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ABSTRACT

With the network in the era of information explosion, the amount of data size
continuously increases and thus gradually causes the insufficiency of
bandwidth resources. Cognitive Radio technique has been proposed as a
promising solution to improve the spectrum utilization efficiency in wireless
communications.

There have been lots of researches and development in this are over the past
decade. Specifically, several cognitive radio network architectures are proposed
and they could be classified into idistributed cognitive radio networks or
centralized cognitive radio networks. Some architecture even utilizes cloud to
support the massive computing demands.

In this thesis, we tackle the-problem of large-scale resource allocation. To
meet the requirement of scheduling response time, this problem is divided into
two subproblems:-clustering and resource allocation.”We first formulate the
problem and develop an approach-to-have the optimal solution. Further, we
propose a low-complexity. scalable cloud-based resource allocation algorithm.
The objective of clustering. is;. based on the predefined computation load
constraint of each virtual machine (VM), to partition all access points (APs)
into several clusters, and thus each cluster is served by a VM. On the other hand,
the designed channel assignment algorithm is only performed for all boundary
APs to achieve maximum channel reusability.

We not only formulate the problem and design feasible mechanisms, but also
propose some lemmas and theorems, and analyze the time complexity for all
proposed methods. Through simulations we validate and evaluate our methods

and show the effectiveness and feasibility of our approaches.



=1 1
PO ?B“T
BT AL et 0 AR LT e £

aa%W%ﬁﬁﬁﬁ?ﬁ‘%%%%
AR AN P hk e s TR O~ 3R 5T
LRI EPFHI LTSI A

BRI KRV ok

hITH AL e BV > EE SRR TR E T T E VR

‘&L"é\ ’ ‘}\. B4 ;’f'J”J ;;‘; 5;’3 Pl’(;}‘%l:,‘\e%g’f’]—- 2!] ] ;\"},E\:E'J"L Av\}‘éﬁ%; /%'ELO

T BRIBE FNGORA R RAMAEFE AT T

S
LER TR TR 100 0 DY BN TR R

E N - B \,mjﬂ W ER AL B P L E (LGl R R R AL 4
VBV AEIE I o W ET R > ME R LR L et BT Kk
‘ARG HERES O FEFEFERLS RH IR 0 AB 4R

4k
p)
4

¢

F I B X2 R ’Bibi‘%;ﬁ%‘ﬂkﬁc‘ ¥~ a4~ R
ﬁﬁ\%ii_\Hank\F?’i]‘_&é\ﬁJ\*%\ %Jé ~ ]i%x\ :‘El‘ﬁéﬁiéﬁ... 9’}‘5 4]
G- B el A A BRI 8 6 R R A 3
[Fod) A

B

—\\

[

PR R GRA NG SR SRR AR A

ERE AR LA EER AR G- L AN EE



1.1
1. 1.
1.1.2
1.2
1. 2.
1.2.2
1. 2.
5 - ﬁ__
2.1
2.2
LL,—:_:%‘
3.
3.
3.
3.
3.
3.
3.
3.
5 '—E}?-
5T ,‘%‘
542
Kﬁﬁ:"‘

DO DN DN DN — = = =
DO DO

....................................................... I
....................................................... I1
....................................................... I11
....................................................... IV
....................................................... V
....................................................... VI
T T e e e e e |
- fsﬂ}g} s 4 i (Cognitive radionetworks). ... ........ ... ... ... 1
#E 2% s B (Spectrum Sensing). . ..o vt 3
#E ¥ ¢ T2 (Spectrum management). .. ... .. 3
£ SR 2 =44 (Cognitive radio cloud networks). . .......... 3
B TR AR L 6
R IR A 9
U R RIS e 10
AR RE R EEERE. 14
R N I N 14
BT R A B AL, 16
Fedl P ZERRAERRR AT 0 18
= R 18
ﬁxii S EN R e 18
B N R B e 24
A A N B 30
R BB TR A e 31
§7»L+.’L’£P F A ﬁo,z/‘f;” ............................... 31
O 74 3 T P A 2 A 34
I A 38
#ﬁ%&ﬂ@% B e B o T 39
R N N 44
....................................................... 45
1 F8 A& 4 = N (Loading Generation). . ... 47



40P

# - AEERREARRV R 31
# = TR RE SRR AT R AT 38

1= E A A B T 40
e B BT A I - T 43




Iy

i

14

-

=
Pl RRELFFE] TR TRERFEFA L
A B A
BRI T R B .
WhEAR A SR
A R R A R X

%%Qﬁmﬁhwﬁﬁﬁ ...................................
Bot AR A A AR BEIRIT. e

f A A R L e e
B g TR W 0
ﬁ’s',ﬂ: ‘L'H;F' :r‘i? 2 VR ﬁ“/z s %E.ﬁ#"ﬁ .............................

