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e e e S eGSR e e e A

by — )] o Which packet should
hy—{ E be sent next to output N?
/lu'-'l‘." _pl 'T,'[;"'c'- O GOGIS?
| - High Throughput
) s ) Fai
122 — Xy - rairness
L —- - Low Delays
/ N — X N
! | o Classical Answer:
5' - Maximum Weighted Matching
j""""_' W] Much Too Complex!
ML | o Simpler Answer:
U | - Adaptive Random Requests
[ ) N
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Switch
Adaptive Random Requests:

o Input 1: Select random delay with
mean exp{- aX;;} for every |

o If minimum delay is for j, input 1
checks if output j is busy

- If not, it sends a packet 1o |

- If yes, it repeats

o Same for the other inputs

o Basic Idea: Favor larger backlogs
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Switch

Adaptive Random Requests:

N B

I”

-»..__i-»...__.
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. o0 Results:

Ly —>

v Essentially 100% throughput

-'.'l_i.'"'-.l

21 —*

-rg lIil'

22 .

X22

v’ Delays can be controlled if we accept

a small throughput reduction

A Y —
il

- .!L £ ,':"I.'r

v Works with variable packet lengths

NI —™

XN]

v Fairness? Next slide.

-'.'l_i:"l-.l

‘N2

X2

A ,':I'l.'r,':l'l.'r .
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SR R TR B 1 amae e o

Adap’rlve Random | Reques’rs
o Fairness:

* Requires congestion control
» Input ij reduces A;; if X;; increases

» Choose A;; fo maximize

uij(}‘“ij) = BXiiAi;

e Result:

» Essentially maximizes 2-u; (k )
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_Ad Hoc Network
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12Mbps | 10Mbps |
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~ Ad Hoc Network
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~ Ad Hoc Network

12.(9 - 7) A 10.(7 - 5)
< 5.(9-4)=25 l < 8.(5-2)=24
Random T 8
' R
Mean e I ag( Mean o<
A 5T
B—"E 12Mbps =1 10Mbps 5
T S ¢8Mbps
T
5Mbps 2
4

— |
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~ Ad Hoc Network

12Mbps_

10Mbps_

—
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Say that S< T
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Ad Hoc Network

Admlssmn Con’rrol:

A maximizes
UB(k) - Bg}\

I
I
I
I
I
I
I
\4

B—{ 9

S5Mbps

12Mbps_

10Mbps_

A maximizes

ua(r) - p8A
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Ad Hoc Network

12Mbps_

S5Mbps

10Mbps_

Result:

Essentially maximizes the
sum of flow utilities

8M

i
z
-

3
4

Y

1

5

Note: Integrates

- congestion control
- routing
- MAC scheduling
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~ Ad Hoc Network

Queue Lengths

Link 2 Link 6 | =
400 - =t : : : : { e Link 2 |-
/\/ . 1/ "ﬁ\‘#’\. , A | = |

A . . : Link 5
Link 1 Link 3 mr e : ‘*‘{ﬁ. : : | = Link 6 |.:

B :‘~._ -.NE.?- - .
250 - Vo - J -'..“:. : ; ;
oV N,
Llnk 5 L|nk 4 150 - . ; '“f’,' ; “’:(.,“.

A=0.98* | ' )
(0.5,0.2,0.5,0.3,0.5,0.3) 4 ¢ 7 " u % h

Network Time

—

.I.

A = 0.98*(convex combination of maximal independent sets)

0.2*{1, 3} + 0.3%{1, 4, 6} + 0.3*{3, b} + 0*{2, 4} + 0.2*{2, 5}
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Ad Hoc Ne‘rwork
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Resour'ce Alloccmon

e i —— T - o = =

. Many users compe’re for
resources

*CPU, Memory in Cloud Users Resources
*Energy
*Wireless Channels B

* For scalability, the

protocols must be =

distributed

* The protocols should be -
efficient and strategy-

proof BV

« Optimal allocation is NP-

hard and requires full -

knowledge
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Resource Allocation

* Replace

MAX Z.u(x.) Users Resources
by
MAX Zui(x;) + BH(p) B

H = entropy of allocation

* Magic: ]
From NP-hard, the problem
becomes
 Distributed B
* Easy
The solution is B
O(T/B)-optimal
T = mixing time ....
Bounds on T based on topology of
resource conflicts.
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Resource Allocation

R T TR TR — . S T e e I Y B 7 = et

Users Resources

g

USER i:

o X maximizes D
u;(x) - Bxq

o R = request rate

s exp{ aq ) .

RESOURCE ALLOCATION: A
o Grant requested resources N
if they are all available
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Resource Alloca’rlon

S ey e ol . N e S —— . T

What about s’rra’reglc users?

Users Resources
USER i I R
o Charge Bxq -
Intuition: _
o Greed is expensive ~.

RESULT:

o Under reasonable N -
assumptions ....

Scheme is (1/n3)-NASH
equilibrium; n = # users.

