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Abstract

Spectrum scarcity, spectrum efficiency, power constraints, and jamming attacks are core
challenges that face wireless networks. While cognitive radio networks (CRNs) enable the
sharing of licensed bands when they are unoccupied, the spectrum should be used
efficiently by the secondary user (SU) to ensure a high data rate transmission. In addition,
the mobility of the SUs makes power consumption a matter of concern in wireless
networks. Because of open environment, the jamming attack can easily deteherate t
performance and disrupt the connections. We simulate two scenarios, in the first one we
aim atenhanang the performance of CRN and estabiighmore reliable connections for

the SU in the presence of a smart jammer by ensuring efficient spectrum utilization and
extending the network lifetimdn the second scenario we am increasng channel
capacity. To achieve our objectives in the first scenario, we propose ganamting
approach that adoptke frequency hoppingechnique Our approach suppost#sat SUs
observes spectrum availability and channel gain. Then, SU learns the jammer behaviour
and goes for the appropriate policy in terms of the number of data and control channels that
optimize jointly spectrum efficiency and power consumption. Withie interaction
between the SU and the jammer is modelled as aszgmnostochastic game, and we employ
reinforcement learning to address this game. In the second scenario we examine power
allocation strategy, based oginforcement learnin§Us learn thappropriatepolicy that
allocatespower for each channel after observing the channel state. Also, the game is
modelled as a zersum game. Simulation results show in the first scenario that the low
channel gain leads the SU to select a high number of data channels. However, when the
chanrel gain is high the SU increases the number of control channels to guarantee a more
reliable connection. Taking into account the spectrum efficiency, SUs save their energy by
decreasing the number wded channels. In thesondscenarigo SUs use the high and low

gain channels to achieve the best capacity in the worst case, high gain channels are used
because they allow to the SUs get higher capacity, and low gain channels are used because
jammers don't attack them. In the first scenatt@, proposed strategy achieves better
performance in comparison with myopic learning and the random strategy. Under a
jamming attack, considering the gain of utilized channels, SUs select the appropriate
number of control and data channets énsure a reliable, efficient, and letggm
connection. In the second scenatl®e proposegower allocation arfiamming strategy
achievedetter performance agairtbefixed jamming strategy
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The staté is observedf it has not been observed previously:
The action seis generatec'j i fortheSUand { forthe attacker

The Qtable is initialized for the SU and the attackeb { hdfd  p and

0 i ohd  pl ON ' AN -

The game valugs initializedw i p,and w i P

The SU and the attacker policiage initialized “ i R T and" i hd
——Hf @ R

The staté is adeedo the visited state list

Otherwise: use the previously generatedi , ' i ,0 i FORd , 0 i RORD
wi ,oi ,“i and* i

Choose an actioed at timeo:

With probabilityry  the SU and the attacker choose thieid actions uniformly al
random.
With probabilityp 1  the SU chooses an actignaccording to the policy i hb

and the attacker choose his actidraccording to the policy i o .

Learn:

E

After the SU and the attacker take their actions, the game moves to the ndw sta

the SU receives the reward i hOhd , and the attacker receives the rew
i i R

Q-valuesd i hdhd andd i hdohd are updatedccording to (14)

The SU optimal strategg updated“ * i o by

N G G d@ Qe i R O i R

N 1

Th e attacker dsupdatgdt ‘iinm@ by st r at egy

“CEON QI QOE@QE iRy 0 i hbhd

Nt

The game valuss updatedor the SU
Gi N TET iR D ok

The game value for the attacksmupdated
Gi NTET i 0 i ko

N

Updateg N ©
Go step 1 until converge

kK GaniriimaxQi A HiG# nf N #A@aD2

32



As5 AGp&aA Ot aa A
a

R@k% AGHAEGHAG &EABDEICE 7AWV (
baADXxai figHY Ez aiz

A QOMEAD DA AgapABdH W

~ ~ ~ - -

QAUEY® E:z

A

Row Pl a] Column Pl ayero6s strat
strategy Column 1 Column 2 E Column n
Row 1 %) ") E o
Row?2 W N E 5
é & 8 &
Row m W » E &

) d @GBGONAYUD GGHID 4K GH @@
GodQE, Y O i oy “ 1° 30

AT OO PG GBI GindO kAz pA3060a y ASGHEIN:
OMOE TO0 BKBRLOAR i fizl t &
GOE 0 5 i RoRp ¢ {0 31
A8 5 AADAOGD | AHA 120 OF “BIG & KU AN Bt s AnA
Y Y /30) AtUBRICY B¥BA G 0 | Fofo “ i° 6AHT 6a 7

aOe Qo i hofd “ i°

a@Okk “ i© abz ON ADAPp@ kb Rurgt i filp
OOI(lB)aG\CtQI t a C
a O o
st i foRd “i° o« 32

33



i Az a 1 pAsAsA EABA AlgRtisizkb (RIGDZ n, b giikh 1 O ®E H
OO0 dhqybQiakot@e“ il THKk Y
GO Jo'

~

st 0" 33

= - - “

p A m A R AG AT\ 5 QE{
(optlmlzerﬂgia)ﬁ@ zGt Fe 2 Y3y AQ@ELAY A zdx

y FAQEt & A¥YnAAQEAN XRaal £Go A ObA AP EfPz b tYe
7 oAdAT 64 gazAééa 66 GPATQ BEUQEA L