A EFEI AR B .
AT R fREREER S RBL

VI



é‘?;% mpﬂ‘?')“ ;—{,\j\;—{,\; e A ipe ?# f'rﬁc'hxa’ I(. _Bg‘_(lil‘fif"ibg' T

%

ERAERAEARLIZH T B H T E R

-r
i
=k

d ¥
PP F R A PR ROEFARR > ARRPRY TREHTRE
LARTRR RO & o Ra > RFFTRI AN g UFLi* > plFF
B R T RO AT F %ﬁd# %ﬁ&m”*iah@%
SRR FIERE A R e 2R > A& 2002 £ 0 F RIS
% R ¢ (Federal Communications Commission, FCC)## % 7 — 3834 & % % >t
TRARBEH I HGES SEEF T o R Bl §F T LD
14 (15%~85%)[1] & B F 284 842 5 3+ & & (Defense /Advanced Research

Projects Agency , DARPA)= a5 ) 7o 5 it 31 [ [ gL o 5 o 47 2% chig * 5 4

=

2

IFF 2% (4cBl-) - P EE s g Aaa s T s (Cognitive radio
technology) = %@ — 4% HHE3¥ i * Fkm fEdMF HF R 7 &R v 7

=% o



Spectrum Qccupancy
PLM , Amateur, others: 30-54 MHz |

TV 2-6, RC: 54-88 MHZ |

Ajrtraffic Control, Asro May;, 108-138 MHZ =
Fixed Mobile, Amatewr, others 138-174 MHzZ
T 7-13: 174-216 MHzZ
M aritirme Mobile, Amatewr, others: 216-225 MHZ
Fixed Mobile, &ero, others; 225406 MHZ
Amateur, Fixed, Mobile, Radiolocation , 406-470 MHz
T 14-20: 470-512 MHz
Ty 21-36: 512-608 MHZ
T 37-51: 608-698 MHz
T 52-649: 598-806 MHz
Cell phone and SMRE: 806-202 MHZ
Unlicensed: 902-928 MHZ
Paging, SMS, Fiked, BX Auk, and FMS; 928-906 MHz
| FF, TACAN, GPS, others: 960-1240 MHZ
Amateur: 1240-1300 MHz
Aero Radar, Military: 1300-1400 MHZ
SpacesSsatelite, Fed Mobie, Telemetry: 1400-1525 MHz
Mohile Satelite, GPS, M eteorologicial: 15251710 MHz
Fixed, Fixed Mobile: 1710-1850 MHz
PCS, Asyn, IS0 1850-1990 MHZ
™ A 1990-2110 MHZ
Commor Carriers, Private, MDS: 2110-2200 MHZ
Space Dperation, Fikved, 2200-2300 MHz
Arnateur, WCS gDARS! 2300- 23600 Hz
Telemetry: 2360-2330 MHZ
P CS, 1M (Uphcensed 23002500 MHZ =

ITESTMMDS: 2300-2660 MEZ

Survelllance Radar. 2685-2900 MHZ r

0.0% 22.0%

| HH” I

|1
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— |

Bl- ~ g * X o Bp M. McHenry.in “NSF Spectrum Occupancy
Measurements Project Summary”, Aug 15, 2005

R T E R R FEE A B % d Joseph Mitola 111 3£ 2 [2] > R rm s R
FREE Y F B e uRGE R KR A R A R R AL B
TTEMT DL BEREE o ey BEHI R R 7‘5 (Unlicensed
user/Secondary user, SU) . 57 e #f ¥ 34 & ® *  (Licensed user/Primary
user, PU)SLRE p¥ > 2 i * HAgzk e * » 7 % "enpr 4 8 3 3 2 FORRAE 3
g oo AR TR ART TR GAES Y T AFS B R PR
& Rl (Spectrum sensing) £ #2 3# ¢ 72 (Spectrum management) > & T - -
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1.1.1  #g# R B (Spectrum sensing)
EARTHMNLEMES > §RFFFAREY F7 LRRER
PO LR OGERRR Y F AR 3B AR R Y TR AR R
SRR H G0 2 R R R Y F AT A S s PO 23R BRI
B oo Pl F AR RMEHSAIA R Re TR 4 a B E B ey AR
PR X x’e”*m?ﬁ MR A EF S FP o dePR - B oS R
FE AUE S R RS 2 AR A TR AL fﬁf shiey EAR R
# 7‘5 m 3 0 F P Fl L Ment gk (signal-to-noise ratio, SNR) & & — & T35
AN FF D A A SRR PIERES] 2 FRL T E K > 2 75 R Pl(cooperative

spectrum sensing, CSS) > %% 4 B 2 ik 4234 36([3]-[5] f&;g F A avp

FHRRIT R B SRR EEE DAL AR A k0 @ A en
AR AT AT RN R R e

1.1.2  #E3# g3L (Spectrum management)

