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The LP is unbounded!
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Degeneracy

Degenerate dictionary: A dictionary in which one of the  
variables becomes zero.

bi

Equivalently: In a basic feasible solution, one of the basic 
variables is 0.

Degenerate Pivot: The entering variable stays at 0 without 
increasing. 

“Degenerate pivots are quite common and usually 
harmless.”
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We can now increase  to x1 x1 = 2
The pivot is not degenerate!
It will actually lead to a final dictionary, and an optimal solution.
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If this happens, the algorithm would never terminate!
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Cycling

In theory: Cycling can happen. 

In practice: Cycling rarely happens.

But non-degenerate pivots are quite common.

Can we avoid cycling in theory too?

Bland’s rule: For both the entering variable and the leaving 
variable, choose the one with the smallest index. 
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Geometry 
Every constraint corresponds to a hyperplane, which defines a halfspace. 

The intersection of those halfspaces is the feasible region, which is a 
polyhedron (or polytope). 

The part of each hyperplane that intersects with the feasible region is 
called a facet. 

A facet corresponds to a constraint satisfied with equality, e.g., 
x1 + 2x3 = 3

In terms of the dictionary, a facet corresponds to the corresponding 
variable (original or slack) being .0



Geometry 

Consider an LP with three variables .


In terms of the dictionary, a facet corresponds to the 
corresponding variable (original or slack) being .


An edge corresponds to two variables being 0. 


A vertex corresponds to three variables being 0. 


x1, x2, x3

0



Geometry 

2x1 + 3x2 + x3 ≤ 5
4x1 + x2 + 2x + 3 ≤ 11
3x1 + 4x2 + 2x3 ≤ 8

Maximise 5x1 + 4x2 + 3x3

subject to

x1, x2, x3 ≥ 0

⏞
 

corresponds to the intersection of 
these three hyperplanes.

w1 = w2 = w3 = 0
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Simplex Running Time
First: Simplex is a method, not an algorithm, parameterised by the pivoting rule.

Bad news: None of the known pivoting rules are known to result in a 
polynomial-time algorithm.

More bad news: Most of the known pivoting rules have been shown to result in 
exponential running time.

Good news: In practice the algorithm is quite efficient/fast.

More good news: “Beyond the worst-case analysis” shows that the algorithm is 
also efficient in theory.

Even more good news: We have other algorithms that run in worst-case 
polynomial running time (Ellipsoid Method, Interior Point Methods). 
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Duality
Suppose that we have a linear program, which we will refer to 
as the primal.

We will construct another linear program, which we will refer to 
as the dual.

The variables of the primal become the constraints of the dual 
and vice-versa.

Maximisation becomes minimisation.

The two linear programs will have a very important connection.



Duality
maximise

nX

j=1

cjxj

subject to
nX

j=12
↵ijxj  bi, i = 1, ...,m

xj � 0, j = 1, ..., n
<latexit sha1_base64="OJUrGAuepNCjFAKL935tA36jFgU="></latexit>

The Primal

minimize
mX

i=1

biyi

subject to
mX

i=1

↵ijyi � cj , i = 1, ..., n

yj � 0, j = 1, ...,m
<latexit sha1_base64="09tjMRPTd1D2A/Hfi4Mw2q9/SIM="></latexit>

The Dual



Weak Duality

Let x be any feasible solution to the Primal and let y be any 
feasible solution to the Dual. Then we have that  
 
                            value(x) ≤ value(y)



Weak Duality
Fact 3: Let f by any (s-t) flow and (S, T) be any (s-t) cut. Then 
v(f) ≤ c(S, T).
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Strong Duality

Let x be any feasible solution to the Primal and let y be any 
feasible solution to the Dual. If 
 
                            value(x) = value(y) 
 
then x and y are both optimal solutions.
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How can we prove that a solution x to the primal is 
maximum?
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The Max-Flow Min-Cut Theorem

Theorem: In every flow network, the value of the maximum 
flow is equal to the capacity of the minimum cut.


This is a consequence of the strong duality theorem for 
linear programs!
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As a matter of fact…

The Simplex method starts from some feasible solution 
(possibly the point (0, …. , 0)).

It improves the solution in every step (via pivoting) until it 
can no longer be improved.

To prove that the solution is optimal, we use duality.

Do you know of any other algorithms for which the same 
principle applies?



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>

total flow out of s



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>

total flow out of s



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>

total flow out of s total flow into s



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>

total flow out of s total flow into s



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>

total flow out of s total flow into s

capacity constraint



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>

total flow out of s total flow into s

capacity constraint



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>

total flow out of s total flow into s

capacity constraint

flow

conservation



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.


“Maximise the flow, subject to capacity and flow conservation constraints”.

maximise
X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
<latexit sha1_base64="RXvsCXRoOTBG+bJbHd0s/IGHup4="></latexit>

total flow out of s total flow into s

capacity constraint

flow

conservation



Maximum Flow as an LP
We can write the maximum flow problem as a linear problem.
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capacity constraint

flow

conservation

non-negative flow



Constructing the dual

minimise
X

(u,v)2E

cuvduv

subject to duv � zu + zv � 0 for each (u, v) 2 E, u 6= s, v 6= t

dsu + zv � 1 for each (s, u) 2 E

dut � zu � 0 for each (u, t) 2 E

duv � 0, for each (u, v) 2 E
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in T, then duv must be 1.



