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From a Transmission Network to a Graph A\‘(IT

Graph G = (V, E)
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Input A\‘(IT
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B Let G=(V, E) be the bidirected graph and G = (V, E) the underlying
undirected graph.

B Set of vertices V (also called buses) with generators Vg C V,
consumers Vg C V' \ Vg, and intermediate vertices V \ (Vg U V()

® We denote by E the underlying undirected edge set with e € E such
that (u, v) = (v, u)

m Network N = (G, Vg, V¢, cap, b, d)
thermal line limits cap: E — R>,

demands lower bound d: Vo — R>o.
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THE MAXIMUM TRANSMISSION A\‘(IT
SWITCHING FLOw PROBLEM = oo

Given V setof buses, V; C V set of loads (with capacities),

Vg C V set of generators (with capacities)
E set of lines (each with impedance, susceptance, capacity)

inputs
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THE MAXIMUM TRANSMISSION
SWITCHING FLOW PROBLEM

V set of buses, V; C V set of loads (with C2pacities ),
Vg C V set of generators (with capacities)
E set of lines (each with impedance, susceptance, capacity)

Given

find

for each line:

if the line is switched

Franziska Wegner — The Maximum Transmission Switching Flow Problem
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THE MAXIMUM TRANSMISSION AUT
SWITCHING FLOW PROBLEM
Given V set of buses, V; C V set of loads (with Capacities),

Vg C V set of generators (with capacities)
E set of lines (each with impedance, susceptance, capacity)

find for each line:|if the line is switched

objective

maximize ( |power production
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THE MAXIMUM TRANSMISSION A\‘(IT
SWITCHING FLOW PROBLEM

Given V set of buses, V, C V set of loads (with Capagities),
Vg C V set of generators (with capacities)
E set of lines (each with impedance, susceptance, capacity)
find  for each line:|if the line is switched

maximize |power production

subject to  line/capacity constraints
load capacity constraints
power flow constraints
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The AC conservation of flow is a subproblem of the M TSF problem.

AC conservation of flow is already NP-hard on trees.
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The AC conservation of flow is a subproblem of the M TSF problem.
AC conservation of flow is already NP-hard on trees.

— Power grids are not easy.
— Linearized AC conservation of flow is easy to solve.
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Feasible Flow *‘(IT
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® Aflowis a function f: E — R with skew-symmetry f(u, v) = —f(v, )
for all (u,v) € E.

® The net flow fet(U Z{U VYeE f(u, v)

® Flow f satisfies the foIIowmg conservation of flow properties that are
similar to Kirchhoff’'s Current Law (KCL)

fret(U) = O Yue V\ (VgU Vo)
—00 < fhet(U) < —d Yu e Vg
0 < fret(U) < 00 Vu e Vg

® Flow 7 is called feasible if

[f(u, v)| < cap(u, v) Y(u,v) € E
m Flow value F(N, 1) of flow 7 on \ is defined by

Zue Vg fnet(u)

5 Franziska Wegner — The Maximum Transmission Switching Flow Problem =.}= Institute of Theoretical Informatics
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The Maximum FLow (MF) Problem ﬂ(“'
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m Flow value F(\, f) of flow 7 on A is defined by
ZUE Vg fnet(u)
® The Maxivum FLow (MF) is denoted by MF(N)

OPTyr(N) = max F(N, f)
with 7 being a feasible flow meaning

for(U) = 0 Yue V\ (VaU Ve)
—00 < fet(u) < —d Vu e Ve
0 < fet(t) < 00 Yu e Vg
|f(u, v)| < cap(u, v) Y(u,v) € E

6 Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
1 Algorithmics Group



Physical Feasible Flow &‘(IT

® A feasible flow neglects physical circumstances

® The Kirchhoff's Voltage Law (KVL) is one of them with potentials at
eachvertex 0: V — R

- ( — — )=f(u,v) V(uv)eE
< < VueV
@ Note that = 0 if there is no transformer that is assumed in

general and thus, is neglected

7 Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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The Maximum PoweR FLow (MPF) Problem

SKIT
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® The Maximum Power FLow (MPF) is denoted by MPF(N) with

value
OPTMPF(N) = MmaxX F(N, f)
with  being a physical feasible flow meaning

fet(U) = 0
—00 < fret(U) < —d,
0 < fret(u) < 00
f(u, v)| < cap(u, v)

8 Franziska Wegner — The Maximum Transmission Switching Flow Problem
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The Maximum PoweR FLow (MPF) Problem
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® The Maximum Power FLow (MPF) is denoted by MPF(N) with

value
OPTMPF(N) = MmaxX F(N, f)
with  being a physical feasible flow meaning

fet(U) = 0
—00 < fnet(u) < —QU
0 < fret(u) < 00
|f(u, v)| < cap(u, v)

Franziska Wegner — The Maximum Transmission Switching Flow Problem
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The MAXIMUM TRANSMISSION SWITCHING QAT
FLow (MTSF) Problem e ooy e S

® The MAXIMUM TRANSMISSION SWITCHING FLow (MTSF) is
denoted by

MTSEW) := maxgscg MPE(N — S)
with value OPT 5= () with 7 being a physical feasible flow

meaning
fret(U) = 0 Yue V\ (VgU Vo)
—00 < helU) < —d, VU € Vo
0 < fet(U) < 00 Yu e Vg
1f(u, v)| < z(u, v) - cap(u, v) Y(u,v) € E
b(u,v) - z(u,v) - (6(v) — O(u)) = f(u, v) Y(u,v) € E
Omin(U) < B(U) < Omax(U) vueV

9  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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The *‘(IT

PrObIem eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

® The IS
denoted by
(N) := maxscg MPF(N — S)
with value OPT (N) with f being a physical feasible flow

meaning
fet(U) =0 Yue V\ (VgU Vp)
—00 < fhet(U) < —d, Vue Ve
0 < fret(t) < 00 Yu e Vg
1f(u, v)| < z(u, v) - cap(u, v) Y(u,v) € E
(O(v)=0(u))+(1—z(u, v))M > f(u, v) V(u,v) € E
(0(v)=8(u))—(1—z(u, v))M < f(u, v) V(u,v) € E
< < YueV

9 Franziska Wegner — The Maximum Transmission Switching Flow Problem =.:= Institute of Theoretical Informatics
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The A\‘(IT

P ro b I e m Karlsruhe Institute of Technology

Optimization Problem

Instance: A power grid \V.

Objective: Findaset S C E of switched edges such that OPT,pr (N —S)
Is maximum among all choices of switched edges S.

Decision Problem

Instance: A power grid AV and k € Qo.

Objective: Is it possible to remove a set of edges S C E such that there
is an physical feasible flow f in N/ — S with flow value F(N —
S, f) > k?

9 Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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The OPTIMAL POWER FLOW (OPF) Problem AUT
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® Network N/ = (G, Vg, Ve, cap, b, ad )

® The OPTIMAL POWER FLow (OPF) is denoted by OPF(N\) with value

OPTOPF(N) = min Zue Vs Yu(fnet(u))
with 7 being a physical feasible flow meaning

fet(U) = 0 Yue V\ (VgU Vp)

—00 < her(U) < —d, Vu € Vo
0 < fret(t) < 0 Yu e Vg
|f(u, v)| < cap(u, v) Y(u,v) € E

: ( _ ) = f(u, v) Y(u,v) € E
< < YueV
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The OPTIMAL POWER FLOW (OPF) Problem AUT

Cw i) y
—_— — N
B Network Nyounded = (G, Vg, Vi, cap, b, x, X, d, d) is called bounded

® Generation cost functiony,: R — R>¢ forall u € Vg

® The OPTIMAL POWER FLow (OPF) is denoted by OPF(N\) with value

OPTOPF(N) = min Zue Vs Yu(fnet(u))
with 7 being a physical feasible flow meaning

fret(U) = 0 Yue V\ (VgU Vp)
—dy < fet(U) < —d, Vue Ve
X < het(U) < X Vu e Vg
f(u, v)| < cap(u, v) Y(u,v) € E
( — ) = f(u, v) Y(u,v) € E
< < YueV
10 Franziska Wegner — The Maximum Transmission Switching Flow Probiem 85 et o Mool iomates



