw\ L1z tHet a WC(OW Pinimizes e “total )Lh;z(g(a T oand sv»ha IJ’Y it osabsfes Ha Fcﬁwvﬁtiql low
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Co_ wa com alse ﬁa to it tha LTlow Gmsavedion towghoints | wWhile o\v?v\\«xg the flow o ga{w\gfg tha
n
Fﬁad‘»q\ lawy LO\r\w\/S K&w) L Vel thae exgts velR Such that \/;‘\/j = —g\\‘) . ‘F‘\\S
-I—J( d\ouﬁ Qoo QF\,SL% Tt maosure the ’Prcgfrlgg o{* S‘aﬂsﬁiwg tha Po‘ff,v\,‘ﬁoﬂ law bt ’HJJL S awn
JLGS\A\‘\NALM\J( WA\% b‘% kadn& ot te \)o&aﬁ\nq\ law Tt T¢ Roglor o werk With .
Clavm QC\AQKG. \aw) The POJw“ﬁo‘( law 1% Sq‘h‘sﬁm If and_ wl% I? Tle —gaUm«,?w& (L\:SCKL law 1€ Smﬁ&ﬁxk.

lel-t

v O\mA Ck:\dg_ C= t\,\\l,...‘Y\JT\ . we have :)i:\ J;Tj;)\*\ : ‘(;3‘\3“ = 0.

n
E('bo& One dicection s szos;né 1—% tleve oyicts v elR uch that WC\SM:S SV ~\/\\‘ fw all Lje\/,

" T L = S ) =
tle e \C\l Y ‘FJGLQV‘ \/\)) 0.

The otlec diceckion s not hacd . Given  tle cﬁdg_ loww 3¢ mﬁg{;m PR Smgt Pk an mmt\mné
(coot ) verbew S omd et N R T REL e b defiee the \Jo\%zui\LS {\vf otler
veelaes | <o Hat  tle Fn%awﬁa\ law S gcﬁ‘\s{mk P oall Ao trse 2d goc .

<
To gae that  tlo Pwtu\ﬁat low V¢ ales catishad ‘&v nsw—troe ad&u, con sl dee ‘f\
+lo C\SOLQ/ in the %‘,&ML awnd . tiek sdge \\:S wokisPas Ho Pomﬁ‘«al lony

\DLCQNJ(Q o QKJ\L \oowd 18 ?ock\&f‘\a:)k (ac oach Pq#\/\ &rﬁv\& o oksq&\v\u o Wwme \ra(‘beL Uv\\')'(j

Gko\‘s, withe tle cjdq law in  mind, tle %{xmagg b{~ tla %"um\mlm q\&tﬁﬁnm Te &S ]Loflms.
- (Lm“?mtz an  nitial ~§\m —g,h (Sqﬂﬁ\&f\g Ho  CensSevvabion mﬁ\wﬂﬁ&)

- Tk o cﬂdm That Violates the c\&c\m loww .  Fikes 7t +o obivn, Lo - Repaat.

Thic s tle &\&oﬁt\nm on o on %\gl\ level. Tk, we SPad{a hew T Hx o oycle -
Recall Pat voe want 10 maintsin the 'F[:S\\/ Coneevyation  Canstronnty | g“,T{ W —%ka a \/\.otaﬁﬂx& C\&dq)

(W Swf,l&‘ odd o Subtvact  tHle ‘ELG\,\J s te c\:&dq, \'a% tHo Come omownl o erﬁ\s{\% o (‘,\AQ[L<

if S LV%0 , we choote & o that > m(fyfﬂ =6 D 2= Scd) /chve

eeC

Tha goo(}\ news 1 tlato b\% doing this  Simple -c?gccﬁﬁm\, Tl botel anecpy s dgtrmslv\&.

LQ)MW\G\ Lﬂ‘hnr&a ?mFmvumaw‘t> Ijr AQ[%) EX / \LJ( e ==D Q(%> /EQ o

tlan %Q—ng‘L’XCj - CLQf) = - Aﬁ(f)/ejéc\(& X whace 2({1) depotes o Aotal QM(X% e{* ‘F(c\«] <€

2. BN N %<

r ~ - A N ~ - -~ <~ [ ~ ~ -~

L13 Page 2



>

tlen %Q\CJri’ch - CLQ’?3 = - chfﬁ/;éc‘fa 3 whare 2(~E> depotas Ho Aotal szargtg e&* WC(M ]C
S?soa:{ ¢ C { %i%cj - 2(% D = JZC T‘ZC%:L*{\I _ EQ Y,Z%Z = ZC 12\’1{‘& r < EEQF&,

?u’k’\\\ng ¢=="0c (% p) QZC Ve %\i\/lS tlo Ceswll.