Constructing the dual

minimise
X

(u,v)2E

cuvduv

subject to duv � zu + zv � 0 for each (u, v) 2 E, u 6= s, v 6= t

dsu + zv � 1 for each (s, u) 2 E

dut � zu � 0 for each (u, t) 2 E

duv � 0, for each (u, v) 2 E
<latexit sha1_base64="MLfJK5ml4aavj3vpYqoZqLtRGE0="></latexit>

zu � 0 for each u 2 V � {t, s}
<latexit sha1_base64="rufyxduTfvrZxKU5nbs1G4d5UYM=">AAACGHicbVC7TsNAEDzzDOEVoKQ5ESFRQLADEpQRNJQgkQQpjqLzZZ2cOJ/N3RoRrHwGDb9CQwFCtHT8DeckBa/ZZjSzq92dIJHCoOt+OlPTM7Nz84WF4uLS8spqaW29YeJUc6jzWMb6KmAGpFBQR4ESrhINLAokNIPr09xv3oI2IlaXOEigHbGeEqHgDK3UKe3fd1Lq9+CGutTPC+EOszDWFBjv0yG1rlC0sednuGv8YadUdivuCPQv8SakTCY475Q+/G7M0wgUcsmMaXlugu2MaRRcwrDopwYSxq9ZD1qWKhaBaWejx4Z02ypdml8TxgrpSP0+kbHImEEU2M6IYd/89nLxP6+VYnjczoRKUgTFx4vCVFKMaZ4S7QoNHOXAEsa1sLdS3meacbRZFm0I3u+X/5JGteIdVKoXh+XaySSOAtkkW2SHeOSI1MgZOSd1wskDeSIv5NV5dJ6dN+d93DrlTGY2yA84H1/mgZ5z</latexit>

This is 1 if u is in S and v is in T 
and 0 otherwise.

duv 2 {0, 1}, for each (u, v) 2 E
<latexit sha1_base64="p9e3CKdhh3UJYhs/04PNxeLuzUg="></latexit>

This is 1 if u is in S and 0 otherwise.

zu 2 {0, 1}, for each u 2 V � {s, t}
<latexit sha1_base64="KdJPHsyDtdwEdQZYHpXPm9QB83k="></latexit>

If u is in S and v is  
in T, then duv must be 1.

If v is in T then dsv must be 1.



Constructing the dual

minimise
X

(u,v)2E

cuvduv

subject to duv � zu + zv � 0 for each (u, v) 2 E, u 6= s, v 6= t

dsu + zv � 1 for each (s, u) 2 E

dut � zu � 0 for each (u, t) 2 E

duv � 0, for each (u, v) 2 E
<latexit sha1_base64="MLfJK5ml4aavj3vpYqoZqLtRGE0="></latexit>

zu � 0 for each u 2 V � {t, s}
<latexit sha1_base64="rufyxduTfvrZxKU5nbs1G4d5UYM=">AAACGHicbVC7TsNAEDzzDOEVoKQ5ESFRQLADEpQRNJQgkQQpjqLzZZ2cOJ/N3RoRrHwGDb9CQwFCtHT8DeckBa/ZZjSzq92dIJHCoOt+OlPTM7Nz84WF4uLS8spqaW29YeJUc6jzWMb6KmAGpFBQR4ESrhINLAokNIPr09xv3oI2IlaXOEigHbGeEqHgDK3UKe3fd1Lq9+CGutTPC+EOszDWFBjv0yG1rlC0sednuGv8YadUdivuCPQv8SakTCY475Q+/G7M0wgUcsmMaXlugu2MaRRcwrDopwYSxq9ZD1qWKhaBaWejx4Z02ypdml8TxgrpSP0+kbHImEEU2M6IYd/89nLxP6+VYnjczoRKUgTFx4vCVFKMaZ4S7QoNHOXAEsa1sLdS3meacbRZFm0I3u+X/5JGteIdVKoXh+XaySSOAtkkW2SHeOSI1MgZOSd1wskDeSIv5NV5dJ6dN+d93DrlTGY2yA84H1/mgZ5z</latexit>

This is 1 if u is in S and v is in T 
and 0 otherwise.

duv 2 {0, 1}, for each (u, v) 2 E
<latexit sha1_base64="p9e3CKdhh3UJYhs/04PNxeLuzUg="></latexit>

This is 1 if u is in S and 0 otherwise.

zu 2 {0, 1}, for each u 2 V � {s, t}
<latexit sha1_base64="KdJPHsyDtdwEdQZYHpXPm9QB83k="></latexit>

If u is in S and v is  
in T, then duv must be 1.

If v is in T then dsv must be 1.

If u is in S then dut must be 1.