The OPTIMAL POWER FLOW (OPF) Problem AUT

Cw i) y
—_— — N
B Network Nyounded = (G, Vg, Vi, cap, b, x, X, d, d) is called bounded

® Generation cost functiony,: R — R>¢ forall u € Vg

® The OPTIMAL POWER FLow (OPF) is denoted by OPF(N\) with value

OPTOPF(N) = min Zue Vs Yu(fnet(u))
with 7 being a physical feasible flow meaning

fret(U) = 0 Yuec V\ (VgU Vp)
—d, = —dy < fret(U) < —d, = —d, Vue Ve
X < het(U) < X Vu e Vg
|f(u, v)| < cap(u, v) Y(u,v) € E
- ( — ) = f(u, v) Y(u,v) € E
< < YueV
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The OPTIMAL POWER FLOW (OPF) Problem AUT

Cw i) y
—_— — N
B Network Nyounded = (G, Vg, Vi, cap, b, x, X, d, d) is called bounded

® Generation cost functiony,: R — R>¢ forall u € Vg

® The OPTIMAL POWER FLow (OPF) is denoted by OPF(N\) with value

OPTOPF(N) = min Zue Vs Yu(fnet(u))
with 7 being a physical feasible flow meaning

fet(U) =0 Yue V\ (VgU Vp)
fet(U) = —a, Yu e Ve
X < het(U) < X Vu e Vg
|f(u, v)| < cap(u, v) Y(u,v) € E
: ( _ ) = f(u, v) Y(u,v) € E
< < YueV
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The OPTIMAL TRANSMIssION SwITCHING (OTS) AT
Problem rrrrrrrrrrrrr ftute of Technology

® The OPTIMAL TRANSMISSION SWITCHING (OTS) is denoted by
OTS(N) := mingcg OPF(N — 5)
with value OPToTs(N) with 7 being a physical feasible flow

meaning
fet(U) =0 Yue V\ (Vg U V)
fret(U) = —ady Vue Ve
X < het(u) < X Vu e Vg
1f(u, v)| < z(u, v) - cap(u, v) Y(u,v) € E
(O(V)=0())+(1=z(u, v))M > f(u, v) V(u,v) € E
(6(v)=6()—(1=2z(u, v))M < f(u, v) Viu,v) € E
< < YueV
11 Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! EZT::E n?ifc'grgforjgcal Informatics



The OPTIMAL TRANSMIssION SwITCHING (OTS) AT
Problem rrrrrrrrrrrrr ftute of Technology

Optimization Problem OTS

Instance: A power grid Moounded-

Objective: Findaset S C E of switched edges such that OPTopg(N — S)
IS minimum among all choices of switched edges S.

Decision Problem kOTS

Instance: A power grid Npoundes @and k € Q>o.

Objective: Is it possible to remove a set of edges S C E such
that there is an feasible flow f in NN — S with

cost Y v, Yu(fet(u)) < k?

11 Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
Algorithmi
Y gorithmics Group



Connection to the DC-Model Q‘(IT

of Technology

® The power flow behaves like the current in the DC networks

® The total susceptance 5., = —5 ( —, since G=R=01in

X
DC-Approximation, otherwise — behaves like the electrical

RZ X2)
conductance G = lR

® The voltage angle differences behave like the voltages U

/ Yot = Ut - G
tot = g tot * ot

Assumption: b, = 1,cap, ;=1 Vk e {1,...,m} _ = Py
Series Circuit Parallel Circuit
p—t — — l
ZZ=1 B 2 = = Zk 1 =3
o f(s=1 f(s, 1) = 3
12  Franziska Wegner — The Maximum Transmission Switching Flow Problem =.:= }:Iz'cgc:t’[ﬁ r::‘clrgrc;rjgcal Informatics



The Problem QAT
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The Problem QAT

Karlsruhe Institute of Technology

physical model

(AC linearization)
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The Problem QAT

Karlsruhe Institute of Technology

physical model

(AC linearization)

capacity constraints

13  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
- Algorithmics Group



The Problem Q(lT

74 "4
x / PTMFN X/%)PTM\X
= 39X
2X / 4x 4x/4x
S t S t
physical model
(AC linearization)
capacity constraints
Kirchhoff’s Current Law (KCL)
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The Problem A\‘(IT

physical model

(AC linearization)

capacity constraints
Kirchhoff’s Current Law (KCL)
DC power flow constraints

Y(u,v) € E: f(u, v) = b(u, v)(6(v) — B(u))

13  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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The Problem QAT

Karlsruhe Institute of Technology

Y(u,v) € E: f(u, v) = b(u, v)(6(v) — B(u))
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Physical Model = Maximum Switching Flow = Flow Model
(MPF) ( ) (MF)
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Physical Model < Maximum Switching Flow < Flow Model
(MPF) ( ) (MF)
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Network Modeling — Bounded to Unbounded QAT

Karlsruhe Institute of Technology

® Transformation from a bounded network

Noounded = (G, Vg, Ve, cap, b, x, X, d, d) to an unbounded network
N = (G, Vg, Vg, cap, b, d)
Model Generator Bounds in \/ Model Demand Bounds in \/

lower bound x upper bound x upper bound d

Lemma 1 [page 343; Grastien et al., 2018]

Every bounded can be transformed into an unbounded on a network
with size linear in | V| and |E|.

Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
- Algorithmics Group



Network Modeling — OTS to A\‘(IT

m OTS-instance N = (G, Vg, V¢, cap, b, x, X, d)
® v,(1) cost per generated unit of power
@ =Yv(1), = =1

Vertex v injects no power into Vertex v injects power into \/
network \/

—1 +1
tV "4 tv 74

B Feasible flow in A/ with cost k — feasible flow in A/’ with flow value

BM=3 ., (X+2)-v,(1)+X, +1)
15  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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Network Modeling — OTS to A\‘(IT

Karlsruhe Institute of Technology

Lemma 2 [page 344; Grastien et al., 2018]

For every OTS-instance there is an -instance that is equivalent.
15  Franziska Wegner — The Maximum Transmission Switching Flow Problem 4hE Institute of Theoretical Informatics
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Network Modeling — to OTS A\‘(IT

m -instance N = (G, Vg, Ve, cap, b, x, d, 3) with Vg N Ve = 0
®m OTS-instance N/ = (G, V., Ve, cap, b, X', d' =d' =d,v)

m The new generator set V. = Vg U {v € V¢|d, > 0}
® v,(1) =1 cost per generated unit of power

‘A /
E ) : >_. /
N N "4 E ( VC ﬁ VG)
v "4
_/ "
16  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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Network Modeling — to OTS A\‘(IT

Karlsruhe Institute of Technology

Lemma 3 [page 6; Lehmann et al., 2014]

For every -instance there is an OTS-instance that is equivalent.
16  Franziska Wegner — The Maximum Transmission Switching Flow Problem 4hE Institute of Theoretical Informatics
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Network Modeling — to OTS A\‘(IT

Karlsruhe Institute of Technology

Any hardness result for holds also for OTS. This does not hold for
approximation results.

16  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
- Algorithmics Group



Overview of the VITSIF Results ﬂ("'

Karlsruhe Institute of Technology

Graph Structure Complexity | Algorithm
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Overview of the ITSF Results T

Graph Structure Complexity | Algorithm

= penrose-minor-free polynomial-
o . DTP
5 & graphs time solvable
& o
O C
o ©
c
(@)
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Overview of the ITSF Results T

Graph Structure Complexity | Algorithm

= penrose-minor-free polynomial-
che . DTP
3 3 graphs time solvable
O o H
5¢  series-parallel
@ S A~ | NP-hard A
5  graphs

2

3

Q.

