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Abstract

When a catastrophic natural disaster occurs, the efficiency of disaster response
operation is critical to life saving. However, communication systems, such as cellular
networks, usually crashed due to various causes that make coordination difficult for
many disorganized disaster response workers extremely. Unfortunately, rapid
deployment of many existing emergency communication systems relies on a good
transportation system, which is usually not available in a catastrophic natural disaster.
We propose a Contingency Cellular Network (CCN) by connecting disconnected base
stations together with wireless links and portable power generators. CCN can support
existing mobile phone users with limited capability. Such a system can support a large
number of voluntary workers in the early hours of a catastrophic natural disaster, thus

saving many lives.

Communication traffics, either voice or data, are forwarded hop-by-hop to the
external network that remains operational. The efficiency and effeteness of CCN is
obviously depends on the topology of such a forwarding network. This thesis
addresses the design of forwarding topology aiming to maximize its efficiency. We
take the degree of emergency degree of the damage, population of each stricken as the
priority measure as well as the amount of emergency recovery resources as the
constraint to determine the topology. We model the CCN topology design problem
into a Depth Bounded K-Maximum Spanning Tree Problem. The problem is proven
NP-hard and we designed an efficient heuristic algorithm (DBTB) to solve it. We also

model CCN topology design problem into a Hop Concerned K-Maximum Spanning



Tree Program and designed a HCTB algorithm to solve it. The simulation results
show that DBTB algorithm can control tree depth effectively but HCTB can gain

more profit.
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Event/ Place Type Date Dead
Earthquake
North-East Japan : 2011.03.11 15,698
Tsunami
QingHai, China Earthquake 2010.04.14 1706
Chile Earthquake 2010.02.27 800
Port-au-Prince, Haiti Earthquake 2010.01.13 230,000
SiChuan, China Earthquake 2008.05.12 69,227
Katrina, US Hurricane 2005.08.23 1,836
Indian Ocean, South Earthquake
i ) 2004.12.26 192,000
Asia Tsunami
Chi-Chi, Taiwan Earthquake 1999.09.21 2,415
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2.4.3 K-Minimum Cost Spanning Tree

K-Minimum Cost Spanning Tree * 4 & K-Cardinality Tree (KCT) - 4p ## 45 n
BEBORY B NEEL b T R ) KBRBROREFM EPk<n-
KCT i3 hiEd gt 88 v > % 5 NP enf* 42> 2 ¢ > Edge-Weighted
KCT % NP-hardness ¥ %2[9] » » Node-Weighted KCT B] = NP-Completeness ¥ 4&
(8] -

2.4.4 K-Maximum Cost Spanning Tree

K-Maximum Cost Spanning Tree > R &€ n B & 2.c0@ ¢ > 5 I HEE Bl e
B2 R KBRAE RS E P k< ned wifdo] 2 A A anpieh T
A 45 {8 > K-Maximum Cost Spanning Tree 7= ¥ # % 38 ;N pFRF > ) * 3507
% > p K-Minimum Cost Spanning Tree & 3% @ & [20] -

2.4.5 Steiner K-Cut Problem

Steiner K-Cut Problem &_— & 825> | (partition) F* 4% > %% - Baw® &3 E L
HBIG= (V,E)~ - BE-B EXC VLA - i1 ik < |X| > Steiner K-Cut 1% £
Hh- BaR-Gr L kBIA(part)cd ] BE B E L > ¥ X P airg B Y
3t & B3R 4 o Steiner K-Cut Problem 35 - NP-Complete F°%g[4] > # * &= %

[SI[10][18] %~ 17 = i fi% -
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Recovery Package, ERP) » # fi| % 238 & 2 & 3 VB 33t ¥ra e 5 WAl
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4.6 CCN Forwarding Tree
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Afprdaz = CCNFT RPAFH- 5 — % 2Bl ¢ 1 K-Minimum Cost Spanning Tree
(K-Cardinality Tree or KCT)A 48 » A 7 #& 117 4 B3] » % - B 5 Depth
Bounded K-Maximum Profit Spanning Tree(f§ #*V%#3] » DB K-MaxST)» # #
R K B AR E AR o Sk L A SRR i ]
Mg AR X i?ﬁﬁgﬂté&ﬁ ; % = B #-7] 5 Hop Concern K-Maximum Profit
Spanning Tree (i f-a7 i #-3] - HC K-MaxST) > 7 fedk & #rid 3 5 T enigsy &
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471  "UEH2] (DB K-MaxST)
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® Givenagraph G(V,E), where

B V={yli=0,1,..,n}isthe set of nodes (if & > &> 5 ).
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B v, isthe root node that has an external link (i % ).

B Degreeof v; <6.

B E={e;|v, vy €V} isthe setof links to be construct if selected, and a
wireless connection between v; and v; can be established on e;;.

B P={pw)|p(v) €Z, v; €V}, p(v;) isthe profit of v;,.

B K € Z%' isthe total number of resources (ERP).

B B e Z' isan upper bound of the depth of CCN forwarding tree.

® In CCN Forwarding Tree, define “Forwarding Path of v;” to be the path from v;

to v, through path(v;, ..., v,).

® DB K-MaxST is to find a CCN forwarding tree T(Vy,Er), T(Vy,Er) ©
G(V,E), where v, is the root of T(Vr,Ey), such that the total profit
Yvevy P(v;) Is maximized, subject to |Vr| = K and the depth of T(Vy, Er) <

B.

