
NP

Decidable problems

P

!! !"… !# ! log ! ! log ! constant

Assuming & ≠ (&

2d
Solving Linear Programs x Ell

-> n = # constraints +-
maxcTX n constraints

#dims
input : LP S . t . Ax b x d-dimensional

output : X
* feasible

X7, 0 best known alg
= 2 . something

optimal--.... ---
simplex alg. ---

---

today :

x + zd
↑

integers



Vertex Cover Linear Program
Input
Graph ) = +, -
Where + = {/$, /#, … , /%}
and E = {{/& , /'}	where	/& , /' ∈ +}

1
2

4

3

Output

Linear Program

xEa

Variables : Xi for each Vi

xi = 1 ViEV' xi + E0 ,1
Xi = 0 VIEV

objective : min Xi

for each edge Vi , V ; 3
:

VIEV
Xi +xj) /

so that all edges are covered

for all EVi,iSEE , VIEV' or VjeV
V' as small as possible



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge )! , )"
    %! ∈ 0,1 , for each vertex -

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

Objective: min $8 + $9 + $: + $;
Subject to: $8 + $9 ≥ 1
   $9 + $: ≥ 1
   $9 + $; ≥ 1
   $: + $; ≥ 1
   $8, $9, $:, $; ∈ 0,1

1
2

4

3
Example:

x2 + xz7l



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge )! , )"
    %! ∈ 0,1 , for each vertex -

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

Objective: min $8 + $9 + $: + $;
Subject to: $8 + $9 ≥ 1
   $9 + $: ≥ 1
   $9 + $; ≥ 1
   $: + $; ≥ 1
   $8, $9, $:, $; ∈ 0,1

1
2

4

3
Example:



Set Cover ILP

Set Cover: Given a universe of elements . and sets /, find the smallest 
subset of / such that every element in . is in some selected subset.

+ = 1, 4, 7, 8, 10

0 = 1, 7, 8 , 1, 4, 7 ,
7, 8 , 4, 8, 10

Vars : Xi = 1 if we select si
Xi = 0 if not

min xi

Vertex Cover example x1 +x 2 > /

Si S2

S3 Su



Set Cover ILP

Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    %# ∈ 0,1 , for each set 1

Set Cover: Given a universe of elements . and sets /, find the smallest 
subset of / such that every element in . is in some selected subset.

+ = 1, 4, 7, 8, 10

0 = 1, 7, 8 , 1, 4, 7 ,
7, 8 , 4, 8, 10



Set Cover ILP

Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    %# ∈ 0,1 , for each set 1

Set Cover: Given a universe of elements . and sets /, find the smallest 
subset of / such that every element in . is in some selected subset.

Objective: min $8 + $9 + $: + $;
Subject to: $8 + $9 ≥ 1
   $9 + $; ≥ 1
   $8 + $9 + $: ≥ 1
   $8 + $: + $; ≥ 1
   $; ≥ 1
   $8, $9, $:, $; ∈ 0,1

Example:
+ = 1, 4, 7, 8, 10

0 = 1, 7, 8 , 1, 4, 7 ,
7, 8 , 4, 8, 10



We now have a reduction from Vertex Cover to Solving ILP

ENP-Hard
set cover

reduction & Solving ILP



We now have a reduction from Vertex Cover to Solving ILP



We now have a reduction from Vertex Cover to Solving ILP

So Solving ILP is NP-hard



$8, $9 ∈ ℝ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0
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$8, $9 ∈ ℝ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0
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$8, $9 ∈ ℝ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0

2.25, 3.75 → 41.25
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2.25, 3.75 → 41.25

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0

-> natural #
in+50
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2.25, 3.75 → 41.25

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0
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2.25, 3.75 → 41.25

Optimal continuous solution → optimal integer solution?
• Closest integer solution? 
• Closest feasible integer solution? 
• Closest feasible integer solution on feasible region boundary? 

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0
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2.25, 3.75 → 41.25

Optimal continuous solution → optimal integer solution?
• Closest integer solution? – Not feasible
• Closest feasible integer solution? 
• Closest feasible integer solution on feasible region boundary? 