S

8
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Overview of the ITSF Results T

Graph Structure Complexity | Algorithm
= penrose-minor-free polynomial-
=R . DTP
5§ graphs time solvable
5&  series-parallel
@) -
29 aohs £~ | NP-haro A
cacti with max
. 2-approx.
=) degree of 3 2\ | NP-hard PP
%
-
3
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Overview of the Results &‘(IT

Graph Structure Complexity | Algorithm

5  penrose-minor-free polynomial- DTP
O .
°€ graphs "éé\ time solvable
52 ser lel
> series-paralle
5 5 ; £~ | NP-hard X
5  graphs
cacti with max
NP-hard 2-approx.
=) degree of 3 VANIAY PP
S 2-level trees NP-hard A
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Overview of the Results A\‘(IT

Graph Structure Complexity | Algorithm
5 penrose-minor-free polynomial-
R : DTP
oS graphs time solvable
52 series-parallel
5 graphs B, ([N A
cacti with max
i} 2- rox.
Z degree of 3 A A |NP-hard agprox
S 2-level trees @ NP-hard A
planar graphs with
rongly NP-har
max degree of 3 \@ strongly 0 A
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Overview of the Results A\‘(IT

llllllllllllllllllllllllllllll

Graph Structure Complexity | Algorithm
5 penrose-minor-free polynomial-
oY . DTP
3 3 graphs time solvable
52 series-parallel
5 graphs B, ([N A

cacti with max

Z degree of 3 A\ | NP-hard 2-approx.
: 2-level trees @ NP-hard A
lanar graphs with
Fnax deggrepe of 3 ‘@ strongly NP-hard R

@ arbitrary graphs % non-APX A
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Overview of the iTSF Results ﬂ("'

Karlsruhe Institute of Technology

Graph Structure Complexity | Algorithm

penrose-minor-free polynomial-

. RDIP
graphs time solvable
series-parallel

graphs m NFELE A

cacti with max
. 2- .
degree of 3 M NP h[?é';\(rjnann et al., 2014] APProx

2-level trees %\ NP-hard A
[Lehmann et al., 2014]

generator,
one load

arbitrary loads

>

5=
=

Qo
oS
S
o)
O

arbitrary generators,| one

lanar graphs with
P Jrap strongly NP-hard A
mMax degree of 3 [Lehmann et al., 2014]
Ay )
L arbitrary graphs non-APX A
> [Lehmann et al., 2014]
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Overview of the VITS- Results

>,

=
>

Qo
o
S
o)
O

one generator,
one load

arbitrary generators,
arbitrary loads

Vgl =2,
V| =2

SKIT

Karlsruhe Institute of Technology

Graph Structure ‘ Complexity ‘ Algorithm

penrose-minor-free
graphs ‘éé

series-parallel

graphs @
cacti with max

degree of 3 M
2-level trees %

planar graphs with

max degree of 3 ‘@
arbitrary graphs \@
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polynomial-

time solvable m
NP-hard A
NP-hard 2-approx.

[Lehmann et al., 2014]

NP-hard

[Lehmann et al., 2014]

A

strongly NP-hard

[Lehmann et al., 2014]

A

non-APX A

[Lehmann et al., 2014]
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Switching on Parallel Paths AT

Karlsruhe Institute of Technology

V(i,j) € E
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Switching on Parallel Paths
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electrical distance
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= ||7t||, - minee~ cap(e)

. v
electrical distance
= -2x =4x
= -3x =9x
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Switching on Parallel Paths AT

Karlsruhe Institute of Technology

= ||7t||, - mineer cap(e)

)
electrical distance
= -6x=12x
= -2X =4x
= -3x =9x

F =6x

On parallel paths an optimal switching can be computed in polynomial time.
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Switching on Parallel Paths AT

Karlsruhe Institute of Technology

= ||7t||, - mineer cap(e)

et
electrical distance
= -6Xx=12x
= -2X =4x
= -3x =9x

F =6x

On parallel paths an optimal switching can be computed in polynomial time.

The same holds for series compositions of these graphs.
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Dominating Theta Path (DTP)

Fix u,v € V and a u-v-path .

Susceptance Norm:
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Minimum Capacity:

cap(m) := min{cap(e) | e € 7}

iﬁ! Institute of Theoretical Informatics
e Algorithmics Group



Dominating Theta Path (DTP) AUT

Karlsruhe Institute of Technology

Fix u,v € V and a u-v-path .

Susceptance Norm: Minimum Capacity:

|7t = — cap(m) := min{cap(e) | e € m}

Angle Difference of :
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Dominating Theta Path (DTP) AUT

Karlsruhe Institute of Technology

Fix u,v € V and a u-v-path 7.
Susceptance Norm: Minimum Capacity:

|7t = — cap(m) := min{cap(e) | e € m}

Angle Difference of :

= |l - cap(ro)

Dominating Theta Path (DTP):

= min{ | tis a u-v-path}
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Computing DTP A\‘(IT

Karlsruhe Institute of Technology

Description:
®m Bicriterial Dijkstra with labels (||7t||, , cap(7), Vi)

B at most |E| labels per vertex

V(i,j) € E
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Computing DTP A\‘(IT

Karlsruhe Institute of Technology

Description:
®m Bicriterial Dijkstra with labels (||7t||, , cap(7), Vi)

B at most |E| labels per vertex

V(i,j) € E
(0,00)
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Description:
®m Bicriterial Dijkstra with labels (||7t||, , cap(7), Vi)

B at most |E| labels per vertex

V(i,j) € E
(0,00)—=(1,x)
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Computing DTP A\‘(IT

Description:
®m Bicriterial Dijkstra with labels (||7t||, , cap(7), Vi)

B at most |E| labels per vertex

V(i,j) € E

L: E ﬂ(154)()
(0,00)t—=(1,x)—> (2,)

20 Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
- Algorithmics Group



Computing DTP A\‘(IT

Description:
®m Bicriterial Dijkstra with labels (||7t||, , cap(7), Vi)

B at most |E| labels per vertex

V(i,j) € E

» (1,3x)
L E o (1,4) —> (2,)
(0,00)t=(1,x)—> (2,x)
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Computing DTP A\‘(IT

Description:
®m Bicriterial Dijkstra with labels (||7t||, , cap(7), Vi)

B at most |E| labels per vertex

V(i,j) € E

» (1,3x)
L E o (1,4) —> (2,)
(0,00)=(1,x)—> (2,x) — (3,X)
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Computing DTP A\‘(IT

Description:
®m Bicriterial Dijkstra with labels (||7t||, , cap(7), Vi)

B at most |E| labels per vertex

V(i,j) € E Change the capacities

=

S
1 1
3X/X — 3X/x X/ x
»(1,2x)
L E —» (1,X) —» (2,%)
(0,00)t=(1,x)— (2,x) X
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Computing DTP QAT

Karlsruhe Institute of Technology

Description:
® Bicriterial Dijkstra with labels (||7t||, , cap(7), Vi)
B at most |E| labels per vertex

V(i,j) € E

B DTPsfrom s do not
have to form a tree
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Computing DTP ﬂ(“.

Karlsruhe Institute of Technology

Description:
®m Bicriterial Dijkstra with labels (||7t||, , cap(7), Vi)

B at most |E| labels per vertex

V(i,j) € E
@ DTPs from s do not OPTpr = 3x
have to form a tree — OPT

B Optimal switches do not
have to lie on the DTP
If the structure is not
penrose-minor free
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Running Time Analysis for DTP

SKIT

Karlsruhe Institute of Technology

Data: A network N = (G, V5, Vo, cap, b).
Result: tp1p(s, i),
1D(u) = L(u) := 0;VYu € V;

2Q = 0;

3L(s) = {(0, 00)}
4 Q.insert ((0, co), s, key((0, 00)));

, and D(v) withv &€ V.