4.7.1.1 NP-Completeness

Given a graph G{V, E}, K-Maximum Spanning Tree (K-MaxST) problem is to find a
maximum total profit spanning tree whose number of nodes is an integer K, and
depth bounded K-Max Spanning tree (DB K-MaxSTDB) problem is to find a
K-MaxST and the depth of K-MaxST is no more than an integer D.

The DB K-MaxST is the optimization problem of finding a depth bounded
K-spanning tree (DB K-ST) of maximum total profit in a graph. As a decision
problem, we ask simply whether a depth bounded K-spanning tree (DB K-ST) of a

given total profit P exists in the graph. The formal definition is
44



DB K — MaxST = {(G, P): G is a graph with a DB K — ST of total profit P }

(A) DB K-MaxST isin NP

Suppose we are given a graph G{V, E}, and a integer P. The certificate we choose is
the DB K-MaxSTc G{V, E} itself. The verification algorithm affirms that the total
profit of DB K-MaxST= P, and then it checks, whether the tree depth < B. This

verification can be performed straightforwardly in polynomial time.

(B) DB K-MaxST is NP-Hardness

To prove that DB K-MaxST is NP-hard, we show that K — MaxST <, DBK —
MaxST.

Let G{V,E} be an instance of K-MaxST. We construct an instance of DB K-MaxST as

follows. We form the graph G'(V,E), where V'=V, E =E, K' =K,and D =K.

The instance of DB K-MaxST is then (G, K), which is easily formed in polynomial
time.

We now should show the graph G has a K-MST if and only if graph G’ has a DB
K-MaxST whose bound constraint = K. The process is very straightforward.

If we simply found a K-MaxST for graph G with no other constraint, the depth D of
the K-MaxST is always between 1 and (K-1), thatis 1 <D < K — 1, which is always
smaller than the depth bound constraint K.

Conversely, suppose the G' has a DB K-MaxST whose depth bound constraint D = K.
The K-MaxST with bounded depth D = K is always to be the K-MaxST in G, just

like no depth bound.
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472 37 H3(HC K-MaxST)
SRR PURBCAISE I o sEAp R Y hiE - S B2 XN EREFIRR A ITE R
fa 4o
® Givenagraph G(V,E), where
BV ={y]i=0,1,..,n}isthe set of nodes (i& 5 £33 [ 3¥).
B v, isthe root node that has an external link (& % ).
B Degreeof v; <6.
B E={e;|v;, vy €V} isthe setof links to be construct if selected, and a
wireless connection between v; and v; can be established on e;;.
B P={p)p) €Z, v; eV}, p(v;) isthe profit of v;.

B € Z7" is the total number of resources (ERP).

® HC K-MaxST is to find a CCN Forwarding Tree T(Vy,Er), T(Vy,Er) S

G(V,E), where v, istherootof T(Vy, Er),and h(v;) isthe number of hops

from root to v;, such that the total profit X, ey, (%) is maximized, subject to

Vr| = X.

48 FE &
d 3t DB K-MaxST R 3% = — NP-hardness #* 4 m HC K-MaxST » & I > 147G i
b E i g 2 pE R 35 3 & E f2(optimal solution) > #rre o AP S e A BT

WP T EBESEEE

46



4.8.1 Depth Bounded Tree Building (DBTB) Algorithm
Depth bounded tree building algorithm £_DB K-MaxST #* 4 sr g g Vg & 02 o

H B4

DBTB(G, p, 1, K, B)
SetT={} /* bounded depth tree */
SetU={r} /*ristherootof T, belongtoG*/
while elements in U has at least one adjacent node
while size of T < K do
let v be a highest profit adjacent node of u such that
VeV (G)-U,ueU and depth of u<B-1
addvto U
add link(u, v)to T
delete v from V-U
end while

end while
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BDTBA

# of resource (K): 5
Node weight: 1~35
B (bound): 3

Total Profit; 14

W 35 DBTB & i+ # %

A - B ESEGRP DBTB w82 > 4Bl 35 477 0 (a3 F Rk
K=5> %3 &L E 4> 12152 F  HFIFB=3> 7 &8 AL +B:D
BHT o H 8 2 B e (D) F e Ajpas S gy il 5 FIC B B £ o
EHCE(C) FL Cimasr v RHAE -FGEL BGD=H" kg
ERGE (M) wFEGHETFEIRIE FIELFH 1247 x5

ER () HF L I BERI R E oI B EHIAF R

HERLAAWB &EREXAPIB TR B fl28d By i 14

B K42 RIEF2Z B GE B 360 4t > FD4p R CCNFT -
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Brute Force

# of resource (K) : 5
Node weight: 1-5
B (bound); 3

Total Profit: 14

B 36 k4 gz

4.8.2 Hop Concern Tree Building (HCTB) Algorithm
Hop concern tree building algorithm #_HC K-MaxST #’ 48 s fdfasd ;N ig 52> 2

B HAE 4o

HCTB(G, p, 1, K))
SetT={} /* hop-concern tree */
SetU={r} /*ristherootof T, belongtoG*/
while elements in U has at least one adjacent node

while size of T < K do
let v be a highest (profit/hop) adjacent node of u such that vev(G)-u,ueu

[* hop= the # of relay hops from root to v*/
add link(u,v)to T
delete v from V-U
end while

end while
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HCTBA ]

