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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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2.3.3 K-Minimum Cost Spanning Tree
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BEZORY B NERLEE R R Y N kBBNERE H P k<n[3]-
KCT Wi 7 shtEd gkt 88> % 5 NPEER «nf* 48> 2 ¢ > Edge-Weighted
KCT % NP-hardness F¥ 42[9] » @ Node-Weighted KCT R] 2 NP-Completeness ¥ 4%
[8] -

2.3.4 K-Maximum Cost Spanning Tree

K-Maximum Cost Spanning Tree » R #j&F n & & g8.c0B ¢ - 45 N H L B
BAY R 23 KBRROEEA EPk<nod wif ] Fh s 2 Ao
A v 4218 > K-Maximum Cost Spanning Tree 7= ¥ % % 38 ;N RV N > 1] % g3 5

&% > p K-Minimum Cost Spanning Tree ### @ {#[20] -

2.3.5 Steiner K-Cut Problem

Steiner K-Cut Problem £_- & [§]7)*» &|(partition) i 3% > %2 - BaEw»* L5 L
PRG=(V,E)~ - BEHE EXCSVIME - i ik < |X| > Steiner K-Cut &7 §_
Hdi- B -Gk BA(part) i BEHEE L > 2 X ¢ it BLA W
B3t =& B8 o Steiner K-Cut Problem % - NP-Complete F°4E[4] > ¥ * = %

[SI[L0][18]5~ = 42 o AA7 5 ¢ ch [ R WAL, 7457 b i 252 143 -
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4.7 I & 1 B AR 07

ks = CCNFT PR32 H-5 — %5 Bl ¢ 17 K-Minimum Cost Spanning Tree
(K-Cardinality Tree or KCT)R* 4% » AF 7 # 27 & BHA] » % - B 5 Depth
Bounded K-Maximum Profit Spanning Tree( § 4 *L:%#-%] » DB K-MaxST) > # # >
FER K RhoAoeg i pob o B g U R o LS
Mg LR R X ia‘éﬁw}ﬁi.&é—f# ; % = B #-4] 5 Hop Concern K-Maximum Profit
Spanning Tree (f§ 47 -3 » HC K-MaxST) » o o4k % &tid 4 & §aT ehifag &

gk > MCCNFT4ps g 2 0T i o

4.7.1 "7 -4 (DB K-MaxST)

PR G  ACCNFT effER T 4 5 Benif id ™ » 320 918+ e § ehfibi
FHaiiocg o 3% EAeT

® Givenagraph G(V,E), where

B V={y|i=0,1,..,n}isthe set of nodes (i 3 ~ &3\ 1 ).
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B v, isthe root node that has an external link (i % ).

B Degree of v; <6.

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

B P={pWw)|p(v) €Z*, v; eV}, p(v;) isthe profit of v;.

B XK €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(Vr,Er) €
G(V,E), where v, is the root of T(Vy E7), such that the total profit
Yvevy P(V) is maximized, subject to |Vz| = K and the depth of T(Vr, 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
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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 . 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 B3 (HC K-MaxST)
PCHCR B PURBCAISE I o sEAp R Y hiE - S B2 XL E R FIRR A TR D
fa 4o
® Givenagraph G(V,E), where
B V={yli=0,1,..,n}isthe set of nodes (i 3 ~ &3\ 1 ).
B v, isthe root node that has an external link (i % 5 ).
B Degreeof v; <6.
B FE= {eijlvi, vj € V} is the set of links to be construct if selected, and a
wireless connection between v; and v; can be established on e;;.
B P={pWw)|p) €Z, v; eV}, p(v) isthe profit of v;.

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

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

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

p(vy)

from root to v;, such that the total profit ¥, ¢y, (h(v_)

) IS maximized, subject to

|Vr| = K.

4.8 FEFK
d ** DB K-MaxST F 3% = — NP-hardness #* 48 % HC K-MaxST ~ & f > M35 0
HFArEE g 2 P 35 3] & f2(optimal solution) > #riu o AP 5 e R

CORE-2 FF LS
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48.1 Depth Bounded Tree Building (DBTB) Algorithm
Depth bounded tree building algorithm #_DB K-MaxST F® 48 e fd o ;8w & 2 »

B G 4T

DBTB(G, p, I, 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 depthof u<B-1
add vto 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

¥ 35 DBTB i ¥ i % 2

A - B E RGP DBTB # & 2 > 4oB 35 “77 > (a) @& F Ak
K=5%3 @@L @131 527F B =37a $2A L *AHD
BHT B B s (D) E e A E Ry E s FC i B4
FECBIC) HFLCHMEBRE VR B FIGEL B GDZ XY bt
EEGH () wxr Cipmagd A E o FIIES FH =49 &5
EF B () WHE e gL v mEE ) E85 5 HIAF7 R4 F o0
HFRBEZAANB ERER A B TR B oFE284 Bxid i U