XXXXX

C-

O A73/01 A4 B E ¢
Gt Ek Yyoa ©Ydatiga zAIl aAda cARAOOaz A
ZEUOa BiaA AepkEqpik3 oGHEAKL i3 AACHE DA 4 CUAH G 7 4

- v o

Y@ bA ayBEGazREE EHE Al G Az, EOYAANe0 T KE &2 On a A£Q
y FAQEt Y6 dOg BAQ6IA BA3Zn OOT & | Ok E
bzHEUQEA oADK a.0ffA&D iZjFd) 0kaP AINi8aD edn, GE3AL
3 An U ASEMAQERABDACAADDA !l c A7 HBFEA 40§ FAQE
GAUp ds? pzAzpA3064a pznAAQEt & 06i zOQOA .
k Az pPA3d6a Kk nZBAQEFoAY300 4G GG 10 aee Ak G 6 aG Ol
b A RRERnEGIEKk ARG RREBRBEHPA | Tl YO AESK PXA
A3z fr G&eA3n cAizita OBA; A AGOGG&AF

CENEAQAHN T 1A BAEGIEBOY.6 52 ATOTgYn dOgU LD A
cazA06a GaeAx GUGKAt a cakKs0Qoa bBa GzAr

tATtaA kAzpA3064a knFAQEtTa akde kOgx ARG &

—)

34



GEoaz il HO aG FKaGtY orto ac rAGAYERATBr DO e CEB
. AT KE&® UAOC

GGHY-D2& | Et
pai a REAAO@#EHWekWNQH ki&ﬂmaﬁ@ﬂﬁta
G UptzaOk A D A AR @

Agda TAROA
Ada EaXPAT & L apY = I
y EAREA3 A ARG G/ bADRER Q k& 5%@3) A7 RE PA 3
CHABRHNA G COEIQ zAEiH G 60lF B & O éed A O chBOMODSEA O
E A O A6 98,96/096 pG F @yl N @Gi0)@ifEoe Ay 7 Op 06 B6 . K
. GE6AQd &

u AOQCpF ag@mzla Qg a

2kM pifE R ®FE gzt ATKn o@@oméa(ﬁdﬁta@@lﬂd’%&l@;ﬁof
Gn AARETAOG3 AUOQ@ r & @i¥gk AiZYopA Sna | kg AOQ Bt
COE AV 214 a0OQBHEEI\ M T@AGT AAOer & dn | THA
3 E BIMA T, nfyAGa) G NIR RRataiD bapltizyh@aaiBc ax A 00 4
Gz AUlQgezal oQeaeq AFAA QO AaA Gal-iied aGHESAX @RI Z¢
y FAO Bt »plRa OANARIEKOY D GEYO64a GHEOG A &
bOg 4z £BGMAQ pIZAOKUT o AdAMIAG &7 WAERNEERA BA | bZ
G6Ag§ n bAj [8599KkAROQEGSEdMILACD T & U Ap®Jge Y
T AaARDeR0 U AS O 4A nMpOaE T HUY GO@A §Z GEraAY &d aZ

y A QE t HRK GEGEKGRIpd ZY O A AKQEOIAQQNR K

e

Az pA 3 dva GTaEbYeRE Wk 0T Gk 6016 A geiagZ QG kibgki

A e W e T

Z%Iﬂ@%u@d@m&m%f@leg A pakobgAp Azl taYd GG

35



bAj & yAAQEt a4 pz OAN An AAjofeeA AGO 46 TyHiYAA
 npz OAN DPAj & vy AAOQEY &z @Bl yOWIETr n K

‘g!‘\‘
@—P Receiver
V

k
P;j

Pk

Ny
GAT I KO a&AGQARA 400116/ 1 Q64 z AT AKR®
k A7 A 30 $a) K _mmﬁw&@m&)m
AQOm ba hOg? BAQOTGLFRVAD ) @ EFBDDD 5 7

A e W e T — ~

50 OOR k@ lenixon®B @ r@pEUUONKBEZ 0 o 0A

e N N

it A seirlaBr BAVADA YBGIEOA ('Y I G k T HEEBCIK I Gt 7
. CBAQN

p
&\
O
QD

g b aipa &
CBAKt aa Gz AUoea ANAOC UYhn d
AV e 3in ddgaAiyad cdn ATEY3 1 A

B AASeA Ke G
y FAOEt & GA

36



" AnAp GAapsmdAKIER TR0 Az pA3 &E yARRQEALZD
G NER R@|pifE i QRIGTOUY A AQ64a 2Y3 1 Az1 QYo
T a/£&0n &K8QK PNy QG |kE\g qdibed & (edolnjolfA QE § &
L EO0Ea dnAGEHPAMNIGHAzt akd T AaA AzmpA3oa
o CGI4gdpA &T HYDAOEE A@da bpaADRa uvyn dn
© COAGRNIG6A PAADHA UYNn odn FAKXERGIOS G3 .
Ul @ BAj & ¢ladEk@E o §AROMNE Aa BHEADR ] & b a
dn, OO A 4 p EEAY G WA G, ped e | Bz OA
Aa aAGE o &0 NS FRMGDY A DOOKRAADA nzl