# of resource (K) : 5
Node weight: 1~5

Total Node Profit: 12
Total Count Profit: 6+5/6
Tree Depth: 3

W 37 HCTB w2 % 2

AP e R k] 3 HCTB 7 £ 02 > 4o B 37 #7577 > () F h#K =5
A S EBLEEEAN1II 52 Fon &8 A G AR T8 2 A B A
WESAPRERI R QR IR O (LT HHEPHE) CEB
B2 peBbfics 10 53t Heycsh PH 7E7;2/1“' *oepp = 1/1 ;(b)iE# C gz
SOHE R E R e AR R PIH e = Ofpn B¢ Bt
H o (CEH GRS I A R IR H AT B T ) PHE
e = Yo B0 BA X S ()EM | B2 3R 7HE T AR E Y p A
Fil12-

B4 fed 2 KT B k2o B 360 49t > 53 A CCN FT > » HCTB h
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Boar g b 143% > R HIFR G S EL T G — P 2 FT
. e H 2R L 30888 3 i ol it

Rl &S BIRRE S 3enidgh(HE2 | 2) -
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$1% %

o

w
K
a1

51 %P eh

I’Z;&»{ﬂ? %Es}»s_%ag ﬁv;ﬁ;\ m"’ ’\A ) ‘;E‘,f’r/ﬁ_ﬁ/z— ;;ﬂbm:l‘.,p o 1\. |F3;)}J’}F ’;F’Jp%;ﬁf:ﬁgﬁ

a1

Depth Bounded Tree Building ;& & /# 2 Hop Concern Tree Building ;& & /% 3%
W F k4 R KT B e i At o d 425 B % i Bl (Test Case)#iE
* CCN FT 2 33z F (Total Profit) ~ & i % i) #7 1= 3 & ¥ p* ¥ (Computing Time)

ME A%k 4 & g CCN FT eniii®E & (Tree Depth) o

52 F%%E%

AR EOFEHREE - EE TN AR AT

® ;U2 E : AMD Athlon 64 X2 Dual, Core Processor 5000+, 2.61 GHz.
® =&t : 3.00GB RAM

® iT¥ %L Windows server

® B @ m%:u : Visual Studio .NET 2010

® Framework : .Net Framework 4

53 § %k —: | T %
A g ean N, 2wl g 4 10 B 72 ek G B 0 # & 7 Depth Bounded Tree
Building ;& & ;= -~ Hop Concern Tree Building /& & 2 &2 % 4 23 % > 12 £ CCN

FT -
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531 =Rtk

FREFUNT 2R ipiR e 73 0 ¢ 45
® Total Profit of CCNFT:j% & ;2 2 4 2 CCNFT #75 & 2hérm ¥ $¥c2 4vid o
® Computing Time : /# & 238 513 2 BFR -

® Tree Depthof CCNFT : ;52 22 2 CCNFT “72 § efhiFER & -

532 ¥ % fHicw T
SRS RS R A 10 BABE IR L R B R R 6 R
B 0% K 55 P2 E CONFT 4632 > &3 FskenK 5 B4 | el/, o

Fobo s S8 A0 13 10 2" g ¥ 80 1 5 5oy > 10 5oy v 2

s flcdod 3z WP

Graph K B
TRAEEH CCN FT si (depth bound)
size edges ( size) epth boun
1(a) 10 13-19 5 ‘ 3
1(b) 20 43-30 10 4
1(c) 30 49-69 15 5

P R 20 BRI R4 R A ER P EEFEL R
% > ¥+ » 12 Depth Bounded Tree Building % & ;# ~ Hop Concern Tree Building /%

Bk e
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533 HFZkiZ%

4 5% 1(a) : 10 nodes graph, K=5, B=3
KB 38~@ 40 2 B 397 gzl > DBTB A% x s & oy v EFE £

Ak Ap g iy oom HCTB A fenb|F ¢ > JEF ey 353 g o

BEAR R4 2V U EREP T h docF 2 )t F %Y o DBTB 2 HCTB & /%
B e RGEEERY L 0Omso AP T o k4 RRai R
g 2 (0~246ms > SEH b B) o FRUDE BB FF o TRZ LG R

PEEH R A ARHER R HCTB $472. CCN FT #75 &) chftix o

SR LA B A L R AT

10 Nodes Graph, K=5, B=3

18.5
18
17.5
17
16.5
16
15.5
15
14.5
14
13.5 -

= DBTB
B HCTB

Total Profit

= BruteForce

Case No.

Bl 38 F% 1(a): ki
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10 Nodes Graph, K=5, B=3

= DBTB

M HCTB

Depth of CCN FT

= BruteForce

Case No.

Bl 39 ¥ 1(a) : CCNFT /2 A+ %

10 Nodes Graph, K=5, B=3

300

N
1%
o

N
(=
o

mDBTB
EHCTB

[y
(=}
(=]

= BruteForce

Computing Time (ms)
&
o

i
(=}

(=]

1 2 3 4 5 6 7 8 9 1
Case No.

o

B 40 1) EXFE R

® =% 1(b) : 20 nodes graph, K=10, B=4

R AL ¥ D RNE LG ERCE P HCTB -t B & b ez < 3+ &
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B @ ABHER L 8B %6 ¢ » HCTB thig»c s 7 + % DBTB 2 4

7‘.;:47’_: o
20 Nodes Graphs (K=10, B=4)
100 8
L7
-6
o
5 S
% =3 S DBTB
[ 4 f—; ®HCTB
g S @ depth of DBTB
L3
3 A depth of HCTB
L2
Fa
]

M 4L % 1(0) T Aok SRR B

® ¥ 5 1(c) : 30 nodes graph, K=15, B=5
KR A2 M A FE G RE B F e o ik b)Y o HCTB #74

2 HHERCL ¢
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30 Nodes Graphs (K=15, B=5)

120 8
N S S .. | 7
100 - \ B\ \ : :
- ‘ - ‘ }. - & % I
80 -\ : - . i : E : °
& J ° : = ° T S DBTB
° : : ] : : % S : =
S 60 |\ = : = o g 4 O w HCTB
2 . : - . \ . g ® depth of DBTB
[ - - : - = : g 2 =
40 - N 5 N\ & \ i -] ' T A depth of HCTB
20 4 ! : . - L = y
1 2 3 4 5 6 7 8 9 10

Case No.