(T« \Qaﬁ, gxtﬁy\& T 4Lig W onn wﬁ,\?m‘%& Hae nerq g amomg all & <o TL{[(S \,\/Lua tha a\&nn‘t%m imﬁwm %vsodm{a C)D

The obove lemma Shows Hot tle :ﬂ&mﬁwm walees  gewnse . ‘%ké %‘m‘\m& oo iolatad O\&UQ, Wi Qe gmamh‘bmot

“tlat  tle totwl onerqy docrensel  \white the Llow Comcocvation  mantained | go \mﬁ,\‘,ﬂvdz\ oLl )L\/ev\"\w\oxwag

Conve e t e dledwe Flow.

To  bournd Lo (V\V\MV\S tHme, g need  to SPZC\I{’\Q whidh  violoded CAGCKQ.; tv f\\x ond. poundk tThe

Y (ol Df e a\gw‘\*\f‘nm) ondh alse  dicauss JL:E’S_;Q\LSZWT \\mPusznﬁdﬁmg,

Tcee ond Q%_(_V&_

Theve oo oo mam,éf Cno,\o,g +o L\/c\rna obowl . In \?K\\v\d?&) —grw He 2nacgy TmPrnquvﬂC (2 mma

W would e good tv cheste The cycle with lorgest Vislastion . buf TE 38 Compulte; \mqug too expensive -

One important Tdsa yn He  simple algoctkhm 15 to Fix a (geod) tee  ond saly laop track
oqﬁ o Small numbic of cycles .

Given o %?wm% Aepe U, for any  2dge o, it defines o \A"\\\%/\«—l Pdk Po wn the tree

Toc aeG-T, et = Peuled be e Pundamentol oyle Trvoluing e, and Re:= EGC{ \P I

T swyr FTO\O\EW\.J JCLL\% ace furdamental brcwsr e can  She that oall the %Amkmmﬂnf%\
cucles ate fued (satishing de cydle low ) | tlen  all cucet axe fixed

(\e dowt nead this fact oxplicitly | so wa Just sketch the argumest . Cowsidor any cyde - Replace ach
Qd%t by Bhe e path %3 tha yde law o B Pandamevie | oyelas. the paths have the Came

\\Tm\)mtahu_,l as the g&&u, g\«wm‘m% ovee tyew Pc&kg oveC o C,kackz will &?\/L ws %uo _and se s

tle 2w o T oAginal u&dl)

The STMP\Q ql&v(ﬁi\qm Tn a \'\R&L\Q( fasolwhion  Ts as WCD{LS\JS .
@ —F\W\d» awn \\V\;ﬁ al ’fkm gokmim\ ‘g\»m .
@ Choote  a (&00&7 AT I

@ Capoat’ ke %O\Lw\\“(g S\Lavs Kk steps
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Choose o0 ‘%wwé\ﬂ\,mﬁfvd?&\,l C\gckz C(L with &Cm(\ctv x 0

- gf/t —?4;4(\ = _g:{_ -+ %%Ca \AJL\Q,(JL g = - AQQ(%%B /RQ \NL_JZ.TSL RQ:: ‘z

fec,
@ colarn WCK and.  opproximate \/o(%a&L ve thor -

Duol  Problom

To boumd tla VAT S Cale , e ol\q%w o dbual \O{Ogmm o ymeasuce Ao Pm%\wgs 1o v@{mﬁtﬁn

TE alce turng out that the dual I vdefm\ n &{{\‘Mng he \me&L vatheye Tn Our f\‘m\ TolubDon

L 0mma. (dwal ) The program max

T
1 T . T

2V b ~VLy Ty dual o W R k. BRL =\
veR Len® % XL { ’
ond e optimal Values ave the Same .

T
Prooi Cronaldec :CG\'\M % K% k. \%7%:% . the \jr‘wml program .
en

.

The \_M%(m\%]mn ‘G\,\v\(;%?bv\ %Lm ) - we ﬂ’\h Vs E\‘m . -€ R,Ig - MT(BT{ - b > .
&R

Note lat g&mﬁ < OFTPT;MQ\ becawer  Hool F(‘nmaﬂ optimal tolubime  saficfies ET{ -b =6

awd o

KLV\B Yo a lower bLowd ™ the  optimal P(\W\ml valune -

T . -
To oblTam ke best lpwer bound , Wwe cimgdder Max %L\,\} = MAX‘/\ min ,(%R\C ”\/\TBH[ﬂL\A\\gA
wern U EeR r{‘é\?\m

n \ T Tl } N .
Cj\\/“ wER ""‘“M jc R% MmE1[ TS attedned. wlen tle %To\oﬁeni— w.rt. qc XS 3ero
LelR

The gg{okdﬁud“ XS ?R{»* R w Rewete w=2v <o Halb U g‘mﬁsfw\% +hoo \ml“cagsz law .