5 while Q=/ () do

6 (€, u, key) := Q.deleteMin();

7 D(u) = D(u) U {£};

8 for V{u,v} € Edo

9 cap(7t (s, u, v)) = min (£[1], cap(u, v));

10

11
12
13
14

15
16

Each vertex has at most | E| labels

22 end

24 return

Cnew(v) = (£[0] +

1

cap (7 (s, u, V) );

If isReachable(V \ {Vv}, 4, s) then

end end

If Lnew(v) € L(v) then
parent(£new(v)) = parent(£new(v)) U {£};
else if not L(v) dominates £new (V) then
L(v).deleteDominatedLabels(£new(V))
Q.deleteDominatedLabels(£new(V), V)
L(V).inSGI’t(Enew(V));
Q.insert(£new (V), b, key(Lnew (V));
parent(£new(v) = {£};

= minEGD(t){E[O] . E[ﬂ},

D(-)

23 end <TFDTP(S’ t) := getPaths(s, 1),

)
]

» iterate over all labels in the bag, | E| tests per bag

Fibonacci-heap O

insert O(1)
decreaseKey (O(1) amortized
delMin O(log |V|) amortized

Franziska Wegner — The Maximum Transmission Switching Flow Problem

iﬁ! Institute of Theoretical Informatics
A Algorithmics Group



On general graphs the DTP algorithm runs in time O (2/VI|v] - |EJ®).
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On general graphs a D TP algorithm exists that runs in polynomial time
and calculates one D TP between each pair of u and v.
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1sReachable
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1sReachable
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® Does it always work like this?
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® Does it always work like this?
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1sReachable

® Does it always work like this?

= Check if label corresponds to simple path

22  Franziska Wegner — The Maximum Transmission Switching Flow Problem

===
——
-

-
——————
—
-
-

SKIT

Karlsruhe Institute of Technology

______
- -
~ -~

-
——————

iﬁ! Institute of Theoretical Informatics
e Algorithmics Group



Rainbow Paths — FPT Algorithm AUT

® FPT algorithm w.r.t. the number of colors

RAINBOW s-f-PATH (s-i-RP)

Instance: A directed acyclic graph G = (V, E), a coloring ¢c: V — N,

and s, t € V.
Question: [s there an s-t-path 7t in G such that all vertices of 7t have

different colors?

But: n colors = not a polynomial time algorithm(?)
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Rainbow Paths — FPT Algorithm AT

Karlsruhe Institute of Technology

® FPT algorithm w.r.t. the number of colors

"
A*
Us
Ug e 5y
u
P iy

But: n colors = not a polynomial time algorithm(?)
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Simulations A\‘(IT

titute of Technology

® Simulations on NESTA benchmark sets that are more realistic than the
IEEE benchmark sets, e.g., with regards to thermal line limits

32% quantile—35% quantile — 75% quantile

=
=1.00- 2 2

LL0.75-

0.50-

lized M P

=0.25-

©0.00-

0.00 0.25 0.50 0.75 1.00
Edges normalized by factor | E|

The MPF decreases mainly for edges having a small centrality cs.
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Simulations A\‘(IT

On general networks the swifching centrality cs: E — R>¢ is defined

by __Y Y GDTPSte),

B 5oV tcvis) opTP(S, 1)

where opTtp(S,t, €) is the number of D T P-paths between s and t that

use e, optp(S, t) is the total number of D T P-paths from sto t and mg =
WA S
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Overview of the iTSF Results ﬂ("'

Karlsruhe Institute of Technology

Graph Structure Complexity | Algorithm

penrose-minor-free polynomial-

. RDIP
graphs time solvable
series-parallel

graphs m NFELE A

cacti with max
. 2- .
degree of 3 M NP h[?é';\(rjnann et al., 2014] APProx

2-level trees %\ NP-hard A
[Lehmann et al., 2014]

generator,
one load

arbitrary loads

>

5=
=

Qo
oS
S
o)
O

arbitrary generators,| one

lanar graphs with
P Jrap strongly NP-hard A
mMax degree of 3 [Lehmann et al., 2014]
Ay )
L arbitrary graphs non-APX A
> [Lehmann et al., 2014]
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Overview of the VITS- Results
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one load
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Graph Structure
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graphs ‘éé\
e AN\
oaroears DA
2-level trees %\

planar graphs with

max degree of 3 ‘@
arbitrary graphs \@
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Complexity

Algorithm

polynomial-

time solvable AP

NP-hard X

NP-hard 2-approx.
[Lehmann et al., 2014]

NP-hard A
[Lehmann et al., 2014]

strongly NP-hard A
[Lehmann et al., 2014]

non-APX A

[Lehmann et al., 2014]
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SUBSET SUM PROBLEM (SSP) A\‘(IT

titute of Technology

DECISION PROBLEM SUBSET SuM (SSP)

Instance: A finite set of numbers W = {wy, wo, ..., w,} with w; € N and

k € N.
Question: |s there a set of elements xi,x,...,x, € {0,1} such

that 37, wx; = k?
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DECISION PROBLEM SUBSET SuM (SSP)

Instance: A finite set of numbers W = {wy, wo, ..., w,} with w; € N and

k € N.
Question: |s there a set of elements xi,x,...,x, € {0,1} such

that 37, wx; = k?

Example Instance
m W={1,2,3,7,37,99}
B k=42

26  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
- Algorithmics Group



SUBSET SUM PROBLEM (SSP) A\‘(IT

llllllllllllllllllllllllllllll

DECISION PROBLEM SUBSET SuM (SSP)

Instance: A finite set of numbers W = {wy, wo, ..., w,} with w; € N and
k € N.
Question: |s there a set of elements xi,x,...,x, € {0,1} such

that 37, wx; = k?

Example Instance
m W={1,2,3,7,37,99}
B k=42

Solution
m X={23,37}
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OTS is NP-complete on Series-parallel Graphs AT
Single-Source-Sink

Theorem 4 [page 926; Kocuk et al., 2016]

The feasibility version of OTS is NP-complete even if N' = (G, Vg, V¢, cap, b, d) is a
series-parallel graph with one generator | V| = 1, and one consumer | V| = 1.
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OTS is NP-complete on Series-parallel Graphs AT
Single-Source-Sink

Instance:
vertices ®m n+3vertices {0,1,...,n,n+1,n+2}
m 0,/),
edges ’ Vi € 1,...,n
° (n+1,n+ 2), { }
capacities e % for (O’ I)’ ’ Vi € {1, e n}
1 for(n+1,n+2), :
O for (0, /), :
for (n+1,n+2), Vie{1,...,n}

for

generation/ W generation of 2 at bus 0,
load consumption of 2 at bus n + 1
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OTS is NP-complete on Series-parallel Graphs AT
Single-Source-Sink

® Instance: n=3, W= {1,2,3}, and k = 3.
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OTS is NP-complete on Series-parallel Graphs AT
Single-Source-Sink

® Instance: n=3, W= {1,2,3}, and k = 3.

Ws 2 /3 %1/1 Q

The feasibility version of OTS is NP-complete on an s-t
series-parallel graph.
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OTS is NP-complete on Series-parallel Graphs A\‘(IT

®m Size of the OTS-instance is polynomial in the size of the SSP-instance
® Graph Gis series-parallel

® Only one generator and one demand

28  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
- Algorithmics Group



is NP-complete on Series-parallel Graphs-\\{J T
Single-Source-Sink and Unit-Capacities

Theorem 5 [page 355; Grastien et al., 2018]

The problem is NP-complete even if there is only one generator | V| = 1 and one
consumer | V¢ | = 1 in the network N = (G, Vi, Ve, cap, b, d) where the underlying graph G
is series-parallel and all edge capacities are cap(e) = 1 for all e in E.
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is NP-complete on Series-parallel Graphs-\\{J T
Single-Source-Sink and Unit-Capacities

Theorem 5 [page 355; Grastien et al., 2018]

The problem is NP-complete even if there is only one generator —~®  and one
consumer _ ®= inthe network N = (G, Vg, V¢, cap, b, d) where the underlying graph G
IS and all edge capacities are cap(e) = 1 for all ein E.
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is NP-complete on Series-parallel Graphs*‘("'
Single-Source-Sink and Unit-Capacities

cap(i,j) =1 V(i,j) € E
‘Vgl = ‘Vcl =1
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is NP-complete on Series-parallel Graphs-\\{J T
Single-Source-Sink and Unit-Capacities

cap(i,j) =1 V(i,j)e E
‘Vg‘ = ’VC’ =1
W={w,wo,...,wh},n:=|W|

_ 1 _ 1 +1 1
= 3 i = 3 ] :
7t 3 5t 3 e
k+wy K+wy k+w;  K+w;
1 _ 1 + 1 1
k+wq  k+wq T k+w; k Kk+w;
2 2 1
_ 1 = 7
- k+W1
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is NP-complete on Series-parallel Graphs\|{IT