Bl 42 5% 1(c) : BorcF B ANF R

54 F k- < AT %

A R S AR 2 E S FRAS 100 B RS AR GE LA BE
7 Bounded Depth Tree Building ;% & ;* ~ Hop Concern Tree Building ;% & 18 & >
12 B~ CCN FT - ¢ >* Bounded Depth Tree Building Algorithm ~ Hop Concern Tree

Building Algorithm fxz# s 572 » SRR E bt LR 2 5]~ 25 -

541 =&k
B E BRI SBRE AN o mR REE U T 2=tk AR @
1%
® Depth gape : HCTB ¥ BDTB shfitiF £
Depth gape = depth of HCTB — depth of DBTB
® Profitgape : HCTB & DBTB x5 £ f 4 +*

profit (HCTB )— profit (DBTB )
profit (DBTB )

profit gape =
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542  F ok SBcR T

4y

T W s A2 100 B < AT R F IR S F SR L RRZE
EE-

> B 50%#4 % 5 5 PH2E2 CCNFT #7372 23 9% 0K ESFZR <)

nl)y o ¥k e E Sl A A0 13 10 2 F B 1 A ko iony 010 5 A

BocEk o Hib Sl d AWP 4o o

% 4 FE- BT
Graph K B
FR&CH :
size edges (CCN FT size) | (depth bound)
2(a) 50 73-122 25 6
2(b) 100 157-261 50 10
2(c) 200 283-540 100 13

543 FH%k%%

® = 2(a) : 50 nodes graphs, K=25, B=6
Bkt hdrd 52 % 6977 o fgt 100 BRE % 5P > HCTB 2 DBTB i
Depthgape &+ & 5 5> %% t|¢¥ HCTB # 2 2 %' DBTB ~ 5> @ &
HCTB #ti5%] >t DBTB #h% ¢ "HCTB A 2 z_ %+ DBTB /] 2; @ Depth
gape e, T 5@ 5 0.6 T AL EH XY > HCTB A 2 2 #H%+ DBTB
T355% 06 m MTEEFE%E2 > HCTB A 4 2. CCNFT eh-T 357z

v DBTD % 0.6 - = # Total Profit 7= +* DBTB L5 % 5.66% -
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4 5 #%2a): Tk

R % 2(a) : 50 nodes graphs, K=25, B=6

Case | DBTB  HCTB  pepth  profit | Case | PBTB  HCTB  pepth = Profit
No. /b P D P gape gape | No. |D P D P  gape gape
1 |6 143 6 140 0 210 | 51 |6 143 9 171 3 | 1958

2 |6 161 4 151 -2 | -621 | 52 |6 159 7 175 1  10.06

3 |6 158 4 148 -2 633 | 53 |6 178 6 173 0  -2.81

4 |6 161 5 159 -1 | -124 | 54 |6 149 8 168 2  12.75

5 | 6 141 7 149 1 567 | 55 |6 153 7 156 1 1.96

6 |6 139 7 144 1 360 | 56 |6 155 6 174 0O  12.26

7 |6 138 5 13 -1 | -145 | 57 |6 162 9 180 3 1111

8 |6 159 4 140 -2  -11.95| 58 |6 172 5 176 -1  2.33

9 |6 127 6 147 0 1575 | 59 |6 165 7 175 1 6.06

10 | 6 160 5 152 -1 | -500 | 60 |6 162 7 166 1 2.47
11 |6 161 5 147 -1 | 870 | 61 |6 171 6 164 0  -4.09