Minimum Cut as an ILP

minimise
X

(u,v)2E

cuvduv

subject to duv � zu + zv � 0 for each (u, v) 2 E, u 6= s, v 6= t

dsu + zv � 1 for each (s, u) 2 E

dut � zu � 0 for each (u, t) 2 E

duv � 0, for each (u, v) 2 E
<latexit sha1_base64="MLfJK5ml4aavj3vpYqoZqLtRGE0="></latexit>

zu � 0 for each u 2 V � {t, s}
<latexit sha1_base64="rufyxduTfvrZxKU5nbs1G4d5UYM=">AAACGHicbVC7TsNAEDzzDOEVoKQ5ESFRQLADEpQRNJQgkQQpjqLzZZ2cOJ/N3RoRrHwGDb9CQwFCtHT8DeckBa/ZZjSzq92dIJHCoOt+OlPTM7Nz84WF4uLS8spqaW29YeJUc6jzWMb6KmAGpFBQR4ESrhINLAokNIPr09xv3oI2IlaXOEigHbGeEqHgDK3UKe3fd1Lq9+CGutTPC+EOszDWFBjv0yG1rlC0sednuGv8YadUdivuCPQv8SakTCY475Q+/G7M0wgUcsmMaXlugu2MaRRcwrDopwYSxq9ZD1qWKhaBaWejx4Z02ypdml8TxgrpSP0+kbHImEEU2M6IYd/89nLxP6+VYnjczoRKUgTFx4vCVFKMaZ4S7QoNHOXAEsa1sLdS3meacbRZFm0I3u+X/5JGteIdVKoXh+XaySSOAtkkW2SHeOSI1MgZOSd1wskDeSIv5NV5dJ6dN+d93DrlTGY2yA84H1/mgZ5z</latexit>

duv 2 {0, 1}, for each (u, v) 2 E
<latexit sha1_base64="p9e3CKdhh3UJYhs/04PNxeLuzUg="></latexit>

zu 2 {0, 1}, for each u 2 V � {s, t}
<latexit sha1_base64="KdJPHsyDtdwEdQZYHpXPm9QB83k="></latexit>



LP-relaxation

An LP-relaxation of an Integer Linear Program is a linear 
program which is identical to the ILP, except all the 
integrality constraints have been removed (“relaxed”), or 
replaced with non-integral constraints.
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For a maximisation problem:

The optimal value of the ILP is not larger than the optimal 
value of the LP-relaxation.

The ratio  
 
max_value(LP-relaxation) / max_value(LP)  
 
is called the integrality gap of the LP-formulation.
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Let’s put some facts together.

The Max-Flow LP and the Min-Cut LP-relaxation are duals of each other.

By strong duality, it holds that the optimal value of the Max-Flow LP is equal to 
the optimal value of the Min-Cut LP-relaxation.

By the Max-Flow-Min-Cut Theorem, the value of the maximum flow is equal to 
the capacity of the minimum cut.

That can only mean one thing:

The value of the Min-Cut LP-relaxation is equal to the value of the Min-Cut LP.

In other words, the Min-Cut LP-formulation has integrality gap 1.

In other words, the Min-Cut LP has an integer optimal solution.



Back to Maximum Flow

What if we wanted an integer flow instead of any flow?
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X

v2V

fsv �
X

v2V

fvs

subject to fuv  cuv, for each u, v 2 V
X

v2V

fvu =
X

v2V

fuv, for each u 2 V � {s, t}

fuv � 0, for each u, v 2 V
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LPs for Max-Flow and Min-Cut
The Max-Flow problem for integer flows can be written as an 
ILP.

The Min-Cut problem can be written as an ILP (cuts are always 
integers).

We can write the LP-relaxations of those two ILPs.

For Max-Flow, it finds the maximum fractional flow.

For Min-Cut, it finds the minimum “fractional” cut.

If we solve those LP-relaxations, we will get integer solutions.
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Let A be a real m x n matrix. Suppose that every square 
submatrix of A has determinant in {0, +1, -1}. Then A is 
totally unimodular.

det(A’)



Total Unimodularity
If the constraint matrix A is totally unimodular and b is an 
integer vector, then the LP has an integer solution.


The Max-Flow and Min-Cut LP-relaxations admit integer 
solutions because their constraint matrices are totally 
unimodular.

maximise cTx

subject to Ax  b,

x � 0
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To be more precise
Lemma: Suppose A is a totally unimodular matrix and b is 
an integer vector. Then every extreme point of  
 
P = {x: Ax < b} is integral. 

Claim: Suppose A is totally unimodular. Then the matrix 
A’ = (A -A I - I)T is also totally unimodular. 

Corollary: Suppose A is a totally unimodular matrix and b is 
an integer vector. Then every extreme point of  
 
P = {x: Ax = b, 0 ≤ x ≤ c} is integral. 
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Back to maximum flow
• Consider the incidence matrix of the flow network (without s and t):


• Aij = 1 if edge j starts at node i in Gf.
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Back to maximum flow
Consider the incidence matrix of the flow network (without s and t):

This is precisely the matrix A of the max flow LP.

It suffices to prove that A is totally unimodular, by Corollary.

Lemma: The incidence matrix of any directed graph is totally unimodular.

Nodes/Edges j k

i 1 -1


