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can connectivity be solved in OClog n space

algorithm
I repeat Ollogn times

a start at SEV

6 randomly walk for O mn steps
c if walk visits t return TRUE

2 return false



random walk terminology

Hitting time Hls T expected steps until a

random walk from s reaches t

Cover time s expected steps until a

random walk from s visits every vertex



an connectivity besolved in OClogn space
randomwalk terminology

algorithm
Hittingtime HlsT expected steps until a

1 repeatOllogn times random walk from s reaches t
a start at SEV
6 randomly walk for O mn steps Cover time s expected steps until a
c if walk visits t return TRUE random walk from s visitsevery vertex2 return false

Theorem

If G is connected then Ccs E men 1





Electrical networks

2s

5 23
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I 1 unit flow

electricity takes the path of least resistance



flow of least resistance

each edge e has resistance re 0

for flow E Ryo

electrical energy erefe

electrical flow flow of least energy
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Electrical flow convex minimization I is s's s s

math setup I it
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Electrical flow convex minimization is

math setup iiiiii
Flow constraints linear system Ñ

unitflow

def B IR IRV by L refé
flows J I 3 electrical

flow
flow of
least energVBf hetfIowatV v2 orientedgesarbitrarily

s s

KAR s

B is a linear function check B Seferferfee I
B is a matrix RUE Nfd

toolset unitsflow indirection of e
feco Ifelunitsflow in oppositedirect

Bye Life canwe want 1 if etyn1 if v S 0 otherus
Bf d where dr 1 if v t

0 otherwise
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5 l l to

M Iunitflow k

fer
B d electrical
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ref

electricalenergy f isCst flow
electrical flow of
flow least energ
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min rest

electrical optimum
flow solution

Fe o z Helunitsflowindirectionof

des B IBI IRVby
Bf net flow at V
B is a linearfunction check

we should study general B is a matrix IRVE
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we want Bfd

I if vetwhere du I



Lemma consider problem is s is
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min 5 x s.t Ax 6 s is p
5 l l s is

w F convex smoothly differentiable
Innitflow k

let x be opt solution Then electrical ÉrefeenergyF 1 Aty for some y electrical
flow

flow of
least energ

def B BI IRVby
Bf net flow at V

dr I YE
O otherwise

min retest BEd
SEM

electricalenergy fiscs.tts

electrical
flow

optimum
solution



linear algebra background
let A X 74 linear map

Kernel A x Ax 03

image A Ax XEX

Co image A subspace orthogonal to kerCA

x x 27 0 A zeker A

coin A bijection im A

A a

Kern
0

Fact A restricts to isomorphism between

co image A and image A



linear algebra background
let A X 74 linear map

Kernel A x Ax 03

image A Ax XEX

Co image A subspace orthogonal to kerCA

x x 27 0 fzeker A

Fact

coin A
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image AT co image A

co imageAT image A
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Kern
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let A X Y linear map
Lemma consider problem KernelA x Ax03

imageA Ax EX
min f x sit Ax G coimageA subspaceorthogonalto ker

x 4,27 0 zeker A
w convex smoothly differentiable Fact A restricts to isomorphismbetwee

coimageA and image A

let be opt solution Then Fact imageAT co image A
co imageA image A

5 F Aty for some y
coimA bijection im A

Claim f x orthog to ker A A
KercA

suppose not Az o 67,2770

IF 5 6 82 867 8256727 fly

A x 52 Ax 6



let A X Y linear map
Lemma consider problem KernelA x Ax03

imageA Ax EX
min 5 x sit Ax 6 coimageA subspaceorthogonalto ker

x x 27 0 zeker A
w convex smoothly differentiable Fact A restricts to isomorphismbetwee

coimageA and image A

let be opt solution Then Fact imageAT co image A
co imageA image A

5 F Aty for some y
coimA bijection im A

Claim f XP orthog to ker A A
KercA

Proof of lemma

5 8 Ecoim A 5 8 ATy



let A X 74 linear map
KernelA x Ax03

imageA Ax XEX
coimageA subspaceorthogonalto ker

x x 27 0 Azeker A
Fact A restricts to isomorphismbetween

coimageA and image A

Fact imageAT co image A
co imageAT image A

bijectioncoin A im A
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Kern
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energy ee
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electrical flow of

electrical optimum flow least energ
solutionflow
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resistance of d
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electrical flow
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vertexpotentials electrical
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flow least energ
def B BI IRVby
Bf net flow at V
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O otherwise

min retest Bed
electricalenergy fiscs.tt51

effective
resistanceof
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Lemma consider problem
min 5 x s.t Ax 6

W F convex smoothly differential
let x be opt solution Then
F 7 Aty for some y
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electricalenergy fiscs.tt51

effective
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Lemma consider problem
min 5 x s.t Ax 6

W F convex smoothly differential
let x be opt solution Then
F 7 Aty for some y
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