Fhen the gfmdf\awf Ts Were when P‘? =Bvu —gl = ?\ﬂ\ By = \WBY |, Wl Wi o‘t\\qgm\ wikh W= JY:Q'
T T T T
The dual ?*0 glam Vs ‘ng‘f ™o %b.v ): { R—s - 2v B }C +2u b

VeR

= \/TE\/\)R\J\)%\/ — 2V ETva A
= ' - VLY (s L=WWR ond R=W ).

Tor Kl Pa‘\r Q# Pf\\mwl dual Fro,&fﬂm&, s kws% Yo see tlat He eleckdc {LM velten

and o bﬁ\(raspﬁ»\r}ﬁwg \/O\fmg}b vechww  ave ’fu&‘\b\i ’Pﬁma\ and  dual Zolutiom with

e game objedvi Velua (WCTWZWC = VLV = Astal 2enrgy DI

Distanae +s Oyptmalityy
g

To bound o distane Of o ‘Pr‘\ma\ ’Flb\» solwtion o n’P‘t‘\ma[H\a/ we st a duwal \/of{‘agL Solutiom  and  bound
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the dif{forene  hebvoen the ?(}mq[ and. the dual DL\juh\,sL valwes | which Serves a$ an upper bound + the distance.

Trom <t Ffoﬁ{ a-{ the &\:&da low |, ﬁ( all tle U:\c(;z.g are sqﬂs‘ﬁgd, Hon e Can wse o tvee e Oﬁzfmk
tle \/ulto&L Ve chee -
Qa/ e Ydea kot s b owse tle tyee U e dlﬂ—]bw\m a ducal jcustblm Qolubion .

T a Ceoot) wectex s, ohefine Vg=0 , and {im 2ach wactex  Yxs, define vy = Z? \(('gz ‘
=g

We  call this  the Avee Anduced voltages , and &a?(f/u) tle difforzne betean tho Pv\mal ond dual valees.

n

™
WK%OL@ Frov Tlow  vacter &é(?\ and  1ts tree hduced vuLtASLg v eR L e have

EL&)’EC{D“\) < %APUV’VB _ s cud)

QEE-T Ce
eed gw(ea) s fRE - (2VboVLY) = FRE VR 4 WLy (e B b e cosenated
= \3 ﬂ - 1? vy - VJHJ »@ YSKV_VJ\
geg \q)K V‘SQA V‘va\ﬂl-
Recall that 4 :JZ?\(S Cafe by the defwition of e nduced voltwges,
we have  \y-vi o= Ee'w;sv{%‘ ke\t‘?gug\‘L ) Zg?:j Yeta

Tse \JeT —(\/ U =0, and {W \‘S &V, V;ﬁyy (ur-vid = n“nff) ME&mn{L = TU%\‘TZWQ . = QCS),

Thecedsre, %D\E( {“/\J) = ,ZEFT ‘QQa_u\_
O

?ro\oalaT\T\'\fé s tribulion . low- stvetch ‘S?ann?m& tyseg
Trem the m\mg% '\v»\\wu\/’m& [ 2mwma { we m e Fundamenta | Qndz, Co L ot the QM(SL%

Aot ragec b\é M wlete, R i total  Yesistona mlm,j the fundamastal  cycle.
Re

2
Trom e Aver K0P lemma , tThe digtane o oﬁml\m& e ot wedt EET éc,ﬁ(?)
Ve

Th P{"ML;\DIQ., wi  Can  Chedk  olich 'F\AmMmaw“\—m\ C/\Q(,LL covtvibutes  mos to tlo  Summation and {T& ~

1,

but tlat takes too much time.
The Yea hece o o Sam?kz 'erw a Pmbm\;‘,mxa AT bt but i on P ovar o mdgps S Hot  tle
JL)CPL:,TWX de ey ente vi\ %&(S\a T¢ ‘Pm?mﬁ@«mﬂ o tle distane te @P‘t\\moﬂiﬁa,