- . T T e —

. G & AR 6 Aeiich Bk grainGAPERIE A » O GK
el 2A0 &
66 ] ddn,A m?)ﬁmm&@\;@@ea d‘\c”z qo&*;’aa&ao A EDOBT 4

A N g

® R'EpdD NAGH K ASAQEHRD TR rE DAY Péda » HEA
o GTHYO6 A Z e,

d)d‘Q

O IRIE & AEQ 34

VG CD3 Va2 AP DA @ G A ¢ AIdAGIR IR RO QF ¢
Ge Y Ha A &l @0 A% YaGKI@o A En  /
| Ry B O iRPRY B 6 aé® w—mL 35
Y oasill ANTER AarBRuY & & ZATEYB E@%EpaYuEtaeAZA@
2 Y3 A¢ AR b®d& a £ 1 OppAaEShEMbiaR AxdEyAG 240
i Aza UEGEL+ U@@WG@@EEM&M@@@;&J bOAA

Ge AR E 06 4 mpindkhQ &8 AHZ3EY 0] AYEHREEAGE Y @ A GBRGZDAED 4 °

37



yaEAQel 2Y3t14a ¢OQOFDHERESBMEBHEYD: 08 KAP
. GEni T az

| 2206 &

[ROVYE A 1A aGHar(AZ BBGRD/\HAG r MBon (U (P8 O Az pA 3ha ¢ hadk
GEREERT/AndE ¢ Adlaz 16tH@He@d0 gz AKO6a pz Ok An A
GHa GCEARADA ¢ aAR Cddmoked Ah Kotz EXY EG
G\ pEOWAD theH 38 2 Y3 ATOQHe aEAAOaE & £Fm:
2 B BEAz @BAR BEEN BA Ge A E ¥dE(ikg KyaERERAR A @0 1y,
y EA Qe ANBL AR YB 1 | ki GOe AKOQt &4 cuzA
Yoa caBaABa & rmBI@EWORE Az pA 30 4. AzAROES
bOg Yo6a 'cab@@dos Gzt izt a GeAgeA U,
foimx b | AQZKA OB GCAGAID3 ¢ pa aADIZA gINT A AR

| ¥FEQGENRTT azn @ AAOQORA ATrE YG OB OACAXE { sa LR

b &ZA Ddphy B # YpAOMhGea APEBMDDIninaxQi AH1T &

Hpsr Guih - GEAIOQER &1t 7 ARoA @@ THRUE B AA IitpA ozl

OdBFOR Y&l of; oV FEBCIRGY/EYaA A YEoARr aiRa 3 BU QB a /
3B QN YFEEE A H gliay @gawmd @ dae A | 61 E @1YIQA ¢EOD 2
At B2 aBBEHHE Dl kiRt a1 ARGE] YAOPA 3G 4

badey, Yéc EDpARa DetindlEn M7 @haa /£d0ByGEkaZ b Ak @aa Ahdaa
elzAOt a GAAAGQNGAFE AQ® g &/ HMIERsRIAS

UAs Qg1 GEoaazl 3 GO/&AUaeG@Bﬁ(@\Er@ﬁA%@aGAE
GraFIN AHQ® ¥y 2 ONA ng KADE RG6IHYASHEEIPE Y /£3 Y 6 &

bn O8Ky FAQEAS G s FeGCzMWBOA:s 7 kG3 Y0 a

A _-T =

Ll YHOO a4 GEV:t 3@dAGoRK O @&antR) B MSORRE BilakH
@AO0ks AEEGA Ba |

38



pa zAN
s o

G ad4 a
i ANREE®X 067 6 A ADBQ &\d ABiRdA KHORAD
Y3 GrAAAt a 17EO064a T AGO3rf 4

cZaz(Ki0oM6 GiHHeNzeepA364a bznAAQEt & 2HEA OF
A Z

PA30a PALAA @ REQDHA AN BREG Y §

.TAHt a | YHOQO6& 2V

39



40



EnAla OOAOG A
j oAQKO &

mhinéQ T AHt & | YA®DBMG B BRI K §asFALDH 0 D
pbi azk GUOKO Y6064 nzltaA AzpA3da vy A
@ X)) k| TS RAAE/BYERY Hl) sy BAEEF minimax  G8hl n,
Z A3v6a ALOAOAN pa Az Yo6a cabaADRGO |

k gdulzg /i A AEzE10taE A g Gol/g 0Yao & AAOEILa ¢ A AF

. A3 0006 2Y3ta GeAFREoO6&a 2Y3 GUFR

UA}j a -15AT A/
k ke P AabAginK oA @mpt " & Yk djnA &£A Qe 1 A} &
GEYt3 UG¥Aj &l AQ0A X BDRIOET A HAOGmA BGHZRYOL i
Ob 6 AN 'Y Accliy/ G Oehan Aon DM ApdRAl it Fr@AED /Y, W
Adg&EoGRiEBy 06 GeApre UXD0maGrRUDEORr a7 5O
. GEo 4 £Qa8T5A¢a)g A rerGIfhndy GG @A IBce
GlzIln cazkKe O0AAL pz7OA ¥ AnAkK3 mAd 1t a
caz AOGE pBESAAN LOARRK VFRETFZ®IEQEREO N Q6 A g
GeAUo6a 1 £0n VY3 keWmOGHE DEA 6ns axip e/
| 8AHQY& a7 Kke 1zDA Aoa Geéeal £6 O6i FMEHe
i 7DA GEpA36aA GOaAldka GAKEAREGD dAE & O
¢nkAk3 dn AzpA36a yAEAQCDRREOGe SYGAL & Ad
A Eigpiber 42X, uvh on Grdadpiker A e . BZ kGTaGRE Y
. a At & EPsEdes hue