B A2 REF2L 0GR B 360 4prt 0 B4 RE S CCNFT ©
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Brute Force

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

Total Profit: 14

Bl 36 4k Az

4.8.2 Hop Concern Tree Building (HCTB) Algorithm
Hop concern tree building algorithm ¥_HC K-MaxST A 38 s ff o x> 2

i BG4

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 veVv(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

B 37 HCTB i & i 2

AL e R ] 3 P HCTB i & 2 4o Bl 37 #77 » (R T AREK =5
477 SRELEA1 T 52 Fa &8 A L AR THHT T E Y BE 4
WELZApEESRS R RGEE SR BT fAHPHE) CEB
B2 peBblcs 1o 5P Beacsn PIH B 52/ 4% eqg=1/1 (b)E# C ghat =
R E S e da e R PIH i ecg = Ofp 5 B¢ Bt
i (C)E#E GBI P E S AR g ApASEE A X i PIH
egr= g h B Bt K ()ER | B2 2 3 3BT B H AT Ap AR
GV RE PH o eap= U 5B B K o TR B REEEL > ok
& 12

B 42 REF2L A EfE B 360 4prt 0 B33 B CCN FT > ® HCTB 7
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BarE b 143% > w HIER L 3
: v HIRR G 3hd R 5 — i
S87 4 - BB @ k4 kK@ CONFT

Rlg A BiRAE S 3ehdgh(HE2 | gk) -
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I ® i

-y
1
al-

51 &P »

PR Fa =S8 ¥ L L AR U ==t

Depth Bounded Tree Building ;& & ;2 2 Hop Concern Tree Building i# & ;2 sz

a1-

W T k4 REFZ B FEg e 3EF B % BB (Test Case)#rix
* CCN FT 2 5% & (Total Profit) ~ & i % &) #77= § e0i& B p¥ ¥ (Computing Time)

A &% G| #r4 2 e CCN FT 4% A (Tree Depth) -

52 FE&ER

AFRDFHRFR G- B L BARRAT

® 2 % : AMD Athlon 64 X2 Dual, Core Processor 5000+, 2.61 GHz.
® :zfifl : 3.00GB RAM

® T¥ % % ! Windows server

® kB : Visual Studio .NET 2010

® Framework : .Net Framework 4

53 F % —: | AT %
A g s s wl A 4 10 B3 ek 5B 0 & e 7 Depth Bounded Tree
Building ;& & /# ~ Hop Concern Tree Building ;& & ;2 #2 % 4 ;235 » 2 £3 CCN

FT -
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531 =4tk
FREFUNT 2R ipih e 730G 0 ¢ 45
® Total Profit of CCN FT: /& & ;2 2 42 2 CCN FT #7% & Bheimi F S 82 4ol o
® Computing Time : j# % 2385 7% 2 R o

® Tree Depthof CCNFT : jw b2 22 2 CCNFT #7112 § hitiF R & -

Aat
4y
mf
A8
&
L
i
3
A
s
[
|
[EEN
o
=
)
A
W
E:
|
e
i
B
peits
NS
19
7}:
\.*?\m\}
4\
N
W
=
Bl

#5094 & h PR CONFT» #32 » &3 F 5K @i = | enl/, o

Foeb o 25X 2 A ANL1I 102 F el LMo E 010 S5 BE 0 H

Graph K B
TR %ﬁ- CCN FT si depth b d
size edges ( size) | (depth bound)
1(a) 10 13-19 5 3
1(b) 20 43-30 10 4
1(c) 30 49-69 15 5

Be > WA~ 20 BRI B4 EE A ORPFFNEFELS

% > ¥yt > 2 Depth Bounded Tree Building ;# & /# ~ Hop Concern Tree Building i#

BiEa e
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533 F&k4&%

% 2% 1(a) : 10 nodes graph, K=5, B=3

J€® 38-~W 40 2 B 397 @S o DBTB .8+ S ¥k by v EFE &

B 2R

A

BAZVUREPRTREFE R F%7 0 DBTB 2 HCTB & i#

E T R E R Y Oms 2T o k4 2 RBEOFERFR

Fu

0% % (0-246ms > "E% @ B) > § % DlnE B P TR b oRpER
PBEH R o @ GMHFER RS HCTB 4% 2 CCN FT #3 & | piE »

P At s R g;u:{ (oA AR

10 Nodes Graph, K=5, B=3

18.5

[y
-]

[y
N
(5, )

[any
D =
no~

= DBTB
B HCTB

Total Profit
[Ey
= a
«on o

= BruteForce

[y
=
&= n

13.5

Bl 38 F5% 1) B F i
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10 Nodes Graph, K=5, B=3

Depth of CCN FT

= DBTB

M HCTB

= BruteForce

Case No.

