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Presentation outline

« Cognitive radio equipment

- uew
@ ‘l‘.z'l.ﬂsn =‘ UNIVEF ,. TE m%
3 INSTITUTE OF ELECTRONICS AND TELECOMM e Supdec MW . RENNEST



e Simplified A cognitive radio
cognitive cycle equipment iIs made of

e signal processing
e radio for PHY layer
e also any other layer
processing
* flexible platform and processing
e multi-processing
* heterogeneous (DSP, FPGA...)
e adaptive signal processing
 sensing signal processing
* learning & decision making processing
* management architecture (HDCRAM)
e reconfiguration management
* cognitive management
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©) Learning and decision @

making

* Reinforcement learning
— try and evaluate approach
— exploration vs exploitation paradigm

e Multi-Armed Bandit (MAB) approach for
decision making & learning

o Upper Confidence Bound - UCB

— Context of high uncertainty — no a priori
knowledge

— very simple implementation
— UCB for opportunistic spectrum access (OSA)
— UCB In the context of sensing errors
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Presentation outline

 Decision making for cognitive radio
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Decision making - @

classification

 Depending on the degree of knowledge,
different decision making solutions may be
worth analyzing

— the more a priori knowledge =» left
— the more uncertainty=» right

Pure Optimization  Clustering + Predictive Partial
expert Exploration  some expert approach monitoring
approach approach knowledge approach

Full o priori I 1 | I I Lack of a priori
information <€ | | | | | > information

RKRL Genetic Evolving ANN and MAB based

algorithm connectionist  statistical Algorithms
systems approaches

[1] Wassim JOUINI, Christophe MQOY, Jacques PALICOT, "On decision making for
dynamic configuration adaptation problem in cognitive radio equipments: a multi-armed
bandit based approach,” 6th Karlsruhe Workshop on Software Radios, WSR'10,
Karlsruhe, Germany, March 2010
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Decision making for OSA @

 OSA: opportunistic spectrum access

e A secondary user (SU) may access the
spectrum dedicated to a primary user (PU)

 Hardest case: SU has no a priori knowledge of
channel occupancy when starting

e Learning issue is

— which Is the best channel choice next time | will
try to access the channel?

e Some kind of prediction

— channel which has the maximum of probability
to be vacant in the next instants?
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Presentation outline

o Example of an Opportunistic Spectrum
Access scenario
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Opportunistic Spectrum %

Access - OSA

* |n a radio network of primary users (PU)

e Secondary users (SU) are allowed to use
vacant channels

e At the condition that SUs leave the occupied
frequency as soon as a PU wants to use it

Frequency spectrum
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Secondary user requirement @

e Secondary users need to incorporate cognitive
radio (CR) features in the equipments

— Sensors
— reconfigurable radio capabillities

=» in addition to usual radio processing

e Sensor
— detection of primary user at the same frequency

e Reconfigurable operators
— carrier frequency, etc.

| Learning means tp predict the channels
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e Multi-Armed Bandit model
— reinforcement learning from machine learning

Pure Optimization  Clustering + Predictive Partial
expert Exploration  someexpert approach onitoring
approach approach knowledge approach

Full a priori I I | I | Lack of a priori
information <€ | | | | | information

RKRL Genetic Evolving ANN and MAB based

algorithm connectionist  statistical
systems approaches
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* Primary network: bands occupation
— time Is slotted

Primary network hypothesis @

UD

m=0 m=1 m=t-1
Ch.1 4| [ i | | | |
Ch.2 | L I | | I |—
o -
&) =
o | | | | | i - B 1L J
N T s
M >
[ ] Cchannel busy during the slot _
[ 1 channel free during the slot Time/Slots

e Secondary network
— minimum Iinterference with PUs
— sense PUs activity with imperfect sensing
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Learning based on partial @

knowledge

 We do not sense all bands in parallel because
It would require

—a wide band RF

— then just make the vacancy average rate of
each band to know the best

 Keep the same bandwidth as a legacy radio
— one channel RF bandwidth

* Learn the entire band vacancy

— having just the knowledge of one channel at
each iteration
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o Secondary network @
IETR hypothesis Sup

e At each iteration, a SU

— selects only one channel based on the
knowledge it has acquired through sensing