12 |6 125 7 141 1 1280 | 62 |6 170 6 167 0  -1.76
13 | 6 136 6 148 0 882 | 63 |6 151 7 160 1 5.96
14 | 6 160 6 149 0 688 | 64 |6 134 7 137 1 2.24
15 |6 149 5 141 -1 537 | 65 |6 172 4 169 -2 | -1.74
16 |6 108 6 137 0 2685 ) 66 |6 158 6 169 O 6.96
17 | 5 156 4 155 -1 | -064 | 67 |6 173 6 169 0  -231
18 |6 160 4 158 -2  -125 | 68 |6 168 7 173 1 2.98
19 |6 152 5 142 -1 658 | 69 |6 157 8 171 2 8.92
20 | 6 155 7 153 1 129 | 70 |6 144 8 158 2 9.72
21 | 6 132 7 144 1 909 | 71 |6 115 9 140 3  21.74
22 | 6 139 6 149 0 719 | 72 |6 170 7 171 1 0.59
23 |6 130 4 122 2 615 | 73 |6 168 7 173 1 2.98
24 |6 141 5 128 -1 | -922 | 74 |6 146 9 176 3 2055
25 | 6 144 6 136 0 556 | 75 |6 175 6 177 0 1.14
26 |5 153 5 147 0 392 | 76 |6 169 6 170 0 0.59
27 |6 125 7 123 1 160 | 77 |6 164 7 177 1 7.93
28 | 6 114 8 121 2 614 | 78 |6 132 7 140 1 6.06
29 | 6 131 4 118 -2 992 | 79 |6 173 6 172 0  -058
30 |6 140 4 119 2 1500 | 80 |6 170 6 164 0  -353
31 |6 143 7 150 1 490 | 81 |6 128 9 148 3 1563
32 |6 115 8 138 2 2000 | 82 |6 103 8 128 2  24.27
33 | 6 143 8 147 2 280 | 83 |5 141 5 143 0 1.42
3 |6 136 6 126 0 735 | 84 |6 137 8 159 2 | 16.06
35 | 6 140 5 126 -1  -1000 | 8 |6 127 7 144 1  13.39
3 | 6 146 6 148 0 137 | 8 |6 147 6 151 0 2.72
37 | 6 136 8 140 2 204 | 87 |6 121 10 144 4  19.01
38 | 6 138 4 146 -2 580 | 88 |6 145 5 148 -1 | 2.07
39 |6 123 7 123 1 000 | 89 |6 125 8 142 2  13.60
40 | 6 140 6 147 0 500 | 90 |6 158 6 162 0 2.53
41 |6 156 7 161 1 321 | 91 |6 131 8 155 2  18.32
42 |6 180 6 183 0 167 | 92 |6 126 9 150 3  19.05
43 |6 171 6 177 0 351 | 93 |6 100 8 140 2 40.00
44 |6 131 6 150 3 1450 | 94 |6 130 7 147 1 | 13.08
45 |6 145 6 151 6 414 | 95 |6 124 7 139 1 1210
46 | 6 144 9 172 3 1944 | 96 |6 139 7 148 1 6.47
47 | 6 153 8 166 2 850 | 97 |6 109 9 131 3  20.18
48 |6 162 6 161 0O 062 | 98 |6 115 8 151 2  31.30
49 | 6 145 9 174 3 2000 | 99 |6 94 11 127 5 | 3511
50 | 6 135 8 161 2 1926 | 100 | 6 147 5 148 -1 | 0.68
D: depth

P: profit

59




306 P 22) AT AR R

Tree depth Depth gape Profit gape (%)
Min | Max | Avg. Min | Max | Avg. Min Max | Avg.

HCTB 4 11 | 6.57
DBTB 5 6 5.97

-2 5 0.6 -15.00 | 40.00 | 5.66

® 5% 2(b) : 100 nodes graph, K=50, B=10

S%dok 72 4 8975w o et 100 BEEES X )P > HCTB £ DBTB =7 Depth
gape &+ 3 9> @ & HCTB #i%-] ** DBTB ehx | # » HCTB & 4 2 #%
v DBTB |- 4 ; m Depth gape ¢, T35 5 111> T Azl gH S H 7 >
HCTB 2 # 2 #F DBTB T35 1.11- @ 2 T3>t F Rz » HCTB