/_\

4 3 F 12 &g 1 4 AR Zu(spectrumedecision) 2 47 F T R A fe
(spectrum allocation) > H *SFck Fa et R 5 R IR 2 8 ¢  hF Rk
AT A R R h ATy g e S o M TR A e BT R
BV REL IO T o BT TR pkA e o M T R 2
BRI R R PR EAYER LS > B RFMT RS

A fe o K R RERAT R Y TR EL > HAEHT ) TR L L it o

1.2 & R Z =3 % g (Cognitive radio cloud networks)
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Y PEELS A PIRE K 3 Wﬁﬁﬁm@mﬁ 1l e g $ - s 2R
A A G Fas mF AR A B3R Bl 2 AT g
e 12 ey gt e SRR RN T L o AT B AR B Mg i@ apat T
Ak RRPEHG AR R 2 S A FRASIR > UEHA kFd s B

3 A N - X S, o 1 R e Jfﬁkﬁ\1¥§i_(National Institute of
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CR Cloud

&
o
é I'V Base Station (PL)) ,\V\J \ Al . w 8 \\‘\ é
EE CR AP (&) 18 6/ IJ_a _6_ 8 8- -.7\-(”]‘-
- [ 8 J a~H 8 é 8 8
@ Server on Cloud 5} 8 d /&) 8 (&) - 8

Bl= -~ &3 2 3 REIRE T L B2 [6] Aconceptual Cognitive
Radio Cloud network (CRCN) model in TV White Space.

B SUR R RGO (ARl =)0 R (SU) & Bl 7 e
g MU A i Zh 5 (CRaccess point, CR AP) & I » & SRS 4o B AL b
e Y RRRER R e 2 EADY BI7]F SN R AR R R e
o B A2 sh b R e 3R R RI(CSS) 47 7 B T2 (spectrum management)
AR EOTIFER T ROFIRETRIRL ) AR > 1&g
= B e F I (Agent) ~ — B8 X H ~(engine)rt 2 B B TG E R (4o

]%]\I)a J\/(—l?;\fraj_:g___ _ /T“; .



CR ClOlld (1> CR AP1 asks CR Cloud where SU3 is

Ethernet Home agent searches the binding cache
[@ and responds CR AP1 where SU3 is
S8 Agent —‘- """""" o
(S8 Engine ," - S

SN

- Y
/ > | kﬂ ‘*‘-——‘-—- suz

CRAPL Wireless spectrum
B sensing devices

Binding Cache Homy Asen. Send data from ®_‘
D) CR AP1 to AP2 / /-' l).‘clt‘cl to SU3
CR AP3 redirects ;7 wsu ViaCRAP2
» e
data to CR Cloud as i-j-.—.-“'__ D)
SUL1 is no longer > ~. o
associated with it A craps,  wer D'ata to SU1
CR Cloud Hand in-% g, Vvia CR AP2
redirects data g - A
\
) to CR AP2 ‘: /’ Move to another
j ) ¥ ’ Wireless spectrum domain
— sensing devices /
A Sent data to SUL n-“'“n‘ a
via CRAP3 o . Hand ot gy

o

Bl ~ &2 e 2k 5 ml - 2~ a [6] “A conceptual model and

prototype of Cognitive Radio Cloud Networks in TV White Spaces,”

(A) 3R RIA G F I —*Z(Spectrum sensing agent, SS Agent)

ﬁﬁ@ﬂﬁa%ggﬁiﬁ TR SR TR O v RO B
Mok p 7By SR BT R IZA T Y BT N(r 7 EAR
Rk 5 ID s BiE - BFRY CRSSI E)REF T 4 b ool R R T AR (SS
database)® - o i M B aoa sFd 1F 0 M e I SR RIE B A
g R oo - DAEATHE MEHE R TREEL > SRR RE L E AR
2T p R Y Bl TR FAE B R o

-~

(B) 1t ;YA 3 g Jp|:E 5 H ~ (Cooperative spectrum sensing
engine, CSS Engine)
Fole SRR RIE R B A f A PU TR 2 2 g e 5 Rl (radio

power map, RPM)» — ® A4 2 & Rl /1 & & Eﬂ-’_ﬁ BAE R P F B~ AE R R



FRER kR RS S E A TR AR R L
17 A0 B S e B 2 (sparse Bayesian learning, SBL) ez 2 s e 54
Pl [O]k BRI PU #rgf e gl X2 MR SRR~ RS FRF