41



idtapdso v Az pA3060a yAAQEL Y0 GgAOQt & caz AC
izt a G()Agb bnAtdndiod YARZAQE tuar nO A\GHA A G

Zt KkFEOAQONn Kk E&naApDERE A inddd il AdE | C Ml
GE O AQo & Qi AGhO®s & t+ ©& 7 MOEHEGEEA P & 4
N N N M @ TR
n: Ny N5 ™ 11 1]
n h n h r] h ™ 18 T[EQ

BaA GnABAKOOHs GaAOKSKEHA
i A§ zébi THA @&anmmuwm@@mmwma
i Kd AdOM BxrAndHA:L DY

AENGZ ne a8PA BIEGY -1.1.5
GYgAt & ddn G z1 n oehalyoeh HOPAHL
i AGQ3 r Bz|kCHHam, NyupARmAA 3y ABRE
AkAt 4 G®2Ao6a GoAF BRI GE£AE

RAA At145 G&A6

bzt QT n mZOVk il p AGRnaAB@ertaa GoAza 72
pixitt P & A D20 t Bzdel AR@ROF0l P 8P AdpOR ¢+ & =B X DB &
00T @& Az pARDD OBAAMIIOGy D k Ahvéa Yt

. L OHIOY 6 a&A§ 5 AOBBKEK@RA |c

GO G AR ASTiuEadG0 VA& A 3G Bk a DA 73

1706
cﬁr /&ﬁt Al cabaADf a i AoflAty zdpNa UAEOIAO0E 4G
. OEY BQadm® Y3¢cr At QQ r

42



0.8 1

0.6 1

probability

0.2 1

0 L L L . L L
0 2000 4000 6000 8000 10000 12000 14000 16000

iterations

pixfm b & Afididna GE o 4 £AQ&r &4 GO6 Mz OOV 6 AZ P

>
(N¢

probability

0.6

0.5

04

0.3

0.2

0.1

probability

L L L 0 L L L

8000 10000 12000 14000 16000 0 2000 4000 6000 8000 10000 12000 14000 16000

0 2000 4000 6000

iterations o )
(2,00 paADZ a 1,00 paABEY®

probability

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

probability

0 2000 4000 6000 8000 10000 12000 14000 16000 0 2000 4000 6000 8000 10000 12000 14000 16000
iterations

4,0) b a ABFH® (30) PaADZ a

ripmt G o &4 AQ ke, ¥ dH @G| A0HIA 1,

43



CGnAAQEt 4 cazAO0FX QR &I ODOPY¥BAWOaYNZ hg T
baADZ & ASAGKGU AG HaZEE a4 I0PFA HEG M EBD a6 00

b, OEY O0Q BGEPRAEIQI i AP i A & i Aok ighg |
w AR ¢ ¢ f Al Ddir Af A pht

0

2000
iterations

(1,5,00) PaAD# a

0 m8tm Az A 3inke TyaahEmpEA

(2,0) b & A DEHO™S

44

¢ 4 bARADZ Ax AN XEaa ¢ O

9. OOGD DL YADuR A2 Y 3

06— 1.2

05 ! [

04l 08}
2 03F 2?06
3 3
2 5]
S o
S <]
] 2
2 oop Q 04

o1l 0.2

L L L L L L 0 - . : : ! !
2000 5000 3000 10000 12000 14000 16000 0 2000 4000 6000 8000 10000 12000 14000 16000

GEd & £AQ&r 4

« iterations

(1,400) baAD4 a

GoMB=OOF 6 Az pA 3o

1 05
09 045
0.8 04
07 035
06 031
> >
£ o5 = 025
i) a
© ©
o i)
O 04 O 02
2 2
% %
03 0.15
02 0.1
0.1 0.05
0 . . . . . . | o . . . . . .
0 2000 4000 6000 8000 10000 12000 14000 16000 0 2000 4000 6000 8000 10000 12000 14000 16000

(1,0) P & A DZfertions



probability
probability

W\H—'j\
2000 4000

4000 16000 4000 6000 8000 10000 12000 1400(
4,0) PaA d%{"’“‘"”s (3,0) baADFE"™

0 mid Az pA36a yiHpEAOEGEs a ikl ¥ &HEGEDI doHIA n,
3 AkAL18 GaA
b (B AraE VEEAE Al A k SgeA 6 a ] PA D 1y a8 DMK A 306
GloEpBadn ¢caz&OOAVAED A it | oHERHDO G FG & £OQ:
Az A 3pisy WpEMQBt SFezo0zn A36a UAOkra C
v ADZ UYnN dn CGRAWUD 4G KIBEOKARARMEES Bag A &
¢ AL QY Ag | DEUG Y GEE galip MgAd - QNB R & e Az KO
ZA T A0 At @G 1 ¢+ AR PEESONBEEERA3EG E DT O |
110071 6a