Karlsruhe Institute of Technology

Single-Source-Sink and Unit-Capacities

cap(i,j) =1 V(i,j)e E
‘Vg‘ = ’VC’ =1
W={w,wo,...,wh},n:=|W|

_ 1 _ 1 + 1 1 1 1
- 1 + 1 - 1 + 1 k k+WI - Kk k+Wn
2 2 2 2 K+w, K
k+wy K+wy K+w; K+w; P n_ __ K
1 1 + 1 1 ( le;W”) (k+wp)
k+wy  Kk+w - . ; n
5 1 5 1 /1(+W, k K+w; G
_ 1 = %
- k+W1
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is NP-complete on Series-parallel Graphs*‘("'

of Technology

Single-Source-Sink and Unit-Capacities
cap(/,j) =1 V(,j) € E
‘Vg‘ = ’VC’ =1

W={wi,ws,...,wp},n:=

_ 1 1 — _Wn
T k+wy Tk = k(k+wp)
2
=K+ wy =K = W = ﬁ/— + Kk
n n
> 2k
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is NP-complete on Series-parallel Graphs\|{IT

Single-Source-Sink and Unit-Capacities P S
2 z
. .. 2 <
cap(i,f) =1 V(i,j) € E %% /@%
% %
|Va| = |Vel| =1 % *
> 1+ (n— 1)k +2k
W={W‘],W2,...,Wn},n:=‘W| =1+(n+1)k
|F|:=1 U tn
1/1 ‘ 1/4 0/1 ‘ 0/1
Y
2/2 S ’
/ T1 ) s/ n
0/1 1/1
(O (O
V1 Vo Vn
2/2
|F|:=1
_ 1 1 = W%
K+wy Tk = k(k+wp)
=K+ WA =K = W = VkV_2 + Kk
> 2k
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is NP-complete on Series-parallel Graphs*‘("'
Single-Source-Sink and Unit-Capacities

1+(n+ 1)k =
+ 30
— n i=1
=1+ Zi=1 (k + X,'W,')
n
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Overview of the iTSF Results ﬂ("'

Karlsruhe Institute of Technology

Graph Structure Complexity | Algorithm

penrose-minor-free polynomial-

. RDIP
graphs time solvable
series-parallel

graphs m NFELE A

cacti with max
. 2- .
degree of 3 M NP h[?é';\(rjnann et al., 2014] APProx

2-level trees %\ NP-hard A
[Lehmann et al., 2014]

generator,
one load

arbitrary loads

>

5=
=

Qo
oS
S
o)
O

arbitrary generators,| one

lanar graphs with
P Jrap strongly NP-hard A
mMax degree of 3 [Lehmann et al., 2014]
Ay )
L arbitrary graphs non-APX A
> [Lehmann et al., 2014]
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Overview of the VITS- Results

>,

CE=
>

Q@
o
S
o)
O

one generator,
one load

arbitrary ge
arbitrary

Vgl =2,
V| =2

Graph Structure

penrose-minor-free
graphs “é’é«
series-parallel @

graphs e
£kt
3
<

cacti with max
degree of 3

2-level trees

planar graphs with
max degree of 3

arbitrary graphs
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Complexity | Algorithm
polynomial-
time solvable RFF
NP-hard A
NP-hard 2-approx.

[Lehmann et al., 2014]

NP-hard

[Lehmann et al., 2014]

strongly NP-hard

[Lehmann et al., 2014]

non-APX

[Lehmann et al., 2014]
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SUBSET SUM PROBLEM (SSP) A\‘(IT

titute of Technology

DECISION PROBLEM SUBSET SuM (SSP)

Instance: A finite set of numbers W = {wy, wo, ..., w,} with w; € N and

k € N.
Question: |s there a set of elements xi,x,...,x, € {0,1} such

that 37, wx; = k?
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Instance: A finite set of numbers W = {wy, wo, ..., w,} with w; € N and

k € N.
Question: |s there a set of elements xi,x,...,x, € {0,1} such

that 37, wx; = k?

Example Instance
m W={1,2,3,7,37,99}
B k=42
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DECISION PROBLEM SUBSET SuM (SSP)

Instance: A finite set of numbers W = {wy, wo, ..., w,} with w; € N and
k € N.
Question: |s there a set of elements xi,x,...,x, € {0,1} such

that 37, wx; = k?

Example Instance
m W={1,2,3,7,37,99}
B k=42

Solution
m X={23,37}
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on Cacti is NP-hard T

llllllllllllllllllllllllllllll

O for cacti networks with a maximum degree of 3 is NP-hard

® Reduction from Subset Sum
® Switching choice network (SCN) is a gadget encoding decisions

representing a network B
SCN¢,y = ({s,t,v}, E,d = 3(,d = 3(,X := 3/, cap)

Switching choice network SCN

—/OO
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on Cacti is NP-hard T

O for cacti networks with a maximum degree of 3 is NP-hard

® Reduction from Subset Sum
® Switching choice network (SCN) is a gadget encoding decisions

representing a network B
SCN¢,y = ({s,t,v}, E,d :=3(,d = 3(,X := 3/, cap)

Transformation W ={1,2,3},k=5

(O——(———3
l’ l’
1 1/1 0/2, 2/2 0/3, 3/3
OOy ©) 4/4 66
t S1
8/8 3/3 3/3 4/6 6/6 6/9 9/9
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2-approximation on Cacti A\‘(IT

Karlsruhe Institute of Technology

Description
@ Remove from each cycle the edge with the smallest capacity

< the MAXIMUM SPANNING TREE (MaxST)

MaxST on Cacti
] is NP-hard on cacti

Theorem 6 [page 348; Grastien et al., 2018]

MaxST is a factor 2-approximation algorithm for the MF and problem on cacti.
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On cacti the MaxST algorithm runs in time O(| V).
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2-approximation on Cacti A\‘(IT

Karlsruhe Institute of Technology

Data: A network N = (G, Vg, V¢, cap, b).
Result: OPTy (N — S), and switched edges S.

1S =0;

2 C=dfs(N);

3 forc € Cdo

4 S = SU {argminyecc(cap(e))};
5 end

6 return (OPTy (N — 5), S);

Lemma 7 [page 347; Grastien et al., 2018]

Let NV = (G, Vg, Vc,cap, b) be a power grid and let S be the set arg minvecc cap(e) of
switched edges for all cycles ¢ € C. Then there exist an electrically feasible flow ' on N’ — S
such that F(f') = 2 OPTyr(N).

1 1
PROOF #e)| = |5 (e)] < 5 caple)
2 2
1 1
|f(emin)| < = cap(emn) < = cap(e),
2 2
| | = |f emm +f | < Cap( ) |:|
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Simulations A\‘(IT

titute of Technology

® Simulations on NESTA benchmark sets that are more realistic than the
IEEE benchmark sets, e.g., with regards to thermal line limits

Better than OPT2
|_
Vg
X
(qV)
=
0.00 0.25 0.50 0.75 1.00
Normalized flow value F(N/, f) by OPT in MW

MaxST on general graphs is in most cases very close to the OPT
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On general graphs the MaxST algorithm runs in time O(|E| (| E|, |V])).
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Overview of the iTSF Results ﬂ("'

Karlsruhe Institute of Technology

Graph Structure Complexity | Algorithm

penrose-minor-free polynomial-

. RDIP
graphs time solvable
series-parallel

graphs m NFELE A

cacti with max
. 2- .
degree of 3 M NP h[?é';\(rjnann et al., 2014] APProx

2-level trees %\ NP-hard A
[Lehmann et al., 2014]

generator,
one load

arbitrary loads

>

5=
=

Qo
oS
S
o)
O

arbitrary generators,| one

lanar graphs with
P Jrap strongly NP-hard A
mMax degree of 3 [Lehmann et al., 2014]
Ay )
L arbitrary graphs non-APX A
> [Lehmann et al., 2014]
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Graph Structure
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graphs “éé
series-parallel @

graphs
DA

cacti with max
degree of 3
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max degree of 3

arbitrary graphs
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Complexity

Algorithm

polynomial-

time solvable RAP
NP-hard b S
NP-hard 2-approx.