#4 B (RPM database) -
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(D) 7% F iz g ~i*(Home Agent)
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FI A 2 oh o R R BRI g e
RIS > BOIRG o F i H LM TG ERY &2, pipE * 5 21 &R}
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Cognitive Radio Cloud

) 1.Useful |
2. Timeout |

g D \ @
1.Location e L 1.Location ‘

‘ 2 Detected RSSI | | 2.Detected RSSI ‘

(el Nework ) N —( Toconct 9

SS Agent

@ Channel
1 informatiorbt |
L ery

‘ & Query

~~ Responsc

BT ~ ZzHp 3R suzE ﬁ:@ » B~ A [7] “A cloud model and concept prototype
for cognitive radio networks,”

To o R EAS B R U (FAR o A [6][7]# T4 e
B e (e RIT )0 eIk B Y et F 5B R R~ 2 (sensing
devices, SDs) & ¥x H 7 % & & SR Fv e B2 4L 4 5 P-4 4] (Media Access
Control, MAC) §. 7 & #p {2 el iR 38 T > @ AU ot A & € R d
#(polling) e 4 & FAFHFF LA G B E AR HL R % o A
R TR A G o AR AR AR S AE BATE
%ﬂmem@ﬁ@ﬁ’ﬁﬁﬁﬁ?ﬁﬁﬁ%ﬁQW?ai?%’%dﬁﬁ
M Ard (T ZTEha A FIEF T HFT IR o - LT EAT
SRR RN R R 6 p I MR H B (The 2 B ATiE > @

FAERESFHERELE S R PR A @ P DT



WAEJE > NERF I ATIREE s G AR T o el Rt o
- L% FCU)BE R R JRIAPT > R F R AR Y 7R
Hoorfp R SUS e it AR O (R B Al o § R S I(F A
) P 2 s R Ao RArac R G T N) 0 AR AR TR A
BOOHTIE ROR Y FREAHTIREARL > g T &
iz {&(Beacon)® B 4% 412 - BAoiz i ¥ HREEAEHR Y o R H TR
S Fe B HHE R FE N 0 B "]é,"#\z‘f"' Tl AT R R

BT - BARBNIZY LA S R i oo

£
PR AR o o APRRIRSF A TR R 2 G A AP AT

\Y—

HATh g ¢ o RS TR BT P A R 9 ONY) £ % i
B2 > NAgiE 10000 pF o0 JETef A 38 a f)enid B g [ (Intel Core
i53.1GHz) > #X @ igiPiE & pF £ P Era G WX ehs b1 7 & FCCHpr
R (FHPUSF R RF R 0] 5 2 §)) 0 4 R TIFER  F1F 0 Al o
SRR EEES S
AR RORZLZ  FAR AR APREEFL FAG B

L B FME BT RE LD B - PREFIL D ZHERET 70
L S IF LR TR g 54 52 fie(Resource and power allocation) - g T i
fLengh B3 N beif REDIFCCAps P e o & F d o & - o) 2 iy
PG B LA P »K/,J do— AE ¥ F TRE B H < (Spectrum management
engine, SM Engine) ¢ 7 7 4 ¥ /L ¥ ~ (Clustering engine) it & 3 k&2 # 5
4 fie H - (Resource and power allocation engine)(4-® =) » &Hf ¥ ¢ 123& ¥
HAN B BRAR TREAL CRELE S FTRARES F A/ @
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HAEIZHE AL A IR R MR SRR AR 5T A S

P
st PR F A AP ELER AAR AR ST pF A

/:} °
58 Info
58 Info:
Estimati ™ SSinfe
Res{ilt .
CSS Engine RPM Information DB SS Agent
RPM Info
SM Engine (
(o))
Reg Query or
CH Demand Info(AP,SU) Reg ‘Registri‘tion'
Per AP Request
Bl O '“fRO(APzU) —5M Resulte
Home cache DB - = AP
Request Home Agent %
Oof
Request Scheduling
SUs Result
Query b
3 And \S Query and Resporise
Result: esponse |
=1 sU
Resource and SM Database SM Agent 6
Power allocation
engine 8
- G T
AHEILE A - LRI HEIAL I RATRES FAORE A E A
24 2% ) = . | 2 )\ - — 27 [ - v o -
o R BT REH I ofpE Y R R A SRS e feif