(Price is almost VCG.)
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Processing Networks

Time: 543210

_Emwm, T A Task: 1 from queue 1;
_ EmE, - Task B: 1 from all queues;

B
N 4 C Task C: 1 from queue 3
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Processing Networks

Time: 543210

_Emwm, T A Task: 1 from queue 1;
_ EmE, - B Task B: 1 from all queues;
N A C Task C: 1 from queue 3
MWM

A

) .
T:O — IEB
N C
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Processing Networks

Time: 543210

s E E BN

A
:>B

N BN

i H H EEN

/e

MWM

T=1-

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

A
;B
C

Walrand - 9/2011



Processing Networks

Time: 543210

_Emwm, T A Task: 1 from queue 1;
_ EmE, - B Task B: 1 from all queues;
N A C Task C: 1 from queue 3
MWM
A

T=1 — IEB
_ = C
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Processing Networks

Time: 543210

s E E BN

N BN

i H H EEN

MWM

T=2-

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

A

>
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Processing Networks

Time: 543210

_Emwm, T A Task: 1 from queue 1;
_ EmE, - B Task B: 1 from all queues;
N A C Task C: 1 from queue 3
MWM

A

R -
T=2 > IIEB
. C
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Processing Networks

Time: 543210

s E E BN

N BN

A
:>B

i H H EEN

/e

MWM

T=3-

. e

.

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

A
B
C

Maximum Weighted Matching is not stable.
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Processing Networks

Time: 543210

s E E BN

N BN

A
:>B

i H H EEN

/e

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

DWM: Use MWM based on Virtual Queues
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Processing Networks

Time: 543210

s E N BN

N BN

A
:>B

i H H EEN

/e

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

DWM: Use MWM based on Virtual Queues

T=0-

-
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Processing Networks

Time: 543210

s E N BN

N BN

A
:>B

i H H EEN

/e

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

DWM: Use MWM based on Virtual Queues

T=0

-
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Processing Networks

Time: 543210

s E N BN

N BN

A
:>B

i H H EEN

/e

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

DWM: Use MWM based on Virtual Queues

T=1-

-
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Processing Networks

Time: 543210

s E N BN

N BN

A
:>B

i H H EEN

/e

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

DWM: Use MWM based on Virtual Queues

T=1

—»{( ]
—»{0 [ ]
—»{0 [ ]

-
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Processing Networks

Time: 543210

s E N BN

N BN

A
:>B

i H H EEN

/e

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

DWM: Use MWM based on Virtual Queues

T=2-

—»{( ]
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Processing Networks

Time: 543210

s E N BN

N BN

A
:>B

i H H EEN

/e

Task: 1 from queue 1;
Task B: 1 from all queues;
Task C: 1 from queue 3

DWM: Use MWM based on Virtual Queues

T=2

-
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Processing Networks

Time: 543210

_Emwm, T A Task: 1 from queue 1;
_ EmE, - B Task B: 1 from all queues;
N A C Task C: 1 from queue 3

DWM: Use MWM based on Virtual Queues

T=3- —» 0 O O

—»0 1] %.

—{ -1 [ ]

Deficit Maximum Weighted Matching is stable.
[Proof: Lyapunov argument.]
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Processing Networks

D R S Parts arrive
(- ===~ at 1 & 2 with rate A1
T and at 5 with rate Az

Az 5 A
) .@ — I 4 ) >
N/

(a) Network

Task 2 consumes one
part from 2 and one

— — ) from 3; ...
’ Tasks 1-2, 1-3, 3-4
@ conflict
— Algorithm stabilizes the
queues and achieves
the max. utility
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Mathematical Ideas

For distributed allocations there are three ideas:

* Random access protocols maximize the entropy subject to
average allocation rates

* The dual gradient algorithm to solve this problem calculates
the optimal access rates

* The implementable algorithm is a stochastic approximation
version of the dual gradient algorithm

For processing networks, there is one idea:
* The virtual queues are stable, by Lyapunov.

These four ideas are in Libin Jiang's thesis. See monograph.

Walrand - 9/2011



Maximum Entropy

Consider:

Maximize H (7 Z 7(S) log 7 (

Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
{Sli€S} S

Walrand - 9/2011



Maximum Entropy

Consider:
Maximize H (7 Z'rr )log (S
Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
{S|j€S} S

Lagrangian:

L(m,r) = — Z S) log (S ZT‘J [A; — Z 7(S)] + TO[Z 7(S) —
S

S {SliesS}
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Maximum Entropy

Consider:

Maximize H (7 Z 7(S) log 7 (

Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
S

{Slies}
Lagrangian:
L(m,r) = — Z S) log (S ZT‘J [A; — Z 7(S)] + TO[Z 7(S) —
S {S|j€S} S
67T(850)L(7r’ r) = —1—logm(So) + {jljze;go} ri+ro=0
= m(S) = K. exp{ Z 7}

{7li€S}
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Maximum Entropy

Consider:

Maximize H (7 Z 7(S) log 7 (

Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
S

{Slies}
Lagrangian:
L(m,r) = — Z S)logn(S Z’"J [Aj — Z m(S)] + TO[Z m(S) —1]
S {S|jesS} 8
avr((aSo)L(W’T) B {jljze;?o}rj e
= m(S) = K. exp{ Z T} = CSMA with R; = exp{r;}