=35 R o (Ren .
L}Ut A > omn P‘L“ Tc:#\

e e oA

L13 Page 5



~ X al(n—c\c> -2 L R &S (
Than |, 4o X@uﬁ{zd\ decrmse e% oo ,thrgxér N ,Q%wz[ o EE:( Pe T ~J&Tﬁx? TZ._C—REQ
SR Ny ENSCONE = T.\L gap ('%/\J > ]

A eeE-T e

Thecafes , +the 8¢ cocraases %me‘ukka ; ‘\,L.E[XQP({{ )\JJCXE < (%%C)JCEI fap ( {a )\/D)’B ‘

TL\y C/Wvo,(&gmu_ Yate d\g\y‘mdg on ol , Tl tmaller e /?a%tbr\

Wwhat e oL ? It ¢ Mgwd to EE% o owlere gack teem Yoo the vatio ‘DIT tle vesistanca of
e Path and  tle vegistancee of tho adge.

Think of (o s the distame of the sdfe. Then we Wart do minimge 4l overoge ratle  of tle distanc
e& the Aver pathe and  the distone of  the adpes.

I€ s a netuad object tlat  pople have ghedied befove .

Ehven  distmrces  dg on Tla /ukgﬁs ond o e T, tle gtvetch -aqﬁ an J;o&gﬂ‘ s o(zf{nxzd as

d
,gzp _id\ wheee P, s the L/«V\\\W Lvoe chq« thadﬁ*\&, tla o 2nd pointy b‘f 2.
eP, A

We went tle tvetch e be gmall, go et Jmi‘ wﬂ‘w\& tle tvee  (the SOmplest ﬁ?aLoMV Aogmbr

Tnerease e S hsvtost ?qu Avstone  rmauwch,

Thete s a (wi [t of reeearch o the Curcont hest known vesult TS+l {oum\m@g,

_Thosvem ((\bmkamfNa‘mmJ Tov anry SS“PL\ 61, tlere oxists a %?th‘mé’ e wWirth  total o Stvetch

O(M(ggh{wg@ogm) and T Can bo ‘Fm,u\d in Oﬁmﬁogn LOS[O€h> Time.

US?A% this Hewem  wWith Te=de , we get tlat o= O(m(o&n ng(v&hy;

Initval  Solutm  ond numbec of Sfecationg

Weo afe close: Just need 4o find o Qood Qmm&k wital  Selwtion  awd (mwv,;tg, He number a{ o rativns
weing the Onvargn Cote deduid obove  Cusing a low steetth Spaming tree ) -

An 2asy Il Solutiow  tlat is ot tvo bad tan be obtained ]C(m a low  $tvetdh %Pann?,\é Froe .

Ghan a tvee T, we Can define o flay solution by using byt edges in T (z,g, e Jut
Sand ona it of flow from ¢ b T Jut send TE alemg the twec path )

The %,1\ Ql&hﬁt%m s ag %st_

O Comnute a low odretdn anning Avex T ond defire L. ac¢ tla Flow solution dofined o T
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@ ?L?UG\‘ k Shz?s

\RQ

- Y andswm Smw?\p_ a nem~tan Qo\&a e with ?(DL. ET{ ande ‘f\tx tle %Y\Aqmawﬁ\ C\adL CQ‘

@ Reburn  The Avaer nducd vl e Solution o{ ’ELK'

LQYV\NLO\ %(<§°> < - EL{:"PT) \A/\\J-(L o s the ‘H{‘m\ Stretch 0—{ tlo g?b.mﬂng/ oo T
E{Qc& Lok rggm» bo +le o\yk\uv\m\ coluwton . te. the electne flow.

To Corapate T owath tle  tvee golution, for 2ach l&gL U . jwsb gondl WDGFTUp \Ctvw %"Mv\ T Ao :)

D\km& the e T Y Qamck\argd\vﬂ\vl

o 2
te 26l Y (AL B (F, e
2ef REE: eV v Qe et oc Per Y= 2'eer 2P,
< 2 by S 3
ee’l ( eetieet, %) EC{‘D?T\
(o
nea  © et = i pa —_— = .
R . ™ &&’eE eey, Yo ) SJU%"W\ * S<\C°‘?T\ !
TL\&(L%WMJ thae Tnttiad %a? S at  mesT X - QQ{OT’T}

k
Bg Mpmﬁ\mg k times , tHeo expattenr pop ¢ at mest U‘i?} - CLL’ED?TB
o

—B\g S’L‘ﬁ\w\g k= DKQY\F T Some %>o . o %e% +le XQF Ts ot megk {3» CEL\CWT)

HEV\(,L %L,L ‘RLLG\AJ ¢ awn ( (4 F) - QP\?YOY\\MQ*\\W\ In YL\Z Y(\x MRL \3‘(5%(.0\“/\.