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0↑
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2.25, 3.75 → 41.25

Optimal continuous solution → optimal integer solution?
• Closest integer solution? – Not feasible
• Closest feasible integer solution? – Obj = 34
• Closest feasible integer solution on feasible region boundary? 

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0
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2.25, 3.75 → 41.25

Optimal continuous solution → optimal integer solution?
• Closest integer solution? – Not feasible
• Closest feasible integer solution? – Obj = 34
• Closest feasible integer solution on feasible region boundary? – Obj = 39 

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0
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2.25, 3.75 → 41.25

Optimal continuous solution → optimal integer solution?
• Closest integer solution? – Not feasible
• Closest feasible integer solution? – Obj = 34
• Closest feasible integer solution on feasible region boundary? – Obj = 39
• Actual optimal – Obj = 40 

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0
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$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0

17
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:draw the

for
-



80

2

642 10

4

6

%(

%)

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0
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$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0
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$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0



2

4

%(

%)

0 642

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0

Integer feasible region:
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0 642

$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0

Integer feasible region:
• Not convex.
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$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0

Integer feasible region:
• Not convex.

global opt
O

locally opt

O
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$8, $9 ∈ ℕ 
Objective:  max5$8 + 8$9
Subject to: $8 + $9 ≤ 6 
  5$8 + 9$9 ≤ 45 
  $8, $9 ≥ 0

Integer feasible region:
• Not convex.
• local optimum ≠ 

global optimum.

ILP Solvers
SAT Solvers



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    %! ∈ 0,1 , for each vertex -

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

- approximation
ALG = 2 OPT



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    63 ∈ 7, 8 , for each vertex 9

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

∈ NP-Hard



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    63 ∈ 7, 8 , for each vertex 9

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    7 ≤ 63 ≤ 8, for each vertex 9

∈ NP-Hard

∈ P



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    63 ∈ 7, 8 , for each vertex 9

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    7 ≤ 63 ≤ 8, for each vertex 9

∈ NP-Hard

∈ P

LP Relaxation: Remove all integrality constraints to turn ILP into LP. 



Vertex Cover ILP

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

Vertex 
Selection?



Vertex Cover ILP

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! = 1, what should we do with vertex -? 

Vertex 
Selection?



Vertex Cover ILP

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! = 1, what should we do with vertex -? Add to subset /
If %! = 0, what should we do with vertex -? 

Vertex 
Selection?

A



Vertex Cover ILP

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! = 1, what should we do with vertex -? Add to subset /
If %! = 0, what should we do with vertex -? Don’t add to subset /

Vertex 
Selection?



Vertex Cover ILP

Vertex Cover: Given graph, find the smallest subset of vertices such 
that every edge in the graph has at least one vertex in the subset.

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! = 1, what should we do with vertex -? Add to subset /
If %! = 0, what should we do with vertex -? Don’t add to subset /
If %! = ()4

556, what should we do with vertex -?

Vertex 
Selection?



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Is / a vertex cover? 
 



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Is / a vertex cover? 
 Yes. For every edge, %! + %" ≥ 1. 

⑪-⑳

Xi = 0 !
xj = 8



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Is / a vertex cover? 
 Yes. For every edge, %! + %" ≥ 1. Thus, at least one of %!  or 

%"  ≥ (
). 



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Is / a vertex cover? 
 Yes. For every edge, %! + %" ≥ 1. Thus, at least one of %!  or 

%"  ≥ (
). So for every edge, at least one of its vertices will be in /.



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
What is the relationship between ALG = |/| and OPT?



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Can we bound OPT from below?



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Can we bound OPT from below?

 Let xILP and xLP be the set of x values found by the ILP and LP



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Can we bound OPT from below?

 Let xILP and xLP be the set of x values found by the ILP and LP

 Claim: ∑ xLP ≤ OPT.

 



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Can we bound OPT from below?

 Let xILP and xLP be the set of x values found by the ILP and LP

 Claim: ∑ xLP ≤ OPT.

 Proof: OPT = ?

~



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Can we bound OPT from below?