—\\

¢

o3 4 TR RS A S e BB 5 A T
Afe s BT RNERFIEAS o BolRH(EcH ) AW F ¥ BER
RAP B LA BN R 2k PIREE T F LA R

HAWMEE T RS e TRE M S RE AT 7 FIAPAR R A0 7 e g

B ERRAERE B B A (RS S AR AR A e o3 TG R I BRAH - R R (AR bt 5 mE AR oy
BT RRED AERS B B
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F TR S VRN R SEFLCE 5SS EICERE

W3AERRE RIS
VM 1 VM2

Bl= ~ 3 RUREBZW Flfed T2 o FRFEF L -

K P A PR A HAEE AL AR HRE A

“é$

FOLE AFE T chi U TS e 0GB e o el R e o b By A
e

ML e Rl VISR E IR B ST SR e o 4
B L e

PP AR R R T e S BRI O AR R
FPEY i Flgh i B R F AL P RS g R R T
AyrH AR SRR R U B BT VR B g i P R -

AEREAR,SENR? §- Be MR EL[1HOFE > 25 33773
e e g B2 a4 N[I0][11] > im & ok L T - KD P A
(Multilevel)[12-14] 2 4.5 »2 2 § B g MR AT AR © 227 o SE Ak
NP FEHS 2P RF ARINF FEPBEL LR FoER o Sl
FERERSBR2AFNFBRARIIF-F T RIS REE
Wend B oo igd 3 N E A R e E w*vﬁa o

BRhhE AR TR AR ST R fe R AL 0 4P § T A vertex
listed multi-coloring problem » #.[15]2 A& 3& d) ¥ 22 ¥_NP-hard ¢/ 58 > &
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AP gtk ¢ 0 AP T R iR N fede b i AR 0 R T
PRI A B PFRAT IR R AR H ML G A gk fE R
EI
EEZFAPRISERY RO ANEE > T AR ZRHA AT
M e RAEE TEZ FEON R B R A D 2 R
BOILGEP M E ERAFRA ST B T R 41T Rl

BEG AT FREARTRE AR AR -
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N

a It

g

A > 5 si T . >
$-F AAREANLEPETE
B =

<

b USRS 0 AP R R B BB G

= B e
BERMEYOERE TRERAR SR E BRRBERY Y ARERER
EAFEGE AN 2 AU E 3 A (4ol ) o BAR TR R Y
Fem S it A SR F R OF RIS 4 F (uniformly
distribution) » 2 P EK F B ERE TR AR SR A H I AR
B0 YRR VP g ARG AP R R fé;ﬁi%ﬁ« (data rate) » &

LR VR S S R AL

2.1 &3 3R

WIRBL R o AR SR SRR A R O ihdn it (topology) i S -
BER G=(VE)(FrBl4i) - * Bo-4 7 & MR ity 5> £ 7 7
HP w62 or g R diep > BB B i A or 2 A 2

B F R I RE F RS b BETLTETE LA R

LR ARGHE Y ) F BB B Ao BORET RA

TAANABPBEZRE B AN Ep kAT
L Pi,j
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D, j

average requested
channels in the

intersection of ung‘o"nﬁfm
nodesiand j channel§
s q;Ainj o 94i0;
= ceiling(max{ max| — — (n, — nyp), 0] + max| 1 (n; = i), 0] = My, 03)

the number of residual requests
after allocating uncommon channels
of node i

the number of residual requests
after further allocating common channels
of nodesi and j

FRBG A CARARE CEAHFRERH oA A AR S Ty

i

W B ny; A AR S BRE o AP SR SR B Tl p AT

BT E SRR BRIR TS T s g Riee

#-B G=(V,E)> 1 FF R L) VVEV, #3057} 88, & &

SR A5 e A 1 VR EE T o] (A H A A i ik
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Primal :

min Z P j* X ;
(LI)EE

Subject to

A

Qi

V Vo,Vy, € Sj, 3 1pathinS;: v, connect v,

i

APEREML F FR o S={S;, S, ..., S} SEE R o A
Xi,j =1 BE4r éi,j {é Vs 3§ (Vi€ Sas Vi€ Sp,Sa #= Sp) 0 T E]'in,j =0’ Qj

= ZU]ESLZL(UJ) ’ il" %\’ -+ %—islﬁjl T%_‘E‘_ o

2.2 iF J Bherp ok T4 pe i AR
BAHFE ENFES A PRI B R a R R A ST
BEAESHEF A PRAEHESA G=(V,E) 27 VAL AR R

SRR E R SR A AR B AL g R A e R

EIMBEL Y ZE R - HEB L) O AP T ERELR
A A TR A R B R R F] A e H 2 [ R AL AT -

BURE R e pe AT BT o AR AT 2 B TR AT 0 AP

ERCN CEIES e § S8 S E SR R s

16



[2~6] [2~6]

B~ B0 B T e S )