[Lehmann et al., 2014]

NP-hard

[Lehmann et al., 2014]

X

A
A

strongly NP-hard

[Lehmann et al., 2014]

non-APX

[Lehmann et al., 2014]
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n-level Tree Graphs &‘(IT

Karlsruhe Institute of Technology

Definition 8 [page 8; Lehmann et al., 2014]

Let n € N. A graph G is an n-level tree if and only if there exists a sub-graph T that is a tree
such that all leaves of T are sinks t € V¢, and there is only one source Vg := {s} at the
root vertex of T and there is a total order on the children of every vertex (which implies a
total order on all vertices in one level) such that every vertex of the same tree level can only
be connected to its neighbours in the total order on all vertices of the same level.

® Possible relaxation of a tree
(allowing cycles)

@ One generator at the root
(super source s) and
consumers at the leaves

® Lines not on the tree can

only be added between

buses on the same tree level

Planar graph

Level is less or equal n
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n-level Tree Graphs A\‘(IT

Karlsruhe Institute of Technology

This is not a standard graph structure and was motivated by the disaster management.
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SUBSET SUM PROBLEM (SSP) A\‘(IT

titute of Technology

DECISION PROBLEM SUBSET SuM (SSP)

Instance: A finite set of numbers W = {wy, wo, ..., w,} with w; € N and

k € N.
Question: |s there a set of elements xi,x,...,x, € {0,1} such

that 37, wx; = k?
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DECISION PROBLEM SUBSET SuM (SSP)

Instance: A finite set of numbers W = {wy, wo, ..., w,} with w; € N and

k € N.
Question: |s there a set of elements xi,x,...,x, € {0,1} such

that 37, wx; = k?

Example Instance
m W={1,2,3,7,37,99}
B k=42
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DECISION PROBLEM SUBSET SuM (SSP)

Instance: A finite set of numbers W = {wy, wo, ..., w,} with w; € N and
k € N.
Question: |s there a set of elements xi,x,...,x, € {0,1} such

that 37, wx; = k?

Example Instance
m W={1,2,3,7,37,99}
B k=42

Solution
m X={23,37}
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on 2-level Trees &‘(IT

Karlsruhe Institute of Technology

Theorem 9 [page 9; Lehmann et al., 2014]

The problem for 2-level trees is NP-hard.
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on 2-level Trees ﬂ(".

Karlsruhe Institute of Technology

Instance \ = (G = (V, E), Vg, V¢, cap, b, X, d, d) B
B W={wo,ws,...,Wo},k,X=00,d=m+2+k,andd=m+2+>." W,

= |W| +1
=1 +Z?=2i-Xi
vertices B 2n+6vertices {t;, vi[1 <i<n+1}U{s, sq,s5, p}

@ 3n+5edges
B (s,51),(S, Sn+1), (S, p), :

edges (P, Vi),
(vi, i),
(Vi1 Vi). Vie{2,...,n}
| v for (0, vi), (vi, 1),
capacities 1 for (s, Sn+1), (V1. 1), Vie{tl,...,n+1}
m for (vi_1, vi),
m+1  for (s, s1), , (Viet, thet). Vie{2,...,n+1}
O for (p, vi),
for (vi, 1),
for (vi—1, vi),
for (s, s1), :
for (S, Sn+1 )a )
for (s, p)
generation / @ generation of m+ 2 + k at bus s,
load consumptionof m+2 + katbuses tiforall1 </ < n+1
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on 2-level Trees ﬂ(".

Instance \ = (G = (V, E), Vg, V¢, cap, b, X, d, d)
N W={Wg,W3,...,Wn},k,Y=oo,g=m+2+k,anda=m+2+zl'.7=2w,-
R =W +1 — /00
B mi=1+> i X S

—/m+ 1 —/k — /1

O (Y. o)
¢ 1 s
¢ 1
I' : ‘\
—/m+ 1 —/W,-V /I ! \\V —/w; — /1
V4 Vo "a_-l' ,’I‘\ Vi ," ] Vin Ve
— D = G et G St ) e —
| |
i : i
] 0 :
—/1 — /Wy E —/wis : — /Wi —/m+1
t1 t2 ,’"\ti_1 /’L\ ti /’“\ti+1 tn t5
‘ "= = = ‘ — ) "= = = ‘ — ) "= = = ‘ — ‘ "= = = ‘
\sf\ \sf\ \sf\
— & Ly A —/Ws
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on 2-level Trees ﬂ(".

Example Instance N = (G = (V, E), Vi, Ve, cap, b, X, d, d)
™ W={21,3},k=5X=00,d=14,and d = 15
n=|W+1=4 — /00
B m=1+> i X-=

~
0p)

—/1 —/2 —/1 —/3 —/8
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on 2-level Trees ﬂ(".

Example Instance N = (G = (V, E), Vi, Ve, cap, b, X, d, d)
™ W={21,3},k=5X=00,d=14,and d = 15
0= |W+1=4 14/0c
B m=1+> i X-=

~
0p)

7/7 7/7 N\ T/7 7/7
|
|
1/1 2/2 0/1 3/3 8/8
[ lo Cﬁ {4 l5
1/1 2/2 0/1 3/3 8/8
39 Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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on 2-level Trees &‘(IT

Karlsruhe Institute of Technology

—m+2+k < (W, k) =SSP

39 Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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Overview of the iTSF Results ﬂ("'

Karlsruhe Institute of Technology

Graph Structure Complexity | Algorithm

penrose-minor-free polynomial-

. RDIP
graphs time solvable
series-parallel

graphs m NFELE A

cacti with max
. 2- .
degree of 3 M NP h[?é';\(rjnann et al., 2014] APProx

2-level trees %\ NP-hard A
[Lehmann et al., 2014]

generator,
one load

arbitrary loads

>

5=
=

Qo
oS
S
o)
O

arbitrary generators,| one

lanar graphs with
P Jrap strongly NP-hard A
mMax degree of 3 [Lehmann et al., 2014]
Ay )
L arbitrary graphs non-APX A
> [Lehmann et al., 2014]
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Overview of the VITS- Results

>,

=
>

o
o
S
o)
O

generator,
one load

arbitrary generators,| one
arbitrary loads

Vgl =2,
V| =2

Graph Structure

penrose-minor-free
graphs ‘éé

series-parallel

graphs m
cacti with max

degree of 3 M
2-level trees %

planar graphs with

max degree of 3 ‘@
arbitrary graphs \@

40 Franziska Wegner — The Maximum Transmission Switching Flow Problem

SKIT

Karlsruhe Institute of Technology

Complexity | Algorithm

polynomial-

time solvable RAP

NP-hard A

NP-hard 2-approx.
[Lehmann et al., 2014]

NP-hard A

[Lehmann et al., 2014]

strongly NP-hard

[Lehmann et al., 2014]

non-APX A

[Lehmann et al., 2014]

i%! Institute of Theoretical Informatics
A Algorithmics Group



HAMILTON PATH PROBLEM (HPP) & A\l
HAMILTON CYCLE PROBLEM (HCP) \‘(IT

HAMILTON PATH PROBLEM (HPP)
Instance: A graph GHpp = (V|_|p|:>, EHPP)-

Question: |[s there a path m* € TT that visits each vertex exactly once.

HAMILTON CYCLE PROBLEM (HCP)
Instance: A graph GHcp = (VHCPs EHCP)-

Question: [s there a graph cycle (i.e., closed loop) in Gycp that visits
each vertex exactly once.

@ A graph containing a Hamiltonian path is called traceable graph
® Hamiltonian cycle is called Hamiltonian graph

@ Hamiltonian cycle is also called Hamiltonian circuit

@ HCP is strongly NP-complete even for planar and cubic graphs

41  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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on Planar Graphs is strongly NP-hard A\‘(IT

Karlsruhe Institute of Technology

Corollary 10 [page 13; Lehmann et al., 2014]

The feasibility problem for planar networks with a maximum degree of 3 is strongly NP-hard.