— el o
o7
L Il = Wy ——— —
L RN + T + - T + T
\d\u\/ H\/KR\IOVT“L = \\\JK”C 13 HL = K\!k’L ) ) LQ\/KRL L y = \/‘\QL\/K—l\/\‘(LL L+ VQPTLVUPT

= %QVWKJ\JQ . %‘Etﬂpﬂi el \fval\t

Sy, 1\U\<‘VOVT\\C S % H\/b\ﬂ\\t , ofter ok&v\f% = Ol wm \o%h \c:&\u&w . Ko& QW_‘“&%%LZ’QD

= g( wA (o&h Lo&%) ke codions M\d&»\g kag[a-& Yorme -

One ecgtion * data Styuctuces

T gx& an (HLF)MWF?YDX\N&]M‘ +le a\kﬁeﬂﬂxm ez d § SQM) Tecodions , which  looks a\rudg oo raany .
The kﬂa {mﬁ(g o—& this q??ﬂmcﬁ\ te that  soch Stecafion can b ‘xm?\amlz#ﬂzd\ n OU&&V\) time , Which pakes

the Whole akgwk‘nm shill Yuns n OUv\\ogln bg%) Time -

Tn 2ach Tteration |, wa So\mP\z_ o nen-tvee QASL wikl P‘(ol:)kl?:ﬁ% Plj ( Wwhich can ba K)(‘SL*(/S\IV\\?VT{“E/J\B)
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ond  +len ‘%,{,\1(\6 2> ‘(1'{\'1 ‘o determine € and  tlon M?mo&x ’Eké"{:k+% /{’W 2ach 2e Q\‘~

szev;) )

Fiust, we wse on ot vay {m the flaw on the newetrec g2
The  tvea  doto Qtvucture  Ts %MTM S¢MF[J<_
Criven the (low-stretch) tree . Chosse  an acbitary vectox S as veolt
Wae need  a doto  stvudure o Suppwt  Twve operafims
_ %Ama“); cetin E@qi Q\CL.
—  upoate Cl,a)® set L. QWCQ + ch overy 2 € Ps: .
With +lese o b\um‘n‘mh we  Can uw?ﬁsa E&VFJ \”Q\Cg_ \ov& {QN(V‘MX ?{‘“”ZBL\D» %wuké L,

and ?Q(&wm fe € %& + e %v 2och  ae C‘Lj \0\3 Qalﬁng updata Lj,s.) and Lpdate G,-1) .
Now, Suppose  fov tla meoment Tlat T 1 a halaned binary  tree  with o(tajm depth o e yedt .

Than, lase bwe opecafing can be  Stralpitfowacdly wplamerted i DUg ) Hime

But len the tvee ¢ not balanced . Tt csuld  take  Lheac e v this sﬁaw%\wwa\ Tmplematetio.

The dea 15 o uce He center @ Ao break 4he dvee rto mepow\m&& Quch Hot  2uch CmFm\Qvft S\\Sz
< ot most  nfa .

Then tle confec  betemer oo voot e{ the gubtvees | and  we {Snd comters  in the Sabtyees 4o
braak  dlom Cremesivaly | go tlat  rack Componart T of tkant $hye i omcgh) o(q[ﬁk.

Whan d;.ng s tree deempesition . e Stwe informabtion  abst tHe overlap of The path  Ps and
all etlec paths Doy

Adtar ok © vlon we call gays G » e retuin Qg g(d) b Guary g G and gy (G G5 answarsd
‘(Qm(Sivn\a v e Sublver that cotaing T with b o tle veet.

memrkn, whin we Gl update (1, 2) , we Gl update (Al @) and wpdate g (1LY | whaw  wpdatey (1)
is implemented mmrg‘\\/daﬂw

Thie ¢ tle Mmain  Yoles. . DI_W\VLS Con \U\ ‘{\lmmdn W JCLR_ ?Q‘l’){f (< Two Pousu),

References and  discussions
The material RES ]Q(M e papec SOA Q‘m\})\g) Covaby natevial (ﬂﬁm(H'%w\ ﬁ\( §okv7h(§: SID gj;‘hzmg th hear

2/

\inear time i E\S alner , Orecchia, g\\d\’{wd and 2hu.

Tl\grq, 'S o mYe i{hua\ Parsiw_oﬁvv_ of this Q\Ko\'?fb\m as QA SPQU\M Cale o’{ the (w\o{m\\gadk Kacemary aliorl\‘ﬂm
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