Y- B G=(VoE)> #tary 8hig pud * I ARy 0 A AR TR R
By oo E TR gy AP s e R e T
Primal :
Maximum (3.,p,) — O
Subject to.
P,=qy
K, "N Ky ="@-forall-e,; =1

K, "€ R, , VvV
Where

p, is number of allocated channel of node v ,p, =|K,|

K, is the allocated channel set of node v
o2 : the satisfaction ratio variance

F, : the satisfaction ratio of node v ,defineF, = X

v

Favg - the average satisfaction ratio
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Gip— o] & o VPRI FR AL A BT D ehk i3 1 B i S iR
A ‘\"*\F“%‘ﬁzq'l pq_gi@gﬁjﬁg,jp Lﬁ/& EEF’W;W)}‘;

311 B diazE AR

PECE VIR E G2 02 Fad p R R 4 F 2 (breadth-first search, BFS) » #
PRTRBEIFEIRFEEIR > - RFEAEY - BT AES BT N

B VAR ET s do% 4R 7 g B P BE SR 2 2%~ B 71 (Queue) ¥

T R S B AR AP R r R BT R PR

Yoif $ ot SRR R T BEE T N R 2 B Rl ) 0 e

247 7% 75 (pseudocode) 4= F #row o
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Queue : 2 Queue : Empty

DD DD

Step 1: Choose non-clustered initial S&zﬂez(nzgg tzr;e Sg'gg?g;;%gg
node and push neighbor into queue d

+ node 2

Queue : 3 Queue : Empty

%} DD DD

Step 2: Pop the neighbor form Step 3: Queue empty, but still have
gueue(node 2), Choose node 2(if not non-clustered node, start next
cause overloading)and push cluster and go to step 1
neighbor(node 3) of node 2 into queue
+ Queue.: Empty Queue : Empty
%}1%1%) %1%)%
Step 3:/Pop the neighbor form Step 3: Pop-the neighbor form
gueue(node 3), Choose node 3(If not queue(nade 3), Do not choose
cause overloading) and push node 3

neighbor(NULL) of node 3 into queue

+| Queue . Empty Queue : Empty

DO %}1%}%)

Step 4: Queue empty, and all nodes Step 4: Queue empty, but still have
are clustered. If this solution is optimal ~ non-clustered node, start next
solution , record it. cluster and go to step 1

Bl -~ d A R R R
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BFS_Optimization(StartNodeNumber N, AdjacencyQueue Q , clusternum C)
If (Q is empty)
/I this cluster’s process finish
» If(there is no non-clustered node)
— Check this solution is better than optimal or not
— If yes renew the solution
* Else
— Set all the non-clustered node to white color
— Find the not clustered node N’
— PushN’toQ
—  Start next cluster, BFS_Optimization(N’, Q , C+1)

Else

// Find all BFS sub-graphs
» TargetNode T =Q’s front node, and pop this node form Q
» Calor this node toblack
» Record the condition of Queue and Color
» If(Select the node T will not cause overloading)
— Choose this node T, Set the cluster number of T=C
= Push all the neighbors of T into Q which.are not already in Q and it
has white color
— < BES._Optimization(N, Q, C)
o If(T!=N)
— Recovery the condition of Queue and color and set the cluster
number of T = non-clustered
— Not choose this node T
— BFS_Optimization(N, Q, C)

Main()
Push initial node N into Q;
BFS_Optimization(StartNodeNumber N, AdjacencyQueue Q , clusternum C);
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P=2
) Step 2: Find the maximum penalty
StepdigRandom cficose-a node which not cause overloading
non-clustered node and cluster this node
p=2

=4 P=2

p
Step 3: Find the maximum penalty
node which not cause overloading
and cluster this node

Step 4: If all neighbors would cause
overloading, start next cluster and
gotostep 1

Bl =~ SR A EE R FARET 0 BRI FR A U5 1
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ThisRoundClusterNumber = Initial Cluster Number
While (all the nodes are clustered)
{
— Random choose a node v ;
— Set the cluster number of v : ThisRoundClusterNumber;
—  While (true)
- {
» Choose the neighbor node of clustered node u which has max
penalty and not cause overloading ;
e Ifu!=null
— Set clusternumber of - ThisRoundClusterNumber;
e Else
— Break;
- %

— ThisRoundClusterNumber ++ ;
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CP =17 P=2
- ) Step 1: choose the node
Initial Step: Define the wiich B e ximum
cCTERAPNding pencluiiy corresponding -penalty(CP)

Bl =8 B il A AR B

ThisRoundClusterNumber = Initial Cluster Number
While (all the nodes are clustered)