 Let xILP and xLP be the set of x values found by the ILP and LP

 Claim: ∑ xLP ≤ OPT.

 Proof: OPT = ∑ xILP, where %! ∈ 0,1 ...?

-
X 1

= 0 . 1
, x 2 = 0

. 6 ,
...

- x , = 0 , x2
= 1 , x3

= 1
, Xy

= 0 ...

EXE EXIP



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Can we bound OPT from below?

 Let xILP and xLP be the set of x values found by the ILP and LP

 Claim: ∑ xLP ≤ OPT.

 Proof: OPT = ∑ xILP, where %! ∈ 0,1 . When %!  is relaxed so 
that 0 ≤ %! ≤ 1, this gives more possibilities to further 
decrease ∑! %!. Thus, ∑ xLP ≤ OPT.



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

If %! ≥ (
), add vertex - 

to our subset /.+
Can we bound OPT from below?

 Let xILP and xLP be the set of x values found by the ILP and LP

 Claim: ∑ xLP ≤ OPT.

 Proof: OPT = ∑ xILP, where %! ∈ 0,1 . When %!  is relaxed so 
that 0 ≤ %! ≤ 1, this gives more possibilities to further 
decrease ∑! %!. Thus, ∑ xLP ≤ OPT.

Law of LP Relaxations: 
 OPTLP ≤ OPTILP 
 (minimization problem)



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

How does ∑ xLP relate to ALG?

 ∑ xLP = ∑7!∈xLP%! ≥ ∑7!∈xLP:7!8"#
%!, because...?

If %! ≥ (
), add vertex - 

to our subset /.+

=> O



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

How does ∑ xLP relate to ALG?

 ∑ xLP = ∑7!∈xLP%! ≥ ∑7!∈xLP:7!8"#
%!, because it’s a subset of xLP

If %! ≥ (
), add vertex - 

to our subset /.+
0 .

270 . 6+ 0 .9 ↓A



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

How does ∑ xLP relate to ALG?

 ∑ xLP = ∑7!∈xLP%! ≥ ∑7!∈xLP:7!8"#
%!, because it’s a subset of xLP

             ≥ ∑7!∈xLP:7!8"#
(
), because...?

If %! ≥ (
), add vertex - 

to our subset /.+
B . 6 + 0 . 9



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

How does ∑ xLP relate to ALG?

 ∑ xLP = ∑7!∈xLP%! ≥ ∑7!∈xLP:7!8"#
%!, because it’s a subset of xLP

             ≥ ∑7!∈xLP:7!8"#
(
), because each %!  is at least ()

   

If %! ≥ (
), add vertex - 

to our subset /.+



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

How does ∑ xLP relate to ALG?

 ∑ xLP = ∑7!∈xLP%! ≥ ∑7!∈xLP:7!8"#
%!, because it’s a subset of xLP

             ≥ ∑7!∈xLP:7!8"#
(
), because each %!  is at least ()

             = (
) %! ∈ xLP: %! ≥ (

)

If %! ≥ (
), add vertex - 

to our subset /.+

I



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

How does ∑ xLP relate to ALG?

 ∑ xLP = ∑7!∈xLP%! ≥ ∑7!∈xLP:7!8"#
%!, because it’s a subset of xLP

             ≥ ∑7!∈xLP:7!8"#
(
), because each %!  is at least ()

             = (
) %! ∈ xLP: %! ≥ (

) = ?

If %! ≥ (
), add vertex - 

to our subset /.+



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

How does ∑ xLP relate to ALG?

 ∑ xLP = ∑7!∈xLP%! ≥ ∑7!∈xLP:7!8"#
%!, because it’s a subset of xLP

             ≥ ∑7!∈xLP:7!8"#
(
), because each %!  is at least ()

             = (
) %! ∈ xLP: %! ≥ (

) = (
) ALG

If %! ≥ (
), add vertex - 

to our subset /.+

00



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

What is the relationship between ALG and OPT?

If %! ≥ (
), add vertex - 

to our subset /.+



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

What is the relationship between ALG and OPT?