probability
probability

onJ 1 0.2 ﬂ
° . . . . . . J ° n.ﬂfw
[ 0.2 0.4 0.6 0.8 1 1.2 0 1.4

14 1.8 2
|terat|ons x10* |terat|ons m04

(52,000 PaADZ a (4,4,0,0) DaADZla

h hh GRoa AQa&r & GOACEGOIZO Az pA3o6a y AAC

45



probability

probability

1 : - : : - : : - : 1
0.9 0.9
0.8 1 0.8
0.7 1 0.7
0.6 q 0.6
05 2 05
S
8
0.4 E 0.4
o
0.3 q 0.3
0.2 .| 0.2
0.1 1 0.1
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
. _ _iterations  x10* . fterations ~ *1°*
(2,00 PaADL a (1,00 PaADf a
1 : - : ! : 1 : . . . .
0.9 0.9
0.8 1 0.8
0.7 1 0.7
0.6 q 0.6
0.5 E‘ 0.5
S
o]
Q
0.4 1 E 0.4
o
0.3 = 0.3
0.2 0.2
0.1 1 0.1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 X 1.6_ 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2
iterations  , 10* iterations  «10*
(40) PaADAH & (30) PAADA &

ip fimn GRo &4 AQ&r & GaAADEOGEA fAzltYd | YHQOG

0 hun2  QROHG BGRNO oA 126 @z GEPB @i ha ak B@Qhe AU
Sz AYGDEEQBE O\ AE Gba d axHios ai Aza 7 AfeA NAKE3
DEJOOKk GE pAA A3 Oe a GirgAA QE thg O\a zFo0dz&aa i
v 0AL @ Ibne 4Qeke GT

46



probability

probability

probability

o 2000

R

0 L
0 2000

2000 4000 6000

2,00 b a A'BEE

8000 10000 12000 14000 16000

4000 6000 8000 10000

(4,0) b a A'BEC®

12000 14000 16000

i Az pA3o6a

4000

8000

iterations

6000

y THRADGIE { G oliaAdeQ sar 4G 3 B\BUADER 840 |

10000

probability

probability

12000

GEo ZEQaBé ¢ &A B LR&E

0.7

06

05F

04

o

o

0.1

0
0 2000

0.9

0.8

0.7

06

05

04

0.3

0.2

0.1

0
0 2000

14000 16000

= T LT T Lo

4000 6000

(1,00 b a ABEE

8000 10000 12000 14000

16000

1

4000 6000

(3,0) b aABEE

8000 10000 12000 14000

16000



REn Gzl ng k200 Graial -2.1.5
ZzAKe O0AAE pz7ON ARHEBEOQE B GPOaARgYHA@dAAEA
. GOAAMSRI A0 YRY gRAQTaA Iy, ¢+ AR&® zZAKe 0
KEnK Ozl n)CDZ/%-1.2.1.5
caz®eo | ZE3 A anghto a Ydael GGzl Hoa GGHYO G
b4 OO0k GaAxlEn) d BGANG Mg aAEAL ¢ 2 &ENET 1H.OHB
© uv L OO ¢caz kK08 Gizlta Kd ¢ Bz@NA35 0LaT H
r ¢ @0 WFEd OV @ & A ¥ BEniA fic 28T dp) CO#»Y 64820,
QuEnSEd 1BKGA toc ey | A @ree3as® OBk a£Dg fiz 1 5 V6
T o drn @O ar A Lding Do ar U AL C

1 b —
| L—rﬂ_l
> 061
=
[
e}
[
Qo
0.4
0.2 1
O 1 1 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000

iterations

(5,0,1,1) b &4 AD¥ha G Po 4 AD &k apACHAD &y GRAIOEE Yo |

<
T«
O
(@]

48



probability

L )
0 2000 4000 6000 8000 10000 12000 14000 16000

1,1 b aA BgYs

probability

02
04 1
0 L |

0 2000 4000 6000 8000 10000 12000 14000 16000

22 baABgEYe

iplcit GEoa £AQ&r & G656 AL

o3
S Yigs OXOPBELHA 6 &4 1 AGA AGMKI A
ADZ UYn deggpldgedime iAYDISzAAOEr &

e -

probability

0 2000 4000 6000 8000 10000 12000 14000 16000

(01 baA Sg'Ys

probability

caz A006a n OAgla InA130 JaifE) OAICDE B

Dz &eny FR& 1 ¢t 4

Kd ¢az ﬁ%@owA@@Eﬁ

Y dn WwY3ka QGRS

49



probability

probability

probability

04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
iterations 10

(1,0,0,1) paA DA &

0.9

081

06

05

04

021

0.1

L L L L L L L

0.4 0.6 08 1 1.2 1.4 16 1.8 2
terations =10

(300,2) baADZ 4

L
1 1.2 1.4 16 1.8 2

. _iterations ™’
5,1,1,1)paA D4 &

v Az pA 306 a4 vk

~ ~

p E

probability

probability

probability

t GF ALQ &r 453 GaE&O

0.08

0.07

0.06

0.05

0.02

0.01

0 0.2

0.4

0.6 0.8 1 1.2 1.4 1.6 1.8 2
_iterations x10*

(0,31,1) baADZ &

0.7

1 12 14 16 18 2
Literations 1"