A 4 2. CCN FT en-T 3apiFse st DBTD % 1.11- iz 2 Total Profit 7~ +* DBTB

T35 % 4.44% -

%7 F%2b): PHEE

R 5% 2(b) : 100 nodes graph, K=50, B=10
Case | DBTB | HCTB Depth | Profit | Case DBTB  HCTB Depth | Profit
No. |D P D P gape gape | No. |D P D P  gape gape
1 10 290 @ 11 | 280 1 -3.45 51 | 10 295 19 310 9 5.08
2 10 305 9 | 298 -1 230 52 |10 322 | 11 329 1 2.17
3 10 309 6 | 297 -4 -3.88 53 | 10 282 15 | 314 5 11.35
4 10 287 | 10 | 298 0 | 383 54 |} 10 306 14 332 4 8.50
5 10 265 11 296 1 | 1170 55 110 292 9 309 -1 5.82
6 10 300 9 | 292 -1 -2.67 56 | 10 288 | 10 288 0 0.00
7 |10 312 10| 307 0 -1.60 | 57 |10 306 10 288 0 -5.88
8 10 276 | 12 | 292 2 5.80 58 110 263 | 9 321 -1 22.05
9 10 296 | 10 | 291 0 -1.69 59 110 294 12 310 2 5.44
10 |10 285 | 9 | 293 -1 2.81 60 | 10| 299 11 | 310 1 3.68
11 |10 301 | 9 | 290 -1 -3.65 61 | 10 288 | 14 | 320 4 11.11
12 | 10 260 @ 13 | 287 3 10.38 62 110 305 9 | 294 -1 -3.61
13 |10 297 | 9 | 288 -1 -3.03 | 63 |10 286 10 286 0 0.00
14 |10 233 | 12 293 2 25.75 64 |10 310 11 331 1 6.77
15 |10 294 14 | 314 4 6.80 65 | 10 284 14 | 328 4 15.49
16 |10 313 | 7 | 282 -3 -9.90 | 66 |10 265 10 282 0 6.42
17 |10 287 | 10 294 0 244 67 |10 281 13 317 3 12.81
18 |10 295 10 | 289 0 -2.03 68 | 10 286 11 311 1 8.74
19 |10 275 9 | 275 -1 0.00 69 |10 307 | 9 | 293 -1 -4.56
20 |10 312 | 9 302 -1 -3.21 70 |10 254 | 15 288 5 13.39
21 |10 350 | 10 331 0 -5.43 71 |10 272 15 327 5 20.22
22 110 367 9 | 335 -1 -8.72 72 |10 308 | 16 | 307 6 -0.32
23 | 10| 358 | 9 348 -1 -279 | 73 |10 260 15 319 5 22.69
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24 |10 342 11 | 345 1 0.88 74 110 327 | 9 304 -1 -7.03
25 10 347 10 | 340 0 -2.02 75 10 309 11 | 306 1 -0.97
26 | 10 347 | 10 | 340 0 -2.02 76 | 10 | 330 10 341 0 3.33
27 10 378 7 | 344 -3 -8.99 77 10 285 | 14 | 315 4 10.53
28 10 338 13 | 351 3 3.85 78 10 273 | 11 | 295 1 8.06
29 |10 351 | 9 | 348 -1 -0.85 79 |10 | 272 9 @ 296 -1 8.82
30 | 10 316 | 10 | 345 0 9.18 80 | 10 | 298 10 | 328 0 10.07
31 10 351 10 | 348 0 -0.85 81 10 262 10 | 292 0 11.45
32 |10 328 | 13 | 351 3 7.01 82 | 10 | 266 10 281 0 5.64
33 |10 303 | 13 | 361 3 19.14 83 | 10 | 276 14 @ 288 4 4.35
34 10 366 9 | 355 -1 -3.01 84 10 273 | 11 | 284 1 4.03
35 10 382 6 | 348 -4 -8.90 85 10 215 13 | 276 3 28.37
36 10 376 7 | 349 -3 -7.18 86 10 252 12 | 261 2 3.57
37 | 10 297 | 10 | 343 0 15.49 87 | 10 | 259 10 @ 254 0 -1.93
38 10 346 7 | 349 -3 0.87 88 10 258 | 10 | 278 0 7.75
39 |10 369 8 | 349 -2 -5.42 89 |10 | 269 11 279 1 3.72
40 | 10 323 | 14 354 4 9.60 90 | 10 | 265 11 @263 1 -0.75
41 10 302 12 | 325 2 7.62 91 10 212 19 | 291 9 37.26
42 10 308 13 | 344 3 11.69 92 10 285 13 | 286 3 0.35
43 | 10 243 | 18 @ 328 8 | 34.98 93 |10 265 | 11 283 1 6.79
44 10 320 | 14 | 332 4 | 375 94 | 10 263 | 12 | 259 2 -1.52
45 9 1292 9 1289 O -1.03 95 10 | 270 | 10 | 254 0 -5.93
46 |10 297 14 328 4 1044 | 96 |10 250 9 266 -1 6.40
47 |10 303 13 319 3 | 528 | 97 |10 275 12 280 2 1.82
48 |10 299 10 323 0 803 | 98 |10 277 14 283 4 2.17
49 |10 309 10 287 0 712 | 99 |10 253 10 282 0  11.46
50 10 275 13 | 285 3 3.64 100 | 10 252 12 | 251 2 -0.40
D: depth
P: profit
%08 @5 2(b) : ra BAREN R
Tree depth Depth gape Profit gape (%)
Min | Max | Avg. Min | Max | Avg. Min | Max | Avg.
HCTB 6 19 11.1
1 7 -4 9 1.11 -9.90 | 37.26 | 4.44
DBTB 9 10 | 9.99

% 5% 2(c) : 200 nodes graph, K=100, B=13

A% ded 9 Z 4ok 10 7 o Bt 100 BUE R 6)¢ » HCTB 22 DBTB 9
Depth gape £+ % 10+ @ & HCTB #%-] ** DBTB th% ¢ » HCTB & 2
2 #7t DBTB - 3; @ Depth gape ¢T3 5 2.9 T 4 it 5545 % )
¥ sHCTB & 4 2 % DBTB T35 % 2.9 @ 11T ¥ai»c ¥ e 2 » HCTB

A 24 2. CCNFT en-L o782 DBTD % 2.9 ix # Total Profit 7= :* DBTB

T35 % 5.82% -
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429 F%20): FkEE

® 5% 2(c) : 200 nodes graphs, K=100, B=13

Case | DBTB  HCTB  pepth profit | Case | PBTB | HCTB | pepth = Profit
No. /D P D P gape gape | No. /D P D P gape gape
1 13| 682 15 726 2 6.45 51 | 13 647 | 17 706 4 9.12

2 13 | 747 12 714 -1 -4.42 52 | 13 625 | 18 686 5 9.76

3 13| 720 15 715 2 -0.69 53 | 13 693 | 18 679 5 -2.02

4 13| 703 13 708 0 0.71 54 |13 650 | 18 679 5 4.46

5 13 1 590 16 726 3 23.05 55 |13 609 21 667 8 9.52

6 13| 678 17 690 4 1.77 56 | 13 487 | 18 658 5 35.11

7 13| 725 12 733 -1 1.10 57 |13 692 | 13 712 0 2.89

8 13| 764 10 714 -3 -6.54 58 | 13 666 | 17 689 4 3.45

9 13| 760 | 10 717 -3 -5.66 59 |13 604 | 20 692 7 14.57

10 |13 627 | 15 730 2 16.43 60 |13 685 13 673 0 -1.75
11 |13 622 15 711 2 1431 | 61 |13 449 23 649 10 @ 4454