{
— Choose the node v which has maximum .; P, ; ;
— Set the cluster number of v : ThisRoundClusterNumber;
—  While (true)
- {
» Choose the neighbor node of clustered node u which has max
penalty and not cause overloading ;
e If u'!=null
— Set cluster number of u : ThisRoundClusterNumber;
e Else
— Break;
-}
— ThisRoundClusterNumber ++ ;
}
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Step 2: If there.is still non-cluster
Step 1: Using the estimated loading node, release estimated loading
constraint (8.6) to perform clustering constraint to loading constraint(11),
and check again
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=
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While (all the nodes are clustered)

{
» If(First Round Clustering)
— Set loading constraint = best balancing loading;
* Else
— Release loading constraint to max loading constraint p;
— Estimated number of VM = infinity;
e ThisRoundClusterNumber = Initial Cluster Number;
*  While(true)
« {
— If ThisRoundClusterNumber > Estimated number of VM,
e Break;
— Random choose anode v ;
— Set the cluster number-of v : ThisRoundClusterNumber;
—  While (true)
- {
» Choose the neighbor node of clustered node -u which has max
penalty and not cause overloading ;
o Ifw!=null
— Set cluster number of u: ThisRoundClusterNumber;
» Else
— Break;
-}
— ThisRoundClusterNumber ++ ;
* }
}
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Max Penalty O(N?)
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Resource_Allocation_Optimization(Node N)

{
If(N == total number of nodes)
{
if this solution is better than optimal solution
replace this solution to optimal solution;
b
Else
{
Find the power set of available channel of N;
For each set S of power set, which [S|.< gy
Record the neighbor’s available channel set.condition;
Disable the neighbor’s.intersection available channel;
Resource.Allocation-Optimization(N+1);
Recovery the neighbor’s available channel set condition;
b
b
Main()
{

Resource_Allocation_Optimization(Node 0);

33




\v

3211 BHBEEN
® 52 HFUHHFFTALRZLEEF T VA TAEET RA f N
A2
BG i HT RS A AIRE 0 B G T RA R AT RO
FHRAMHEEDSF T B0 G KRBT A f R A
AR AP RAR R 2L AR R AR AP e R (E R 2 s R R 0 T A
BE)m sy B el 0w i A e r“;’ﬁﬂé’rﬁ.ﬁ%@.f‘% 1%
AL E FIEEN(ERE N 5975 Bhdk) > Fpb > & - Zhgn g gt b - g
BT R BT FERE TR T R VoA e E > Ra b
— B B E NG OV o AR 0 Tt BRIV TR A fL2HOF O T

}3 3 Hb m‘){?‘z—g Fl\ /},%(/40 ﬁo1 V)

3.2.2 B N BT R iz A 8

FP G4 AN EE TR e e PRk ok B I S TR A i
BA S g™ aum ORGHF 7 RETT /2 THE T b RAEFF
s RF AR G T A Fe B AR R I B A PRI

LM e 3N # &"& )+ 2”(Minimum interference value) -
FIE TR GEHP R S A ] TR E LRI k] T

BE o FEO KRB L =) Bl - 81 i d A e 9 0eE 2 2
H

B3RP 20 Ak FEEL O LT LR K S MHE LT &
PEIEe A Fp g 123 4 FHEEAHL 01050 A0

FEABREY RARE G B] IR E I

34



.21 22-

UREES £ 8

For et B R G BT I g PR - ot R A ok
/7 (saturation degree) o HE ARk IR TS 5 AT Ao AR e HOAE A o
e Hp ‘/\;f%_ g AEE e .-Ff]z%;;ﬁja%_ 4 o %AJF EREA 32
5 A0 I et ke o TR AN P R Sl R S R R B A g 5 (o 7&{3\
¥ 3z o T i@ (satisfaction ratio) 5% £ Hed 1) o p H_w i iE 2 ?; Fa ke o S
Bofo AP0 - BEERE 0 B U R BBl A R N AR
FA2I g d BlFAav 1l 234 v B daF ] v BY oL
Pj b FHE B L1 3 4B B FHEEO0 A E Y 3 47
ol dup e fo R R (T A ET RS ) AR FRE 345 G T
BoZdRERRIFPREMOITP A (DT ERE EAK) APEER
BL 3P RO o @ e BOARGH DIt o AP Re B PG B TR B ARG (1
Frabb|F A PRREEI%T ) TP AR RS FRE TR

LA7 > Fim e B 54 AL A8

35



36



Input: G = (V, E) , R(v) number of request
OurAlgorithm
{
/I Initialization
Color all nodes white color;
Set interference value;
/I Afterward Step
do{
choose the node has (0) white color (1) min interference value (2) min saturation
degree (3) cause min satisfaction ratio variance (4) random choosed ;
AllocateResource(v);
}until the colors of all nodes are black;