(3,0,0,00 baADZ a

06 0.8 1 1.2 14 16 18 2
. iterations *1°*

(3,1,0,2)p 4 A D4y a4

P o]



probability

probability

probability

ﬂ

02 04 0 12 14 16 18 2

11) palBey”

0z 04 05 o8 1 1z 14 18 18 2
iterations "

(21) paAD4 a

02 o4 05 o8 1 1z 14 s 18 2
iterations "

(3,1) PaADa a

probability

. . «10*
.. it
(1,00 p a A95E
04
03 L._.q
£
@ o2
Qo
°
Q'EHS
o
.. «iterations ™'
(2,00 PaADSg a
‘
o
08
o

probability

03

02

01 ﬁﬁ

0

o 02 o4 o0s o8 1 12 14 16 18 2
: L
dterations;

(30) PaAD4 a

probability

02 04 06 08 1

(4,0)
a vy iel

51

12

b a

Hp

2

PRI
ﬂ"t jons "’
a

EGHEo & AOtea

5

G

%

&

&

O

&



KEnk Ol g Az -

2215

T AQYa Udd & A6l 40 YRY GKAG T HkQ i A SA R e k 1), AEA©
c azipo a CBaehz OFGa UG

& &En G téc - Al #IAAQ o

Zt

y ﬁEA Q Et a A3R@QaNT.aGonAaKEn &WaAWDc #AEA ¢
ma A30a

i A3A UG ATtEZ o a&3K GHEY

UAQ! ¢ - ABCEBRENGT nid,

caz K00 &

GE pA#ipa> ONVAOME Mo AtQe#8F ez oz n A38a 0AQ
»YB chaziAeA ¢ OEEpSOpbt pTRGAYy GAQEKRE oD
19007 6 AT /&1 AO8p ARA @Y c aPAADFA0FEYg UKGH

probability

probability

-

2 2
iterationsx1o*

(1,410 paAD# a

—

(3!2111)

2 25
iterations, 1¢*

PaAD# a

52

probability

probability

0.2
ol JI
0 0.5

(0,0,1,00 baADZ &

2 25
iterationsx1o*

(24,1,) paADZfa

e 2
iterations «1o0*



probability

probability

JE

J

0.9

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

05 1 15 L2
iterations .+

(6,01,) paADA a

25
04

probability

0.5

0.8

probability

o
=

0.2

L J

0o(, 0R2),

05 1 15 L2 2
iterations .1o*

(1,00paA D7 &

5

1

15

2
iterations  .10*

25

(6,020 paADA a

53

probability

GEo AEQPREF a

1 1.5

4120 baADHE

G FHA@GIAO & HIA 1,

| |

0.5

1 15

(0,1))bp aA D7 a

L2 25
iterations. 1o



0.9 0.9
0.8 | 08
07 J—M—}‘I\; 07
06 | 06
>
E 05 = osf
o o
[ <
Qo Qo
O o4 SRt
o o
03+ = 03+
021 | 021
0.1+ F 0.1
0 L 0 L
0 05 2, 25 0 05 1 15 2 25
iterations  , 4o¢ iterations , 4o¢
(2,2)b aA D7 & (21)b aA D7 &
T T 1 T T T
0.9 09
0.8 | 08
07+ = 07+
06 | 06
2
E 05 = o5
= o
= [
< o)
8 <]
s 0.4 5 04
03+ = 03+
021 | 021
0.1+ = 01+
0 0.5 1 15 . 2 ) 25 0 0.5 1 15 X 2 . 25
iterations . 1o* iterations x10*
(31)b aA D7 & (3,0)b a A D7 &

o(,0®), GEo &£ & va 0BAOS abUKM

OO0l & cazKdda 1 A& ORYO@PIn Ox phAgba G

TN\ W v = T

©! OdALCHBaAY salidhc - AEEkDEN Gl tac aaia AJayd@! wOOE BG
Az pPAQ8 @b A BEAD & #sd@T N AAOY A3 T jaa AKe Yoy AAQ
21 OOT1 06 & vA WTAE DKHEA XKE3 | DAT A A

54



probability

probability

probability

0.8

06

0.4

02 04 06 08 1 12 14 16
iteratio

(1,5,2,00p 4 A DA &

L
1.

8 2
NS .10

08

o
>
T

04f

0.2

02 04 06 08 1 12 14 16
iterations . 1o*

(23,00b aA D7 &

18

2

09

0.8

0.6

0.5

04+

03

021

011

N

0.2 0.4 0.6 0.8 1 1.2 14 16

18

2

iterations «1o*

(6,0,0,0b & A DA &

mtw Az pA3da

yTipAIO E | GE ci A£EQRE &6 G §DH

55

probability

probability

probability

0.4

L
0.6 0.8 1 1.2 14 16

(1,1,00p 4 A DZF &

L
18

iterations, 1o

2

|

0.06

0.03

0.2

04

0.6 0.8 1 12 1.4 16

iterations 1o

(20,02baA D7 &

18

2

0.6 0.8 1 1.2 1.4 1.6

1.8

2

iterations, 1o

(32,10)b 4 A D7 &

T RN

A0 & HIAn,



probability

probability

probability

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

L
0.8 1 12 14 16 18 2

02 04 06 i i
iterations . 10*
(0,2)p 4 A D7y &
0.‘2 0.‘4 0‘.6 0.‘8 1‘ 1 ‘ ‘ . 1.‘6 . 1.‘8 2
iterations ;¢
(1) b &4ADZ &
0.‘2 O.‘A 0‘.6 0.‘8 ‘; 1.‘2 1‘4 1.‘6 1.‘8 2