42  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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on Planar Graphs is strongly NP-hard ﬂ(IT

Karlsruhe Institute of Technology

Instance \' = (G = (VU Vipp, E U Enpp), Vo = {g}, Ve = {£}, cap, b, X, d)

® Setof vertices  Vupp = {vi,v2,...,Vp},and X = d = o0,

B Set of edges E =Eupp U{(g,9),(t,4),(g,9)},

® Edge parameters cap(e) = = Ve € E\ {(g9,9)},

cap(g,?) =1, = —,
Gl ipp Gupp = (Vupp, Enpp)
u
_/1
t
42  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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on Planar Graphs is strongly NP-hard ﬂ("'

Karlsruhe Institute of Technology

Instance \' = (G = (VU Vipp, E U Enpp), Vo = {g}, Ve = {£}, cap, b, X, d)

® Setof vertices  Vupp = {vi,v2,...,Vp},and X = d = o0,
® Set of edges E  =Eupp U{(g,9),(t,4),(g,0)},
® Edge parameters cap(e) = =1 Ve € E\ {(g9,9)},
cap(g,£) =1, =,
Gy ipp Gupp = (Vupp, Enpp)

u

OPTypr(N) = 8

iﬁ! Institute of Theoretical Informatics
A Algorithmics Group
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on Planar Graphs is strongly NP-hard A\‘(IT

Karlsruhe Institute of Technology

Instance \' = (G = (VU Vipp, E U Enpp), Vo = {g}, Ve = {£}, cap, b, X, d)

® Setof vertices  Vupp = {vi,v2,...,Vp},and X = d = o0,
® Set of edges E  =Eupp U{(g,9),(t,4),(g,0)},
® Edge parameters cap(e) = =1 Ve € E\ {(g9,9)},
cap(g,£) =1, =,
Gy ipp Gupp = (Vupp, Enpp)

u

t
Gupp limits the max that li- .
: OPT G =2
mits the maximum power flow in \/ vrr(Glipp) = 5
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on Planar Graphs is strongly NP-hard ﬂ("'

Karlsruhe Institute of Technology

Instance \' = (G = (VU Vipp, E U Enpp), Vo = {g}, Ve = {£}, cap, b, X, d)

® Setof vertices  Vupp = {vi,v2,...,Vp},and X = d = o0,
® Set of edges E  =Eupp U{(g,9),(t,4),(g,0)},
® Edge parameters cap(e) = =1 Ve € E\ {(g9,9)},
cap(g,£) =1, =,
Gy ipp Gupp = (Vupp, Enpp)

OPT (N) = 2 iff Gupp /
has a Hamilton Path.

.

OPT 15 (Gfypp) = 2

iﬁ! Institute of Theoretical Informatics
A Algorithmics Group
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on Planar Graphs is strongly NP-hard A\‘(IT

Karlsruhe Institute of Technology

Instance \' = (G = (VU Vipp, E U Enpp), Vo = {g}, Ve = {£}, cap, b, X, d)

B Setofvertices  Vupp = {v1,v2,...,Vs},and X = d = oo,

B Set of edges E =Eupp U{(g,9),(t,4),(g,9)},

® Edge parameters cap(e) = =1 Ve € E\ {(g9,9)},
cap(g,f) =1, = —,

Switching in Gypp such that the graph becomes the Hamiltonian
graph maximizes the and thus, the overall power flow.

OPT 15 (Gfypp) = 2

42  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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Overview of the MTSF Results ﬂ("'

Karlsruhe Institute of Technology

Graph Structure Complexity | Algorithm

penrose-minor-free polynomial-

. RDIP
graphs time solvable
series-parallel

graphs - SN X

cacti with max
. 2- .
degree of 3 M NP h[LaeL(rjnann et al., 2014] aProx

2-level trees %\ NP-hard A
[Lehmann et al., 2014]

generator,
one load

arbitrary loads

>,

=
>

Qo
o
S
o)
O

arbitrary generators,| one

lanar graphs with
P Jrap strongly NP-hard A
mMax degree of 3 [Lehmann et al., 2014]
Ay )
L arbitrary graphs non-APX A
> [Lehmann et al., 2014]
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Overview of the MTSF Results QAT

Karlsruhe Institute of Technology

Graph Structure Complexity | Algorithm

penrose-minor-free polynomial-

. RDIP
graphs time solvable
series-parallel

graphs EN. | NP-hard A

generator,
one load

2
(@]
g | cacti with max NP-hard A o
22 . l )‘_< -har - :
g gg degree of 3 [Lehmann et al., 2014]
2 82
£ -
3| |E8| 2-level trees NP-hard A
g [Lehmann et al., 2014]
planar graphs with Siraly N2 T X
mMax degree of 3 [Lehmann et al., 2014]
| arbitrary graphs ‘@ non-APX X
‘_\ ; [Lehmann et al., 2014]
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LONGEST PATH PROBLEM (LPP) A\‘(IT

LONGEST PATH PROBLEM (LPP)

Instance: A network NV pp = (GLpp = (Vipp, ELPp), len), a length functi-

onlen: E — R>o and two designated vertices s, f € V.
Question: Find a simple path ™ € TI(s,t) from s to t of maximum

length—meaning maXxreris 2, e l€N(U, V)—in the net-
WOFKNLPP.

@ Also called TAXICAB RIPOFF problem

44  Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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LONGEST PATH PROBLEM (LPP) A\‘(IT

Karlsruhe Institute of Technology

LONGEST PATH PROBLEM (LPP)

Instance: A network NV pp = (GLpp = (Vipp, ELPp), len), a length functi-

onlen: E — R>o and two designated vertices s, f € V.
Question: Find a simple path ™ € TI(s,t) from s to t of maximum

length—meaning maXxreris 2, e l€N(U, V)—in the net-
WOFKNLPP.

@ Also called TAXICAB RIPOFF problem

® For all € > 0 not possible to approximate LPP within a factor of 20°97"~ unless NP
is contained in quasi-polynomial deterministic time.
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on Arbitrary Graphs is hon-APX A\‘(IT

Karlsruhe Institute of Technology

Theorem 11 [pages 10-12; Lehmann et al., 2014]

logn)' — ¢

It is not possible to approximate the problem within a factor of 2! unless NP
is contained within quasi-polynomial deterministic time.
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on Arbitrary Graphs is hon-APX Aﬂ("'

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, VE = {f, é’}, cap, X, ge = 3,8)

® Setofvertices Vipp ={vi,Vo,...,Vp},and X = d = o0,
® Setofedges E = EppU{(9,9),(t,9),(9,9),9,¢). (g0, 0},
® Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,
cap(g’,?') := n, =
Gl pp Grpp = (VLpp, ELPP)
— /o0 — /o0
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on Arbitrary Graphs is hon-APX Aﬂ("'

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, VE = {f, é’}, cap, X, ge = 3,8)

® Setofvertices Vipp ={vi,Vo,...,Vp},and X = d = o0,
® Setofedges E = EppU{(9,9),(t,9),(9,9),9,¢). (g0, 0},
® Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,
cap(g’,?') := n, =
Gipp Grpp = (VLpp, ELPP) g/oo 5/ |
u g

B /oo 4 /00

33
OPTyprNV) = T
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on Arbitrary Graphs is hon-APX Aﬂ("'

Karlsruhe Institute of Technology

InstanceN = (G = (VU Viep, E U ELPP), Ve = {g, g’}, VE = {f, E’},cap, X, ge = 3,8) é

® Setofvertices Vipp ={vi,Vo,...,Vp},and X = d = o0,
® Setofedges E = EppU{(9,9),(t,9),(9,9),9,¢). (g0, 0},
® Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,
cap(g’,?') := n, =
Gipp Grpp = (VLpp, ELPP) g/oo 5/ |
u g

1
2/

13

= Jie's 4 /00

13
SSESOO'; OPTMPF(N)=§
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on Arbitrary Graphs is hon-APX Aﬂ("'

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, VE = {f, é’}, cap, X, ge = 3,8)

® Setofvertices Vipp ={vi,Vo,...,Vp},and X = d = o0,
® Setofedges E = EppU{(9,9),(t,9),(9,9),9,¢). (g0, 0},
® Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,
cap(g’,?') := n, =
Gipp Grpp = (VLpp, ELPP) g/oo 5/ |
u g