12 | 13 663 | 15 697 2 513 62 | 13 603 | 18 | 652 5 8.13
13 |13 772 |10 | 723 | -3 -6.35 63 |13 662 12 713 -1 7.70
14 |13 666 14 699 1 495 | 64 |13 658 16 660 3  0.30
15 |13 638 18 719 5 1270 | 65 |13 664 14 670 1  0.90
16 |13 589 19 694 6 1783 | 66 |13 663 17 687 4  3.62
17 |13 769 10 753 -3 -208 | 67 |13 657 15 673 2 2.44
18 |13 727 14 721 1 . 083 | 68 |13 521 20 621 7  19.19
19 |13 732 13 694 0 519 | 69 |13 660 16 651 3  -1.36
20 |13 699 16 699 3 000 | 70 |13 643 17 676 4 513
21 |13 633 19 717 6 1327 | 71 |13 631 20 658 7  4.28
22 |13 662 14 679 1 257 | 72 |13 646 23 666 10  3.10
23 |13 714 14 725 1 154 | 73 |13 710 11 695 -2  -2.11
24 |13 711 15 743 2 | 450 | 74 |13 605 19 674 6  11.40
25 |13 664 18 713 5 738 | 75 |13 602 23 667 10  10.80
26 |13 671 19 728 6 849 | 76 |13 629 14 607 1 | -350
27 |13 709 12 662 -1 663 | 77 |13 657 18 682 5 | 3.81
28 |13 692 15 667 2 361 | 78 |13 657 12 709 -1 | 7.091
29 |13 511 21 706 8 3816 | 79 |13 621 12 659 -1 | 6.12
30 [13 651 16 683 3 492 | 80 |13 613 16 635 3 3.59
31 |13 715 14 704 1 -154 | 81 |13 725 13 709 O -2.21
32 |13 705 14 720 1 213 | 82 |13 549 23 634 10  15.48
33 |13 713 11 689 -2 -337 | 83 |13 639 13 638 0  -0.16
34 |13 705 16 714 3 128 | 84 |13 605 13 608 0 050
35 |13 676 14 676 1 000 | 8 |13 585 18 633 5  8.21
3 |13 711 19 734 6 323 | 86 |13 521 18 591 5  13.44
37 |13 749 13 704 0  -601 | 87 |13 594 17 610 4 269
38 |13 470 16 678 3 4426 | 88 |13 621 15 611 2 | -161
39 113 602 20 722 7 | 19.93 89 |13 539 17 | 625 4 15.96
40 |13 589 18 | 705 5 1969 | 90 |13 611 19 609 6 -0.33
41 |13 614 15 | 665 2 8.31 91 |13 630 | 14 611 1 -3.02
42 |13 681 15 | 705 2 3.52 92 |13 721 | 13 700 0 -2.91
43 | 13 669 16 | 684 3 2.24 93 | 13 605 20 634 7 4.79
44 | 13 688 14 670 1 -2.62 94 |13 623 13 606 0 -2.73
45 | 13 693 13 663 0 -4.33 95 |13 604 16 612 3 1.32
46 | 13 626 18 | 668 5 6.71 96 | 13 563 | 15 601 2 6.75
47 |13 638 20 | 671 7 5.17 97 | 13 558 | 18 625 5 12.01
48 | 13 561 22 690 9 22.99 98 |13 693 13 710 0 2.45
49 | 13 565 18 | 647 5 14.51 99 | 13 559 | 18 613 5 9.66
50 |13 673 14 | 703 1 4.46 100 | 13 | 642 13 621 0 -3.27
D: depth

P: profit
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10 5% 2(C) ¢ o B AN R

Tree depth DSepth gape Profit gape (%)
Min | Max | Avg. Min | Max | Avg. | Min | Max | Avg.

HCTB 10 23 15.9
-3 10 2.9 -6.63|44.54 | 5.82

DBTB 13 13 13

O R s AP U RRH S E 4 HCTB 2 DBTB L@ SR Y > P A
Bt e 42 o BAFUIEROCE BFER L 0 d ot HCTB & A LI

ZHCTBBE o FR W ¥ #UF» et pPFrd 22254 B3 DBTB -

7 2> % CCN it 7 L#i % chhoprelay = #& > R4 * K-MaxSTHC #&
A ¥ 45 e HCTB % & 2 » ¥ EF B «id»c ¥ ;5 % forwarding tree =% & /f %
PRt #]  Pla* K-MaxSTDB #-3] 45 e DBTB i & % » ¥ B F i

N
> 7~

cEEA]

o

BT FT A ROIFE R A RE A FEY B AR RG R

B E R BT Rk endp g A oo

63



BRI (T2

5

3 '
2 =

Bkdk§ & T

3
§ -—
7N

T g gk e o

WG ERP % & 2 B A%

¥ ERP %

4 L Y
Boor s

K E o
e3P 7ak: i geul

EHEEB R
oK

722 CCN e it ¥ 38 1% o

*EE G
i

FERani =

R A=

/)E\‘ ’}’3—’“'] &P\ g

A) g

SRS S

A FIRHEX s &

T A -

feix > CCN g b > 2 (5

Rt

.t

o

7

Jﬁf;]imf’{m _l/

» % CCN

T WA

#o - fakhik 0 CCN g » {1 *
» #2. & CCN Forwarding Tree » <= ¥ ¥ 3%

o H P

ey

e pF o

et o e 2 52

ZEEL ER

¢

ECRORE A

'/ \(r

l

AR L ERRD

ooy L) A
K 3 v
BT W3 ]

RS RUCRE I

Vs
=

22l B

W

PRI o AR A - I B RER R
X Rl 2 - BERREE T EE R E

i gt (Contingency Cellular Network, CCN) o d ** i3 42

SN RN Y <

Ny

PR ER

FEREG VAR

RPBgaae -

R RATR RS TR

A S
E S

N g

1—/"17\%
R PRERR S 2

BT A ¥

AP (P

ol

B IR

CU (R 2

NP-hard

FIRUETE FDFFJ»L’,? Ao BRIt A

~3E * Intranet 12 % w2 E S8 ERP 2

e jf Vl

» I H B X chipd A o

64

Kz m

v

Beik it e B B PLAT A PRERIE R ~ Al

» 124 CCN



4

[1] Association of Public-Safety Communications Officials International, Project 25,
http://lwww.apcointl.org/frequency/project25.php, retrieved May 2010.