— senses If the channel is occupied

— transmits (exploit) only if this channel is
detected vacant

— updates (explore) his knowledge for next
iteration, based on a reward for RL

TTcs TTs Transmission? Reward
Selects a Senses the Communicate Performance
channel channel if possible Evaluation

=» sense (choose) most vacant channel = more

transmission opportunities ( @ ‘:g".l'mg ==
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MAB and UCB for OSA ﬂ

 Hypothesis
— Each arm is a frequency band

— All bands have the same bandwidth (same
reward per band in terms of data rate)

— Empirical mean Xk,Tk(t) is updated by (reward)
0 if the channel is already occupied by PU
1 if the channel is free

— UCB,; chooses the highest index B: a.In(t)

B =X + A< Ak,t,T ty —
KT~ kT® T T kT T, (t)

[2] Wassim JOUINI, Damien ERNST, Christophe MQY, Jacques PALICOT, "Upper
confidence bound based decision making strategies and dynamic spectrum access,"
International Communication Conference, ICC’10, Cape Town, South Africa, 26-29 May 2010
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Example with 25 alternatives@

 UCB gains in convergence to the best solution

over uniform choice

PY 100 ite rations numher‘ufpul{l; ] recanfiguration distribution 25 configurations ;100 iterations
8 more played T
7T — ucB,(1.1.2) Pk
-z UCE 1.2 LT
| & 111.2) . T b
oI g8TiTTT
st g W E T

NB: Solutions are Led R [

ordered with no loss of

generality (the higher the | | || ]| B

index, the better) D ; "best solution.  sigrios
—

=> best solution is #25 —>
( @ e B W e
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Example with 25 alternatives@

 UCB gains in convergence to the best solution

over uniform choice

””mhﬁr'ﬂfli';gs reconfiguration distribution 25 configurations 250 iterations
. . — UCE,(2)
250 iterations ST UE more played
S [— UCE, (1.2)
20+ i {i} i
.y
.
o [0
15+ R
@QEQ*
. 10F @—@ .
NB: Solutions are $$ﬁﬂg$$= |
ordered with no loss of st $%§ ‘ T
. ) |
generality (the higher the " B l HENRERNNINRRNN R REN|
IndeX, the better) best solution.,  corirations

=» best solution is #25 —>
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Example with 25 alternatives@

 UCB gains in convergence to the best solution

over uniform choice

number ?legigs reconfiguration distribution 25 configurations ;2500 iterations
— UCE, (@)
= e more played *T
] ] & UCB,(1.2)
« 2500 iterations
GO0
m
i 400 - ;;
NB: Solutions are .
ordered with no loss of 200\ Al
. . BY 1 ¥
generality (the higherthe |, . ... cesopeees988%:77 |
IndeX, the better) ; ) mbest 3(1)5|ution_ . cortigurations ”
—

=» best solution is #25
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Example with 25 alternatives@

 UCB gains in convergence to the best solution
over uniform choice

number of pulls

.« 10" reconfiguration distribution 25 configurations ;50000 iterations

45 ¥
—& UCB,(2)
41| —s UCB,(1.1.2)
35| —o UcB02) i
i

50000 iterations

NB: Solutions are
ordered with no loss of A i
generality (the higher the |
Index, the better)

=>» best solution is #25
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% of optimum channel @

selection

Percentage of selection of the optimal channel
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e 10 channels

e for several
false alarm
probabilites

48]
iz

Fercenta

[3] Wassim JOUINI,
Christophe MQOY,
Jacques PALICOT
"Upper Confidence
Bound Algorithm for
Opportunistic Spectrum
Access with Sensing
Errors”
CrownCom'11, 1-3 June
2011, Osaka, Japan
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Presentation outline