AllocateResource(v)
{
choose the active channel form available channel set of v which has min
interference value;
if there’s no channel , color the node black color and return;
allocate the active channel “CH” to v;
disable the “CH” of the neighbor(v) and renew the interference value of
neighbor(neighbor(v));
if(R(v) == number of allocated channel)
disable the rest channel of v;
renew the interference value of neighbor(v);
color the node black color and return;
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Heuristic method O( Q*(N+QC))

Optimal method O(2min(Cra)ttmin(Cidu))
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9 Nodes Scenario 1: max VM loading is 35, (mean, standard deviation) of CR AP (100graph)average.
loading is (5.93,2.28)

# of Handled loading | Total | Average # of non-satisfied Satisfaction ratio Fairness index
utilized | (mean; standard | Penalt’| of sum requests variance
VMs deviation) \ penalty OPT Heuristic OPT Heuristic OPT Heuristic
Optimal 2.2|(25.3375,3.97074) 3| 1.40267 7.15 7.2919 0.171069| 0.241628| 0.941916| 0.886179
Random 2.31|(24.0225,7.92598) 4.08] 1.74833 7.67 7.8423| 0.185321| 0.282276| 0.935635 0.85
Max

Penalty 2.34|(23.7925,8.07833) 4.05 1.71 7.47 7.6486| 0.176932| 0.267223| 0.939108| 0.859613
Release

Loading 2.07](26.125,2.56758) 4.67 2.23 7.67 7.8674 0.195488| 0.305509| 0.932609| 0.842392

16 Nodes | Scenario 1: max VM loading is 35, (mean, standard deviation) of CR AP (100graph)average.
loading is (6, 2.22)

#of | Handled loading | Total | Average # of non-satisfied

Variance Fairness index

utilized | (mean, standard | Penalt | of sum requests

VMs deviation) i penalty OPT Heuristic OPT Heuristic OPT Heuristic
Optimal 3.2|(29.75,1.74853) 5.4 1.66667 9 9.49 0.19145[ 0.379159| 0.947551| 0.799302
Random 4.2|(23.25,9.56668) 7.4 173667 7.2 7.904 0.20711| 0.330161] 0.934111| 0.829911

Max

Penalty 3.6[(27.29,6.42855) 7.2 2.02333 8.4 8.984 0.197745| 0.387266| 0.94437| 0.782208
Release
Loading 3.2|(29.75,3.37637) 9| 2.78333 7.6 8.194 0.202722| 0.317974]| 0.942297| 0.856788
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25 Scenario 1: max VM loading is 35, (mean, standard deviation) of
nodes | CRAP (100graph)average. loading is (6.06, 2.37)
# of Handled loading Average of sum
utilize (mean, standard Total Penalty
d VMs deviation) penalty
Random 6.15/|(24.6407,10.1919) 17.1 2.79936
Max
Penalty 6.07/(24.9857,10.1574) 16.57 2.73388
Release
Loading 5.41|(27.8438,6.3583) 18.68 3.40401
64 Scenario 1: max VM loading is 35, (mean, standard deviation) of
nodes | CRAP (100graph)average. loading is (6, 2.43)
# of Handled loading Average of sum
utilize (mean, standard Total Penalty
dVMs deviation) penalty
Random 15.74|(24.314,11.5046) 53.75 3.41747
Max
Penalty 15.35|(25.0252,11.167) 51.48 3.3528
Release
Loading 14.01|(27.3056,9.22717) 55.55 3.95487
100 Scenario 1: max VM loading is 35, (mean, standard deviation) of
nodes |CRAP (100graph)average.loading.is (5.98,2.44)
# of Handled loading Average of sum
utilize (mean, standard Total Penalty
d VMs deviation) penalty
Random 24.13|(24.9444,11.2077) 92.16 3.8188
Max
Penalty 23.97((25.1428,11.4176) 87.16 3.63982
Release
Loading 22.52((26.7216,10.58) 92.5 4.10234
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fitéE— ~ 1 1T E A 4 7 3%(Loading Generation)
Power allocation engine loading :
M : Number of channels
L : Number of APs
k : Number of users
(A) Optimal power allocation :

If k<ML, f(1)=1, f(2)=2

f(k) = 1+ CKf(k — 2) + C¥f(k — 3) + -+ CF_,f(1) + 1

Computation complexity =f(k)*O(L3)

(B) Suboptimal power allocation-:

If k < ML,

Computation complexity = (ML + (kK —1)(ML)? — %ML(k2 —k)) * O(L?)
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