[2] Alfayez Adel, Assiri Majid, Clerk Rutvij, and Alsaadan Usamah, “Evaluating the
Viability of TETRA for US Public Safety Communication,” University of
Colorado at Boulder Interdisciplinary Telecommunications Program Capstone
Project, Boulder, USA, Nov. 2009.

[3] Christian Blum, Maria J. Blesa, “New metaheuristic approaches for the
edge-weighted k-cardinality tree problem,” Computers and Operations Research,
vol. 32, no. 6, June 2005, pp. 1355-1377.

[4] Chandra Chekuri, Sudipto Guha, “The Steiner k-Cut Problem,” SIAM Journal on
Discrete Mathematics, vol. 20, issue 1, 2006.

[5] Chandra Chekuri, Sudipto Guha and Joseph Seffi Naor, “Approximating Steiner
k-Cuts,” Lecture Notes in Computer Science, vol. 2719, 2003.

[6] Thomas H. Cormen, Charles E. Leiserson, Ronald L. Rivest and Clifford Stein.
Introduction to Algorithms, Third Edition. Cambridge, Mass.: The MIT Press,
2009.

[7] Raheleh Dilmaghani, and Ramesh Rao, “A Systematic Approach to Improve
Communication for Emergency Response,” Proc. of 42nd Hawaii Int'l Conference
on System Sciences, Waikoloa, Big Island, Hawaii, Jan. 20009.

[8] Ulrich Faigle and Walter Kern, “Computational Complexity of Some Maximum
Average Weight Problems with Precedence Constraints,” Operations Research,
vol. 42, no. 4, Jul. - Aug., 1994, pp. 688-693.

[9] Matteo Fischetti, Horst W. Hamacher, Kurt Jgrnsten, Francesco Maffioli,
“Weighted k-cardinality trees: complexity and polyhedral structure,” Networks,
vol. 24, issue 1, 1994, pp. 11-21.

[10] Anupam Guptaa, Viswanath Nagarajanb, R. Ravi, “An improved approximation
algorithm for requirement cut,” Operations Research Letters, vol. 38, issue 4, July
2010, pp. 322-325.

[11] Harri Holma and Antti Toskala, WCDMA for UMTS : radio access for third
generation mobile communications, Third Edition. Chichester, England: Wiley,
2004.

[12] ITR-RESCUE, “Robust Networking and In-formation Collection Project,”
http://www.itr-rescue.org/research/networking.php, retrieved Feb. 2010.

[13] Richard E. Krock, “Lack of Emergency Recovery Palnning Is a Disaster Waiting
to Happen,” IEEE Communications Magazine, Jan. 2011.

65



[14] Yao-Nan Lien, Li-Cheng Chi and Yuh-Sheng Shaw, “A Walkie-Talkie-Like
Emergency Communication System for Catastrophic Natural Disasters”, Proc. of
ISPANQ9, Dec., 20009.

[15] Yao-Nan Lien, Hung-Chin Jang, and Tzu-Chieh Tsai, “A MANET Based
Emergency Communication and Information System for Catastrophic Natural
Disasters,” Proc. of IEEE Workshop on Specialized Ad Hoc Networks and Systems,
Montreal, Canada, June 26, 20009.

[16] Overview of The Universal Mobile Telecommunication  System,
http://lwww.umtsworld.com/technology/overview.htm, retrieved Aug. 2011.

[17] Cristina Ribeiro, and Alexander Ferworn, “Computational Public Safety in
Emergency Management Communications,” ACM International Wireless
Communications and Mobile Computing Conference 6th, New York, USA, Oct.
2010.

[18] Huzur Saran and Vijay V. Vazirani, “Finding k Cuts within Twice the Optimal,”
SIAM Journal on Computing, vol. 24, issue 1, 1995, pp. 101-108.

[19] Stephan Seufert, Srikanta Bedathur, Julian Mestre, Gerhard Weikum, “Bonsai:
Growing Interesting Small Trees,” 2010 IEEE International Conference on Data
Mining, 2010, pp.1013-1018.

[20] Steven S. Skiena. The algorithm design manual. London: Springer-Verlag
London, 2008.

[21] p 3 R F % H, http://www.jma.go.jp/jma/press/1103/11¢/201103111620.html,
retrieved Aug. 2011.

[22] P » ¥ %R, http://www.npa.go.jp/archive/keibi/biki/higaijokyo.pdf, retrieved
Aug. 2011.

[23] 75 %, “Me & & HAFAMIzE 1%, 4 LT DAL, ISBN 7115208328,
2009.

[24] ;@M s, RHF, “~ AP ARLT T RERL Bfr‘ Lk %= % National
Symposium on Telecommunications(NST) 2010, Dec. 3-4, 2010.

[25] 4 A, “N AR S HRURE L2 BT 2 A S 4R, vol. 32, pp.143-169.

66