 Real experiments results for OSA
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Figure 3 — Experimental testbed for learning in an OSA context.
- LEFT: primary network transmission (TX)
- RIGHT: one secondary user learning algorithm, implementing

aln ener deteCtor as a sensor (RX). -
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Results

oel. .
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Figure 4 - Evolution during first 350 iterations of an experiment

o Left hand side: empirical average vacancy rate )?k T.(1) of
the 8 channels derived from UCB. |

« Right hand side: UCB indexes Bk’Tk(t) evolution.

« Bottom middle table: UCB results

» Top middle table: WD results.
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UCB evolution @

o After 73 iterations
— uniform search would have tried 10 times each
— UCB really favors best channel (not at infinity)

emp.prob nb trials target prob

Channel#l 070 10 05 HTIEﬁ ::Iii-tril::-u;:j'.::l I| MbE of triElI51p:|r band
channel#2 0O 3 0.3 | | 7]
channel#3 0 3 0.4 | 0] | 2]
channel#4 06 10 0.5 : ET:: :z: "
channel#5 0.70 10 0.6 | 0E] | ]
channel#6 0.60 10 0.7 : : ”_ZH i:

channel#7 0O 3 0.8
channel#8 0.96 24 0.9
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UCB evolution @

o After 1500 iterations
— best 3 channels selected 80 % of time

Holes distribution | Nb of trials per band

[ 0.7273] | 110
[ 03158] [ 19]
[ 04583 | FE]
[_oeset]| ]
| 0.7956 | | 187 +
[ 08424 | 315]
[ 08247 | 208 |
[ 0.5545] | 225
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UCB evolution @

o After 7000 |terat|0ns Holes distribution | Nb of trials per band

— best channel selected more than 50% T

— as 90% probability of vacancy for this chanr [ o5 ]

— in the worst case where all the other channe  |———=——1 |«
would be always occupied, SU has found o | 7]
transmission opportunities 50% of the time oz | 537

— for the two best channels: up to 75% - 2L
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Empirical probability of

vacancy

e Derived by UCB
algorithm during 350
iterations:

— #8 violet 0.91 0.9
—#/7 yellow 0.87 0.8
— #6 blue 0.80 0.7
— #5 green 0.74 0.6
— #4 red 0.58 (0.5 1) s I S S N N N N
—#3 |ht bl. 06804 ° Very fast good estimation
— #2 purple 01403 ° Proven at Infinity

_#1 light yell. 0.80 0.5 « Can be obtained in ms
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Impact of sensing errors @

e Not all for WD

e experimental results
are a little bit too
much optimistic In
general

— certain probabillity of
misdetection.

— we can not definitely
state

=» Future work will do

30 INSTITUTE OF ELECTRONICS AND TELECOM

channel EPV EPV WD PV SE
UCB
#8 0.87 0.90
#i 0.84 0.82 0.80
#H6 0.80 0.77 0.70
#5 0.79 0.72 0.60
#4 0.57 0.50
#3 0.53 0.40
#2 0.27 0.30
#1 0.70 0.50
( % $4INSA 51‘ 'R‘EMN@F



Presentation outline @

e Conclusion
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g~ T T 5
IETR Conclusion @

» Learning for decision making in cognitive
radio equipments (e.g. decentralized)

— no a priori knowledge on the environment
— MAB approach
— UCB algorithm

* Analytical results and proofs

* First ever real experiments results
— can really be used: good results before infinity!
— resistant to sensing errors: convergence is OK
— comparison of 2 algorithms (can do for others)
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Thanks for your attention @

 If you want to read more

— SCEE research team web site:
http://www.rennes.supelec.fr/ren/rd/scee/

— SCEE vision on Cognitive Radio:
http://www.rennes.supelec.fr/ren/perso/cmoy/SCEE-CR/

— mail to: christophe.moy@supelec.fr
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