iterations .1o*

(20)baADZ a

56

probability

probability

probability

0.8

06

0.4

0.2

0.9

0.8

07

0.6

0.5

0.4

03

0.2

0.1

0.9

0.8

0.7

0.6

05

04

03

0.2

0.1

0 0.2 0.4 06 0.8 1 1.2 1.4 16 1.8 2
iterations x10*

(0,1)p aA DA &
0 0.2 0.4 0.6 0.8 1 1.2 L 16 18 2
iterations , ;o¢

(10) PaADA &
0 0.2 0.4 06 0.8 1 1.2 1.4 16 1.8 2

iterations .10¢

(12)baADZ a



probability
probability

0.1
0 ij L
0 0.2 0.4 0.6 0.8

h itza?ati&ngsxma2 v B 1\2\ " i_t_g?atio1r183x1o‘2
(31) baADZ & (2,2paA D7 a

probability

14 16 18 2
iterations .10*

(4,00baA D7 a

0 ™o Az pPA36a yHNOEGE- & Aoa aGCEABDDESA Uz T 1 V
ghsO | BAsO &4 |

z PA30a yABRAGDtAD gf kYA AP aA O HEAOQEL YO
OO & GAAAEOQNn c¢f At Qg ¢ &k IA BIGHROW A B QUR
25 et v ABAGHNE D3 YedEthdasivin2 2 O0GDan . |
bz UGO#9&ADl Ho &t CedEEF&E&Aar 3 ABka /EK3 A

N SAOeEZ Bk Lok nBGE B GEKAE | A @GR/ (RagaE D@ Grdpier &

. GOGI YOAWYR ztaa bixziYad BEOB3 272 A

57



Proposed
1L Myopic

accumulated average payoff

1 1 1 1 1 1 1
0 2000 4000 6000 8000 10000 12000 14000 16000
iterations

GR-a # aGigeadiea) GCAYOQAR12a0 Gl AoDH# k aué Y6 Ao

o AQMDsa GIT

—————

Gii, 2 ¢ A BE 2 & EFRENP rorAApARDIAY F}E@%&G@ME 0a ¢

I Lot =]

¢ AR Kz APZaOKGaResphBdasn G &&eeaA Mg A GO &/
Gl  pbxOQf Aj AEEAEBML IGPAA Y78 &S CaREgdly GO

T v T A v e T = T

? V3 N Yore AdRyBEeRE; YEIEYOO6 GHEAR A A G, AADEK @O
? Y3 ax E RIOXNSMHE i BAGARYS 3 OPBEW%E%&& k TL/EAQE

2. T DA

R A@‘@A Az pA 3 0RAQ 53/(/@«@”55 Htm (o.w;.uu K5

s & T AN N o - =T ~ -

b z n AAKEEKE Mg IBGADIAAHT & 7 Kk Gry azZBEgbasd
OF CGBAGRAAAN 3 Gags KOPE EHERBOE®AE okal & AvTqeY
25 GOl AHt & Z Gadm GaBAA B b o Az @ehjda |
2p GO&T ARta ADxp WANKERDO | Adh OFOAHEA A@E &

58



- ~ -_—r 0 -

N —

elzaA Gl i ba qaz ACDaA HOAGY GMNAE& k izl B o &
| ElezA Wz aoppadegiEoph HATALK 3 QT AQMAT Ez bz OA
GBI REA T azKO® 4 |AQ 3R B d a7z ADDDF O@ERISD
UAOkr a OUHA p@drdA@Edkadaris obiag O iOAL A
28 FDUBZADAEGO & ¢ a7 Kek NzABA 338 IKMARRL0 |
0 A8 n, AA OfiEg Y&y @iz B eAGBUR DAER 4 lpd FYoa axhez AnHeAa0
0Y 7T OQeARKYWODOBADnp 0GR CHAGBABFA |
L B0 zKeRaskGd® B 6Ge A T
B (ApAEYSEEDA AL T EXNA Ad A § BES 14 G et OFe-UA] BRI
Ba EizA On | EpTrHHOBQAGHANEIDEG GREPAK Q iR eo 1 AC
GE z iz t  AiGee bE SHAPAER A Kod, Gatkk OP¢A RS e
k G QINA GRDiga Qipdgr © O BUQ 6 GID Az 7/\VK dpAd3 iAW daia A H
2p Go1 AHt a

chri 1 1681 EYEBVAQ U GRRAICERY & FSRBOY s radieE Gt A ny, /EA 3

CBy AHZZ @D & E@(@AA(B@(MM@WQQ@ ENAN Auw

1 ANz1 Q06 dap aWEPIAHXDE & FH 1Eh A BHEGABEEDR 4 At 6
CAKEAE DEK GG HEXBAED OB «AADH dOHA Ag

U1 AGR\Y @pd 3 6 a Gl pAEA QBT & Ky YGO0 EOmA Gad |y
O PHIGAI BHt a4 Z Grzn zt At 8 DEOIWiIZaeb