B /oo 4 /00

33
OPTyprNV) = T
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on Arbitrary Graphs is hon-APX

Instance \V = (G =
B Setof vertices  Vipp = {vi, Vs, ..
B Set of edges E =EpprU{(g,s
@ Edge parameters cap(e) =
cap(g,?) =1,
cap(g’,?') := n,

Assumption f(g, £) + f(b, £) =

45 Franziska Wegner — The Maximum Transmission Switching Flow Problem

SKIT

Karlsruhe Institute of Technology

(VU Vipp, EU Eipp), Vo = {g,9'}, Vo = {¢, £}, cap, b, x,d, = 3,d)
vn} and X = d = oo,

(1,0),(9,0,(9",¢),(9', 0, (¢, )},

=1 Ve e E\ {(g,4),(9',¢)},

2 /00

=.}= Institute of Theoretical Informatics
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on Arbitrary Graphs is hon-APX ﬂ(IT

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, Ve = {f, gl}, cap, X, ge = 3,8)

B Setof vertices  Vipp = {w1, V2, .. vn} and X = d = oo,

® Set of edges E =EppU{(g,9),(t0),(g40,(g,¢) (L), ¢, é)}

@ Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,

cap(g’, ') = n, =

2 /00

Assumption f(g, £) + f(b, £) =

What is the maximum possible power flow in (VM \ Gipp) — g?
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on Arbitrary Graphs is hon-APX A\‘(IT

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, Ve = {f, f’}, cap, X, ge = 3,8)

B Setof vertices  Vipp = {w1, V2, .. vn} and X = d = oo,

® Set of edges E =EppU{(g,9),(t0),(g40,(g,¢) (L), ¢, 6)}

@ Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,

cap(g’, ') = n, =
5/00

Assumption f(g, £) + f(b, £) =

0/1 Vi
1/00 4 /00
What is the maximum possible power flow in (M \ Gipp) — g?  OPTuwpe (M \ GLpp) — g) =5
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on Arbitrary Graphs is hon-APX A\‘(IT

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, Ve = {f, gl}, cap, X, ge = 3,8)

B Setof vertices  Vipp = {w1, V2, .. vn} and X = d = oo,

® Set of edges E =EppU{(g,9),(t0),(g40,(g,¢) (L), ¢, é)}

@ Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,

cap(g’, ') = n, =

3/00

Assumption f(g, £) + f(b, £) =

What is the maximum possible demand for £ in (N \ Gipp) — g? — max fret(£) = 3
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on Arbitrary Graphs is hon-APX A\‘(IT

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, Ve = {f, f’}, cap, X, ge = 3,8)

B Setof vertices  Vipp = {w1, V2, .. vn} and X = d = oo,

® Set of edges E =EppU{(g,9),(t0),(g40,(g,¢) (L), ¢, 6)}

@ Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,

cap(g’, ') = n, =

3/00

Assumption f(g, £) + f(b, £) =

= f(g, %) + f(b,£) > 1

What is the maximum possible demand for £ in (N \ Gipp) — g? — max fret(£) = 3

45 Franziska Wegner — The Maximum Transmission Switching Flow Problem =.}= Institute of Theoretical Informatics
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on Arbitrary Graphs is hon-APX ﬂ("'

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, Ve = {5, E’}, cap, X, ge = 3,8)

B Setof vertices  Vipp = {w1, V2, .. vn} and X = d = oo,
® Set of edges E =EppU{(g,9),(t, E) (9,%),(9",¢),(9, %), (¢, 6)}
@ Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,
cap(g’, ') = n, =
Gl pp Grpp = (VLpp, ELPP)

u

[
Grpp limits the max that li- . 8
. ) ) N OPTI\/IPF(GLPP) = 5
mits the maximum power flow in
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on Arbitrary Graphs is hon-APX Aﬂ("'

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, Ve = {f, é’}, cap, X, ge = 3,8)

B Setof vertices  Vipp = {w1, V2, .. vn} and X = d = oo,
® Set of edges E =EppU{(g,9),(t0),(g40,(g,¢) (L), ¢, 6)}
@ Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,
cap(g’, ') = n, =
Gl pp Grpp = (VLpp, ELPP)

OPT 151 (Gf pp) = 2

45 Franziska Wegner — The Maximum Transmission Switching Flow Problem =.== Institute of Theoretical Informatics
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on Arbitrary Graphs is hon-APX Aﬂ("'

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU ELPP), Ve = {g, g’}, Ve = {f, é’}, cap, X, ge = 3,8)

B Setof vertices  Vipp = {w1, V2, .. vn} and X = d = oo,

® Set of edges E =EppU{(g,9),(t0),(g40,(g,¢) (L), ¢, 6)}

@ Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,?) =1, = —,
cap(g’,?') := n, =

Gl pp Grpp = (VLpp, ELPP)
2 /00 5/00
u g’

OPT N)=7
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on Arbitrary Graphs is hon-APX A\‘(IT

Karlsruhe Institute of Technology

InstanceN = (G = (V U Vipp, EU E|_pp), Ve = {g, g’}, Ve = {f, f,}, cap, X, gﬁ = 3,8)

B Setof vertices  Vipp = {w1, V2, .. vn} and X = d = oo,

® Set of edges E =EppU{(g,9),(t, Z) (9,%),(9",¢),(9, %), (¢, é)}

@ Edge parameters cap(e) = = 1 Ve e E\ {(g,4),(9',¢)},
cap(g,f) =1, = —,
cap(g’, ') = n, =

Switching in Grpp such that the graph becomes the longest path
maximizes the and thus, the overall power flow.

OPT N)=7

45 Franziska Wegner — The Maximum Transmission Switching Flow Problem =.:= Institute of Theoretical Informatics
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Summary & Future Work A\‘(IT

llllllllllllllllllllllllllllll

Graph Structure Complexity | Algorithm
5  penrose-minor-free polynomial-
& graphs "ééx time solvable
52 series-parallel
5 graphs B, ([N A

cacti with max

= degree of 3 A A |NP-hard
: 2-level trees @ NP-hard A
lanar graphs with
Fnax deggrepe of 3 ‘@ strongly NP-hard R

@ arbitrary graphs % non-APX A
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Summary & Future Work A\‘(IT

Karlsruhe Institute of Technology

@ What happens if we minimize the number of switches or fix a set of non-switchable
edges?

@ [s there a PTAS on for ?

@ Replace X by v

46 Franziska Wegner — The Maximum Transmission Switching Flow Problem iﬁ! Institute of Theoretical Informatics
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Results ﬂ(".

Karlsruhe Institute of Technology
NESTA Case n m |SmTse| |SMaxsT] OPTpr  OPTmpr OPTmtse OPTmaxsT OPTmre max Gen
3_1mbd 3 3 1 1 315.00 353.53  4000.00 4000.00 4000.00 4000.00
6_ww 6 11 6 6 210.00 332.80 360.00 360.00 470.00 530.00
9_wscc 9 9 6 2 315.00 770.00 770.00 770.00 770.00 820.00
24_ieee_rts 24 38 28 18 2850.00 3405.00 3405.00 3405.00 3405.00 3405.00
29_edin 29 99 55 79 5632590 81597.50 81603.40 76158.80 82384.80 82384.80
30_as 30 41 32 15 283.40 435.00 435.00 435.00 435.00 435.00
39_epri 39 46 35 17 6 254.23 7227.00 7227.00 7227.00 7227.00 7367.00
57_ieee 57 80 75 40 1250.80 1377.00 1377.00 1377.00 1377.00 1377.00
73_1leee_rts 73 120 87 56 8550.00 10215.00 10215.00 10215.00 10215.00 10215.00
189_edin 189 206 71 62 1367.83 2987.00 2987.00 2987.00 2987.00 3012.00
300_ieee 300 411 290 185 23527.20 31568.00 31568.00 30504.00 31735.00 32492.00
2736sp_mp 2736 3269 2518 1307 18074.50 20246.70 20246.70 20010.70 20246.70 20246.70
2737sop_mp 2737 3269 2536 1305 11267.20 14677.90 14677.90 14537.20 14677.90 14677.90
3120sp_mp 3120 3693 2793 1513 21181.50 25406.00 25406.00 24856.50 25406.00 25406.00
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Other interesting structures? Stronger results?
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