
A New Paradigm for Multi
ow in Wireless Networks:
Theory And Applications

Peng-Jun Wan

wan@cs.iit.edu

Peng-Jun Wan (wan@cs.iit.edu) A New Paradigm for Multi
ow in Wireless Networks: Theory And Applications 1 / 22



Outline

Introduction

An Adaptive Coupled Game

Maximum Concurrent Multi
ow

Summary

Peng-Jun Wan (wan@cs.iit.edu) A New Paradigm for Multi
ow in Wireless Networks: Theory And Applications 2 / 22



Multi
ow in Wireless Networks

Multihop wireless network: (V ,A, I)

k unicast requests f(sj , tj ; dj ) : j 2 [k ]g

Fj : the set of 
ows of the j-th request
A k-
ow is a sequence f = hf1, f2, � � � , fk i with fj 2 Fj 8j 2 [k ]
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MCMF in Wireless Networks

A MAC-layer link schedule S of unit length yields a link capacity
function cS on A

Cross-layer optimization

Given k requests f(sj , tj ; dj ) : j 2 [k ]g, �nd a link schedule S
of unit length and a k-
ow (f1, � � � , fk) with ∑j2[k ]fj � cS such
that

min
j2[k ]

val (fj ) /dj

is maximized.

NP-hard
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Past Center of Focus: Approximation Bound

Traditional LP methods

Constant or logarithmic approximation bounds

Computationally ine�cient
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A New Combinatorial Paradigm

A: µ-approximation algorithm for MWIS

Given a non-negative weight function w on A, �nd an
independent subset I of A with maximum total weight

∑a2Iw (a).

ε 2 (0, 1/2]: trade-o� between accuracy and e�ciency
(1+ 2ε) µ-approx. alg. for MCMF by making

O
�
ε�2
�
calls to A

O
�
ε�2
�
calls to Disjkstra's shortest-path algorithm
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Applications

MCMF in SC-SR wireless networks under physical interference model

MCMF in MIMO wireless networks
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An Adaptive Coupled Game: Rules

a set E of m agents vs. an adversary

Each agent e 2 E has a weight y (e) = 1
Sequential game round:

The adversary picks a pro�t p 2 RE+ and a loss l 2 RE+ subject to

Normalization Rule: kp � lk∞ = 1.
Generalized Zero-Sum Rule: hy , p � li � 0

The agents update y according to the MWU Rule:

y (e) y (e) (1� ε (p (e)� l (e))) , 8e 2 E
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Analysis of The Game

P (e): cumulative pro�t of e

L (e): cumulative loss of e

Theorem

At the end of each round,

ln (1+ ε)

ln (1� ε)�1
L (e)� P (e) � lnm

ln (1� ε)�1
, 8e 2 E
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Overview of Algorithm Design

Flow And Primary LS Stage: Compute a multi
ow f and a primary
LS Γ (and the link transmission capacity g 2 RA

+ served by Γ) by
successively

computing a sequence of shortest paths & 
ow amounts routed along
them
computing a sequence of approximate MWISs & their durations

Complementary LS Stage: Compute a greedy LS Γ0 of the \de�cit"
demands between

ln(1+ε)

ln(1�ε)�1
f and g .

Scaling Stage: Down scale both ln(1+ε)

ln(1�ε)�1
f and Γ [ Γ0 by kΓ [ Γ0k

and then return them.
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Technical Issues Yet to Be addressed

What is an appropriate length/weight of a link?

How much 
ow should be routed along those shortest paths?

How much is the duration of an IS?

How many augmentations are needed?
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Interpretation as An Adaptive Coupled Game

Each link a 2 A $ an agent

Each iteration $ a game round

Link length/weight $ weight of agent

Agent: WMU Rule

Adversary: At the end of each round,

cumulative pro�t of a = g (a)

cumulative loss of a = ∑
j2[k ]

fj (a) .
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Pro�ts/Losses Generation In Each Round

I  a y -weighted IS in I output by A;
8j 2 [k ], Pj  a shortest j-path w.r.t. y ;

Γ is augmented by (I , δ)

pro�t of a 2 A: δ jfag \ I j
f is augmented by a multi
ow along Pj 8j 2 [k ] of concurrency λδ

loss of a 2 A: λδ ∑kj=1 dj
��fag \ Pj ��

By the Generalized Zero-Sum Rule

λ min

(
λ,

y (I )

∑j2[k ] djy (Pj )

)

Initially, λ ∞

By the Normalization Rule

δ 1

maxa2A
���jfag \ I j � λ ∑k

j=1 dj jfag \ Pj j
���
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Augmentation And MWU

Γ Γ [ f(I , δ)g;
8a 2 I , g (a) g (a) + δ;
8j 2 [k ] and 8a 2 Pj , fj (a) fj (a) + λδdj ;

8a 2 A, y (a) y (a)
�
1� εδ

�
jfag \ I j � λ ∑j2[k ] dj jfag \ Pj j

��
;
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Concurrency And De�cit Demands

Concurrency of
ln(1+ε)

ln(1�ε)�1
f : at least

ln (1+ ε)

ln (1� ε)�1
opt

µ

De�cit demand d 0 2 RA
+:

d 0 (a) = max

(
0,

ln (1+ ε)

ln (1� ε)�1
λ ∑
j2[k ]

fj (a)� g (a)
)
, 8a 2 A

invariant property

d 0 (a) � lnm

ln (1� ε)�1
, 8a 2 A
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+:

d 0 (a) = max

(
0,

ln (1+ ε)

ln (1� ε)�1
λ ∑
j2[k ]

fj (a)� g (a)
)
, 8a 2 A

invariant property

d 0 (a) � lnm

ln (1� ε)�1
, 8a 2 A
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Fast Computation of Complementary LS

J : a greedy partition of A into independent sets

l : jJ j

Construction of Γ0

Γ0  ∅;
for each J 2 J do

δ0  maxa2J d 0 (a);
if δ0 > 0 then Γ0  Γ0 [ f(J, δ0)g;



Γ0


 = ∑

J2J
max
a2J

d 0 (a) � l lnm

ln (1� ε)�1
.
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Scaled Concurrency And Termination Criteria

Concurrence of 1
kΓ[Γ0k

ln(1+ε)

ln(1�ε)�1
f : at least

kΓk
kΓ [ Γ0k

ln (1+ ε)

ln (1� ε)�1
opt

µ
� 1

1+
l lnm

ln(1�ε)�1

kΓk

ln (1+ ε)

ln (1� ε)�1
opt

µ

Termination criteria: To ensure the scaled concurrency � opt
(1+2ε)µ

µ,

terminates when

kΓk � l lnm

(1+ 2ε) ln (1+ ε) + ln (1� ε)
,
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Upper Bound on # of Iterations

hj : the hop number of a min-hop path of the j-th request for each
j 2 [k ]
α: the size of a maximum-sized independent set of A

In each iteration

δ � 1

max
n
1, α
minj2[k ] hj

o .
# of iterations at most

max
n
1, α
minj2[k ] hj

o
l lnm

(1+ 2ε) ln (1+ ε) + ln (1� ε)

= O

 
ε�2max

(
1,

α

minj2[k ] hj

)
l lnm

!
.
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Roadmap

Introduction

An Adaptive Coupled Game

Maximum Concurrent Multi
ow

Summary
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Summary

Combinatorial reduction from cross-layer MCMF to

link-layer MWIS
network-layer Shortest Path

Faster and simpler

Primary LS and complementary LS

An adaptive coupled game
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