Approximation Problems Notes

Inthis lecture we study approximation
versions for optimization problems
whose exact solution is NP hard.

+ Discuss Optimization
+ Introduce Approximation
* Problems/Algorithms

* VERTEX-COVER,

SET-COVER

* Greedy Algorithm
- ISP

We'll define optimization parameters
and what it means to approximate
them, via several concrete problems.

Vertex Cover (1)
Vertex Cover (2)
Set Cover

TSP
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Network Power

with some
links between
components.

so as Yo cover
all links.
Obviously,
you'd like Yo
power the
smallest

number of

requires
power supply:
need to

power to some nodes

Consider a wired network, with various
locations and some wiring. One needs
to find a set of locations so that every
wire has one of its ends covered.

Naturally,one looks for the smallest
possible set of locations.

‘ v is a cover of 6=(V, E) VERTEX«COVER
o If Y(u,v)<E, ueC or vel

+ Anundirected 6=(/,E)

+ find a minimal cover <

* Anundirected 6=(V,E), k

* Min-V.C. is NP-hard

Decision Problem:

* Foracoverc, /\Cis
an independent -set®

+ Is there a cover , |C|=k?

This problem is the Vertex Cover:
Givena graph, find a smallest set of
nodes that covers all edges.

We can define the corresponding
decision problem, where the question
is whether there is such a cover whose

size does not exceed some given
threshold k.

This problem is clearly NP-hard: the
complement of the Vertex Cover is an
Independent Set, hence an exact
solution to one implies an exact
solution to the other.
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Optimization

PAreSTEr

predlem
o b =
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" Algorithm returns

* Best solution according to
oprimization paramever

Let us recall some of the optimization
problems we've discussed, both
minimization and maximization, and
identify the parameter optimized.

Now, what do we do if it turns out
that the problem is NP-hard?

Approximation

N

* An a-approximation algorithm
fof' a maximiza 'l'mn/rmnmnzq rion
problem with an optimum solution
O, returns a solution that is
200/<a0

Note

* @ and U may depend on
the size of the input

Many times it suffices to come up with
an approximated solution, namely one
which is not optimal, however deviates
from optimal by some known factor.
This factor is called the approximation
factor; it may be a constant or depend
on the input size.
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E—\/C - Appr‘oxima‘rion AlqoriThm

I&/

¢-opt|mal

begin while C not a cover

Pick (u,v)E s.t. uveC

C « Cu{uy} o-algom'rhm

Edges algorithm picks:
Havem common
vertexes
Optimal V.¢. must
contain -1« of each

Let us now describe a very simple
approximation algorithm for Vertex
Cover:

at every stage, pickan edge not yet
covered and add bot#h its ends to the
cover.

The cover returned by this algorithm
isat most twice as large as the
optimal.

To see that, note that the edges
picked by the algorithm have no
common vertexes. The optimal solution
must contain one vertex for each of
these edges, while we added both.

Now consider a different problem:

You have a set of mail recipients, and
some mailing lists.

These mailing lists charge $1 for each
use.

Hence, when sending a message, one
tries to find the minimal number of
mailing lists that cover all recipients.
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M o — SET-COVER

- a finite set U and a family I of subsets
of J, which covers U

2 Minimization Problem: i

+ find a smallest family C<F that covers U

Formally, ina Set Cover instance, we
have the universe U and a family F of
subsets of U.

The goal is to find the smallest
number of subsets in the family that
cover the entire universe.

prrcen 3

SET-EOVER NP-Hard

« SET-COVER is NP-Hard

v.e

-
SET-COVER

1 soi for each vertex,
comprising adjacent edges‘

0

Set Cover is NP-hard.

We prove this via direct reduction
from Vertex Cover:

Each edge becomes an element of the
universe, while each vertex becomes a
subset comprising all of the edges
that touch it.
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[CORIB) 530833 /g 3
— The Greedy Algorithm
Ce¢ U U
begin while U' # ¢ gdlgorifhm
Pick ScF that maximizes [sU|  "UnS in
poly-time
Ce«Cu ‘b}
(e ip-e 0\ i
end while L olh °
Ve o [ —— ° -
return ¢ ‘é(« 1sa ° 2
< Py “
.0, 2 °
“

To approximate Set Cover, let us
introduce a general scheme for simple
approximation algorithms: the greedy
strategy, which at every stage picks
locally the most advantageous option.
For Set Cover, this means choosing a
subset that covers the most out of
the yet uncovered elements.