A K DAE ||oAuczoauca@ pkumumﬁa@mamocwﬁ@iﬁﬁ/mk Y 6

DAERE A RUQPAGS 0GBk /v, AAANYEL QM0
Oty A AYDAEEA QkeNez qrbA33d 01 Reznpde

B = 7 TA—

[79] Z | DEAAEYAG dnx0peSe YoOMEREEGN K §BL.FB SE X p3 i) G ol .
UQHGH6 & AFOEA Al G ctdbl BB Ol D & CRAFZEOGAAE
baZhl t AEAZ i 0Ge kaEACEEASQ E t 1az E@rzak OO aA
. el BERAUGEA 11 BRI AfBZ Z\3 G

59



DA30 &527 Al
kn AAQE ba, dnpzGnz BB aQFE A JIAI GENLIEA AR 7
GUTAABzaQky AFAQOEt &4 A4AFd AK3 zZrUdA dn ei
703064 yAAQENAKADARS Oa i QG QCAER BIg& GIFA
ael A‘l‘é k@ AFEEFE:L Q06 & zpDAH FUios AobQdd#E®o ab AQ
TAKOg AT g & 1. anONE\ 2Ap 53 \g | @GR TP P QA OHAEA QE ¢
. GTHY6aAa EAgp GLPAFRAS
Z AT AKEZED aA =AZFHABZHRAOED £ACEADQdpa OFOO
O8u6A3 Az pA3064a yAAQEL YO GgAOt aA DBAj a
BZ | PREGARER0 MBGHEE A AHP ¢ #6017 1.JEBAB  pooa t AT An,
EEAEGAREA ™ 2z UN ¢ 03 AUQ8an K8 a AAd
O0AT OOdBUAdH A£bln izl t YOB GGEAKO IBEOGAGETAA 306 ¢
L YHQO & /EH®e GF D AGD0g SnAPIHAOA LA GH Y.
GGEAKOQ oHkhAODHE G &ED M 0 i il ARG A
>Upgiohiv  QFEGgp Yt a«eAKe OGO ppight az F ZDRD A
@ UAL Qgl! O6AT A6aA Uzt |

a

G3 AUOB2 4 OF
27A2 8230 A (KIG  dhigaxQi ALHE BRG E n,1 4 WZrtaAyza AR o 3 6
MM@mmﬁj@mza%@&mAzéa yﬁ’EAQEaa AT

~ - ~ - A

ObOE An 2 0ea Az BA 3 ndEFAQ EBriE I AA ] sBOA On, R
U A AAAEKA &=AKe OO0D9 UBAOGEHRI Wz
L.YHQOGAGE Y&ed z SO T @&z ax0E20 3D Qblo@aR iz 1

60



0.1~

probability

0.05 |-

probability

0.8

o
)

o
IS

0.2

. i =<10%
iterations

Power

0.7

0.6

0.2

Channel

paADf1a UAz gAMD0Od 6 balsdipze D06 Az pA3DROG

. . 4
iterations <10

paADf1a UAz @30 6

~ o~ o~

T8 T

Power

61

0.7

0.5

0.4

0.3

0.2

0.1

L I L L I
1 2 3 4 5

Channel

b aaAD&Ia W06 Az pA3Dm00Q

TiTg T



probability

0.6 i g
A
i 1 ’ iter;tions ) ’ x1o“6 Channel
baADZa UAz @R3Od 6 PaADZ & Ovae,V&VAQV 00062 ADG
TR & i g TR T8 TR g

At Q¢ b aA D%
T8 W @ Timing g g
BTt | TR e
T8t L U T i g
T8I U W T f
L ¢ | TR g e g
T8I T W T, e,
TG Y | TRMEME g
TG p | T8 MR M ]
BT | TR
Az PA36H 66 EA D E il

62



probability

I Il L 1 |
2 H 4 H

iterations

0.45

Power

migftd paADfra BoHO

Channel

paADfa UaeAKe :DDOOWN
8 g e
0At Of b & A DA
o TR,
T TT P TiTG M8 & g,
T8I C U Tid g mé
TBL T p TR e e g
T8I T O T8 g g
T8t ¢ P 8 & e
T8t X TG it
T8t TT G T@ime frimtm
@I Tt O T TS

izl IGED GOt &5 cudARED

63



eruOt 42257 K0 &

udi fzlAgx pAQD bRy FEABEDHIATD RY C3 GHME k atua
GO2AE6a aAOAOGE DOo@dPaAiIDA aATREDPNAE 6
TAEOna Z GO&. GED#k a h@BDAAMNRuEzeNE AMIER/
ipn3 1 OO0 GM@EAel 4 GA&AA E A\raddvoid lyabBina KARA DX 3
1 83p7@ONAUGCHHOEPIORIOE r & ¢3 AGka £EK3 A;

. fAzTlta agrt A AT BHBEDBRANG HEKQ &

iterations

(GEomOhy Kk QF D# k3alh@®Oriod a8t 6 ahuo a Ao AHO

64


