 ∑ xLP ≥ (
) ALG and ∑ xLP ≤ OPT

If %! ≥ (
), add vertex - 

to our subset /.+



Vertex Cover ILP

Objective: min∑! %!
Subject to: %! + %" ≥ 1, for each edge 3 = -, 5
    0 ≤ %! ≤ 1, for each vertex -

What is the relationship between ALG and OPT?

 ∑ xLP ≥ (
) ALG and ∑ xLP ≤ OPT

 ALG ≤ 2 OPT

If %! ≥ (
), add vertex - 

to our subset /.+



Set Cover ILP

Set Cover: Given a universe of elements . and sets /, find the smallest 
subset of / such that every element in . is in some selected subset.

+ = 1, 4, 7, 8, 10

0 = 1, 7, 8 , 1, 4, 7 ,
7, 8 , 4, 8, 10



Set Cover ILP

Set Cover: Given a universe of elements . and sets /, find the smallest 
subset of / such that every element in . is in some selected subset.

+ = 1, 4, 7, 8, 10

0 = 1, 7, 8 , 1, 4, 7 ,
7, 8 , 4, 8, 10

ILP?



Set Cover ILP

Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    %# ∈ 0,1 , for each set 1

Set Cover: Given a universe of elements . and sets /, find the smallest 
subset of / such that every element in . is in some selected subset.

+ = 1, 4, 7, 8, 10

0 = 1, 7, 8 , 1, 4, 7 ,
7, 8 , 4, 8, 10



Set Cover ILP

Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    %# ∈ 0,1 , for each set 1

Set Cover: Given a universe of elements . and sets /, find the smallest 
subset of / such that every element in . is in some selected subset.

Objective: min $8 + $9 + $: + $;
Subject to: $8 + $9 ≥ 1
   $9 + $; ≥ 1
   $8 + $9 + $: ≥ 1
   $8 + $: + $; ≥ 1
   $; ≥ 1
   $8, $9, $:, $; ∈ 0,1

Example:
+ = 1, 4, 7, 8, 10

0 = 1, 7, 8 , 1, 4, 7 ,
7, 8 , 4, 8, 10



Set Cover ILP

If %# ≥ (
), add set 1 

to our subset /9:; .+Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    0 ≤ %# ≤ 1, for each set 1



Set Cover ILP

Could this lead to an invalid solution?

+Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    0 ≤ %# ≤ 1, for each set 1

If %# ≥ (
), add set 1 

to our subset /9:; .



Set Cover ILP

Could this lead to an invalid solution?

Objective: min $8 + $9 + $: + $;
Subject to: $8 + $9 + $: ≥ 1
   $8 + $9 + $; ≥ 1
   $8 + $: + $; ≥ 1
   $9 + $: + $; ≥ 1
   $8, $9, $:, $; ∈ 0,1

+ = 1, 2, 3, 4

0 = 1,2,3 , 1,2,4 ,
1,3,4 , {2,3,4}

+Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    0 ≤ %# ≤ 1, for each set 1

If %# ≥ (
), add set 1 

to our subset /9:; .



Set Cover ILP

Could this lead to an invalid solution?

Objective: min $8 + $9 + $: + $;
Subject to: $8 + $9 + $: ≥ 1
   $8 + $9 + $; ≥ 1
   $8 + $: + $; ≥ 1
   $9 + $: + $; ≥ 1
   $8, $9, $:, $; ∈ 0,1

+ = 1, 2, 3, 4

0 = 1,2,3 , 1,2,4 ,
1,3,4 , {2,3,4}

Yes, in this case %# = (
5 , ∀1 ⇒ No sets are selected (invalid solution).

+Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    0 ≤ %# ≤ 1, for each set 1

If %# ≥ (
), add set 1 

to our subset /9:; .



Set Cover ILP

?+Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    0 ≤ %# ≤ 1, for each set 1



Set Cover ILP

+Objective: min∑# %#
Subject to: ∑#:	&∈# %# ≥ 1, for each 0 ∈ .
    0 ≤ %# ≤ 1, for each set 1

Add set 1 to our subset 
/9:;  with probability of %#.