* Described the greedy
algorithm for SET -
COVER

+ Analyze its approximation
ratio in 3 distinct ways:
Ig; n, In n, even better

Inthe next few slides we look at the
greedy algorithm, and analyze its
performance in three different ways.
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How to prove an Approximation Ratio?
TR

+ compare the size of the cover returned by the greedy
algorithm to optimal

* The optimal is unknown

-
» Observation:

+ 3k-cover = any part of the universe has a k-cover!

S Coroffory:

+ Each step of the greedy algorithm removes 1/k of the
remaining elements

The first point we need to realize is
that we are going to compare the
solution given by the Greedy
Algorithm fo the optimal solution,
however, without any information
about the optimal solution.

Wewill use the fact that if the
optimal solution contains k subsets,
any part of the universe ---in
particular, the set of yet uncovered
elements--- can be covered by k
subsets.

Hence, at each stage, the algorithm
covers 1/k fraction of the remaining
elements.

Ig, n

Observe:

+ After k(=size of optimal 5.C.) stages the
algorithm covers at least § of U

— s
— covered
* By way of contradiction, assume <4 are by k sets
covered
The uncovered part of U intersects with a set
inF in >n/2k elements
Hence, all previous k stages have covered
>n/2k elements
And must have covered >kn/2k=n/2

To prove the Greedy Algorithm
approximates the optimal Set Cover to
within a Jogarithmic factor (log base
2), we show that every k stages cover
half of the remaining elements.

This is true since, after k stages, a
fraction of 1/k of the remaining
elements must be covered in the next
stage, and thus all previous stages
must've covered at least that humber
of elements.
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Inn
T , 5, be the sequence of sets
- packed by the algorithm

e K be the set of elements not yet
- covered after | stages
~ U,canbe
U,.11=1V-5,.415IV;|(1-1/K) covered

P iy
mu KISIVINA =4/ R)SIVC

N Best Ratio-Bound
* Greedy algorithm approximates

the optimal set-cover to withir
a factor H(max{ |S|: SeF } )

* Split the "cost of 51", for set
S, picked i*h by the greedy
algorithm, among newly covere

* Now, bound the sum paid, over
any SeF, by H(|5|)

+ "Imagine” the optimal solution,
and bound the total paid

Hm=Y LS 1< [Laxstaim +1
tmk =k 7
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‘ To prove a tighter bound, where the

log is the natural log, we notice that at
every stage a fraction 1/k of the
remaining elements is covered. Hence,
the number of remaining elements
after k* In |U| stages is 1.

>The best bound, which is In of the size

of the largest set in F, is obtained as
followed:

Let us think of a price of the use of
each mailing list being split among the
recipients in the following manner. At
each stage of the algorithm an
additional $1 has to be paid, and it is
split among those recipients just
covered.

A bound the total amount paid, will
give us a bound on the number of
subsets the greedy algorithm outputs.
We now look at any subset S of F, and
bound the fotal amount its members
pay by In |S].

This will end the proof, as we can
consider the optimal cover of k
subsets (not really knowing what it is)
and see that each of its subsets pay
at most In of its size --- altogether at
most k*In|S| for the largest S in the
optimal cover.

Now for an arbitrary set, in whichever
stage of the algorithm, if m of its
members are not yet covered, the
greedy algorithm chooses a subset
that covers at least m elements, hence
each will pay at most 1/m of $1.

The members of the set S will pay the
most, if they are covered one by one,
and in each stage the set chosen
covers exactly m elements, which will
result with the harmonic series, which

sums up to In of S's size.



Now we go back to a problem we
———————— mentioned early in the course, namely,
- Each segment of the tour problem now has a cost the tour problem where segments have
- find a least-costly tour aprice that may vary.

e the
optimal tour?

This is the Traveling Salesperson
Problem (TSP): we will analyze the
complexity of the general variant as
well as a more restricted variant.