{7785}
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Maximum Entropy

Consider:

Maximize H (7 Z 7(S) log 7 (

Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
S

{SlieS}
Lagrangian:
L(m,r) = — Z S) log 7(S ZT‘J [A; — Z 7(S)] + TO[Z 7(S) — 1]
S {Slies} S
0

L(m,r) = —1 —logn(Sy) + Z ri+ro=20
{7li€Sou}
s n(S)=K.exp{ Y r} = CSMA with R; = exp{rj}
Question: What'ére the rj?
Answer: rj® aX; (if A €DN)

67’(‘(50)
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Maximum Entropy
Consider:

Maximize H (7 Z 7(S) log 7 (

Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
{Sli€S} S

Gradient to find Lagrange multipliers

=Y w(S)logn(S) =D il — D w(S)]+rod 7(S) -
S j S

{SljeS}
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Maximum Entropy
Consider:

Maximize H (7 Z'rr )log (S
Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
{Sli€S} S

Gradient to find Lagrange multipliers

=Y w(S)logn(S) =D il — D w(S)]+rod 7(S) -
S j S

{SljeS}

ri(n+1) = [r;(n) + a(n){X; — s;(7(n))}*
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Maximum Entropy
Consider:

Maximize H (7 Z'rr )log (S
Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
{Sli€S} S

Gradient to find Lagrange multipliers

=Y w(S)logn(S) =D il — D w(S)]+rod 7(S) -
S j S

{Slies}
ri(n+1) = [r;(n) + a(n){X; — s;(7(n))}*

rj(n+1) = [r;(n) + a(n){arrivals;(n) — services;(n)}]*
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Maximum Entropy
Consider:

Maximize H (7 Z 7(S) log 7 (

Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
{Sli€S} S

ri(n+1) = [rj(n) + a(n){arrivals;(n) — services;(n)}]*
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Maximum Entropy
Consider:

Maximize H (7 Z 7(S) log 7 (

Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
{Sli€S} S

ri(n+1) = [rj(n) + a(n){arrivals;(n) — services;(n)}]*
If a(n) = o

ri(n+1) & [rj(n) + e{arrivals;(n) — services;(n)}] "
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Maximum Entropy
Consider:

Maximize H (7 Z 7(S) log 7 (

Subject to s;(m) = Z m(S) > A;,Vj and ZW(S) =1
{Sli€S} S

ri(n+1) = [rj(n) + a(n){arrivals;(n) — services;(n)}]*
If a(n) = o
ri(n+1) = [r;(n) + a{arrivals;(n) — services;(n)}|*

Also, X;(n+1) = [X;(n) + {Arrivals;(n) — Services;(n)}]*"
Thus, r;(n) =~ aX;(n)
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Maximum Entropy
Consider:

Maximize H (7 Z 7(S) log 7 (

Subject to s;(m) = Z m(S) > A;,Vj and ZW(S)
S

{SlieS}

Theorem
* Solutionexistsif A € N

7(S) = K exp{ Z i}

o AISO, {Jljes}
’T'j ~ QfXj

= CSMA with R; = exp{aX}

* Moreover,

=1
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~ Conclusions

* Randcl)m allocations with adaptive requests rates are ¢-optimal
in utility

* The request rates increase with the backlog

* Congestion control imposes a price based on backlog in the
ingress node

* This price make the scheme almost strategy-proof in a large
system

* Processing networks are scheduled based on virtual queues

* These queues can become negative

Walrand - 9/2011



References

* CSMA & Product-Form
* R.R. Boorstyn et al, 1987
* X. Wang & K. Kar, 2005
* S.Liewetal.,, 2007
* MWM
* Tassiulas & Ephremides, 1992
* Primal-Dual Decomposition of NUM
* Kelly et al., 1998
* Chiang-Low-Calderbank-Doyle, 2007
* Backpressure Protocols + NUM
* Lin & Shroff, 2004

* Neely-Modiano-Li; Eryilmaz-Srikant; Stolyar 2005

Walrand - 9/2011



References

* Adaptive-CSMA
* Jiang, Walrand 2008
* Improvements of Adaptive-CSMA
* Ni-Tan-Srikant 2009 (Combined with LQF)
* Jiang-Shah-Shin-Walrand 2010 (Positive Recurrence)
* Adaptive-CSMA with collisions
* Ni-Srikant; Jiang-Walrand; Liu et al. 2009
* Implementations
* Warrier-Ha-Wason-Rhee, 2008*
* Lee-Lee-Yi-Chong-Proutiere-Chiang, 2009

Walrand - 9/2011



References

Monographs

* Jiang-Walrand. Scheduling and Congestion Control for
Wireless and Processing Networks. Morgan-Claypool 2010.

* Neely. Stochastic Network Optimization with Application to
Communication and Queueing Systems. Morgan Claypool 2010.

* Pantelidou-Ephremides. Scheduling in Wireless Networks.
NOW, 2011

Walrand - 9/2011