* NP-hard optimization problems
+ Approximation to within a certain factor

* NP-hard or in P?
)
‘ We will show an approximation
+ Traveling Salesman Problem (TSP) " algorithm in the special case, and
* TSP is NP-hard prove an NP-hardness result,

« Approximation algorithm for special cases

 Dompraialiy vt introducing a technique that will help

J us prove such results for
approximation problems later on.

Approximation Page 9




Traveling Salesperson Problem

* A complete weighted undirected
&=(V,E) (non-negative weights)

+ find a Hamiltonian cycle (fraversal) of
minimal cost

Formally,a TSP instance is a graph
with non-negative weights, and the
goal is to find a traversal (a
Hamiltonian cycle) that is of the
smallest sum of weights.

We immediately see that the
optimization exact solution is NP-hard,
viaa simple reduction from
Hamiltonian cycle (edges become

edges of weight 1; non-edges become
edges of larger weight).

Next 2-Approximation

algorithm TSP

triangle inequality

Now, we move to a special ---more
interesting--- case of TSP, where the
weights satisfy the triangle inequality.

Inthis case we are able to come up
with an Approximation Algorithm,
utilizinga procedure for finding the
Minimum Spanning Tree (MST).
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Approximation Algorithm

Find a Minimum_ Spanning Tree (MST) T for &

Traverse along Ui & of | --- jump over visited
- /-Lh.r&

¢

* ST weight < Cheapest Traversal \/\ N
B Observati %
A 7
- Algorithm's traversal costs 2 :
weight M5 O\ N

The algorithm starts by finding a MST
of the graph, then follows a DSP to
traverse the tree. While doing so
some vertexes have already been
visited, but due to the triangle
inequality the traverse can simply
Jjump to the next yet unvisited vertex,
payingat most the sum of edges along
the way.

To see this approximates TSP to
within a factor of 2, note first that
the minimal traversal bounds from
above the weight of the MST, while
the algorithm returns a traversal
which is at most twice the MST
weight.

* Show it is NF-hard to
approximate TSP -the general
case- to within any factor h=1

* Introduce its gap version
* Show it is NF-hard

We are now prepared to show our
first NP-hardness result for an
approximation problem.

We will define for that purpose Gap
Problems (which give us the closest
version to a decision problem) and see
how to prove NP-hardness of a Gap
Problem, and how to obtain from that
an NP-hardness result for the
corresponding approximation problem.
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gap-TSP
——

« a complete weighted undirected graph 6=(V ,E)

« distinguish between the following cases:

sy

+ 3Hamiltonian cycle of cost < |V]|

-

+ The cost of VHamiltonian cycle > h|V|

A Gap Problem takes an optimization
problemand defines two thresholds.
For a minimization problem, the good
instances are those whose
optimization parameter is below the
low threshold, while the bad instances
are those for which this parameter
turns out to be higher than the high
threshold. The instances whose
parameter is in between are the
"don't care" part.

In TSP case, we define the Gap
Problem to have the number of
vertexes as the low threshold, while h
times that to be the high threshold ---
this for an arbitrary h.

Algorithm returns

I

+ Depending on the least

costly traversal

. aBAP =s

* Whatever

4
,

+ Efficient h-approximation fo

'SP resolves gap-TSP[C, hC]
04

An algorithm for a Gap Problem must
accept all good instances, must reject
all bad instances, and can
accept/reject all the "don't care”
instances.

An efficient algorithm that
approximates the problem to within a
factor h, can be used to efficiently
solve the Gap Problems where the
thresholds are € and hC, for any C:
simply apply it and accept all instances
for which the solution returned lets
the optimization parameter be smaller
than hC.

No bad instances can be accepted,
while no good instance will be rejected
as the approximation factor is h.
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w qap-TSP is NP-hard

* For any hz1, HAM-CYCLE < gap-TSP[|V|, h|VI]

+ Approximating TSP to within any factor is NP -hard

25
Synopsis

- Some NF-hard optimization problems\

can be efficiently approximated:

* VERTEX-COVER (2)

+ SET-COVER (in n)

* TSP[triangle ineq.] (2)
N J
8 A

or some factors it may still be NP-
ard

e've introduced GAP problems for
hat purpose
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