B 39 F5% 1(a) : CCNFT F & v #&

300

N
1%
o

N
(=
o

Computing Time (ms)
[y =
(=] o
(=] o

i
(=}

(=]

10 Nodes Graph, K=5, B=3

mDBTB
EHCTB

= BruteForce

1

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

o

W40 % 1(a) A E R

4 % 1(b) : 20 nodes graph, K=10, B=4

R 417 BB 0§ BHE RO 0 HCTB &t B % bl efifiE ¢ 4

55

A5

N



B g A GAERA PS B RGP - HCTB thig ey 7 4 % DBTB 2 4

ECSR
il

PLE ©

20 Nodes Graphs (K=10, B=4)

S DBTB
®HCTB
® depth of DBTB
A depth of HCTB

Total Profit

© kB N W & 0 @ N @
14 NDJD Joyidaqg

B 41 75 Ub) © kg BRI R

# 5% 1(c) : 30 nodes graph, K=15, B=5
KR A2FR > Fh2 REL 9 F Ay > & aXBckb)? » HCTB 14

* 2 fHERC]
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30 Nodes Graphs (K=15, B=5)

120 8
N\ N N -
! : : = 7 o : B 6
o ; N : =
80 - : & § &; § S : g
£ y & \ B\ \" o 3 \ 8 ° < S DBTB
° e : = : ! =
& 60 - o : o : o : B 4 O . HCTB
% : ,‘ = : : o v : : \ : R ® depth of DBTB
= o i S 3 = ; = -3 2
40 - 3 N - o N : - N : S N | A depth of HCTB
0 - % S 2o 5 o 5 5 oS 5 ; Lo
1 2 3 4 5 6 7 8 9 10

Case No.

B 42 F 5% 1(c) : Bk F ERHF R

54 F8%=- . < HPF %

A IF RS L A u S L3R &RA 2 100 B R hx AR R XA B2
= Bounded Depth Tree Building i# & # ~ Hop Concern Tree Building ;% & /#:8 & >
L F P~ CCN FT - ¢ »* Bounded Depth Tree Building Algorithm ~ Hop Concern Tree

Building Algorithm fxg ;8 &% > FE T RE > LA FEEFERF 3 7~ 35 o

541 Rk
BN ERBEGT SRR AN T REEUINT 2R REAFER ¢
1%
® Depthgape : HCTB & BDTB g% 4
Depth gape = depth of HCTB — depth of DBTB
® Profitgape : HCTB & DBTB ez g £ 7 4 +*

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

profit gape =
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542 75k K T
LR WEE A2 100 B < AR RGBS F R R L RS
BIB R4 50%h 3 5 5 PR CONFT 2 2 > A 3 9%k K & 5 3% 8 % )
év’vl/zo oo 22 F 28k EA1T 102" ¥ 81 55 Moes 010 5 &

By o Hid 28l d 4P A4oT

% 4 FE-  REE T

Graph K B
TR %ﬁ_ CCN FT si depth b d
size edges ( size) | (depth bound)
2(a) 50 73-122 25 6
2(b) 100 157-261 50 10
2(c) 200 283-540 100 13

5.43 @k %

® 3 2(a) : 50 nodes graphs, K=25, B=6
FeiESkdcd 52 4 6477 o gt 100 BE Z 6/ > HCTB &2 DBTB ¢
Depthgape &+ & 2 5> %% t|¢¥ HCTB 2 4 2 %' DBTB +~ 5> @ &
HCTB #f%-]- ** DBTB eq% & ¢ »HCTB & 2 2_#%* DBTB |- 2; @ Depth
gape hR T aE 5 0.6 T AGEEEH %Y > HCTB 4 2 2 #F DBTB
T355 06 m L TEEF %2 > HCTB A 4 22 CCN FT eh-T 1ait 7 ke

v DBTD % 0.6 » iz # Total Profit 7~ +* DBTB ¥ 5 % 5.66% o
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% 5 #F5%20): FHhEE

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

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 6 143 6 | 140 0 -2.10 51 | 6 143 9 171 3 19.58
2 6 161 4 | 151 -2 -6.21 52 |6 159 7 | 175 1 10.06
3 6 158 4 | 148 -2 -6.33 53 | 6 178 6 | 173 0 -2.81
4 6 161 5 | 159 -1 -1.24 54 | 6 149 8 | 168 2 12.75
5 6 141 7 | 149 1 5.67 55 | 6 153 7 | 156 1 1.96
6 6 139 7 144 1 3.60 56 | 6 155 6 | 174 0 12.26
7 6 138 5 136 -1 -1.45 57 |6 162 9 | 180 3 11.11
8 6 159 4 | 140 -2 -1195 | 58 |6 172 5 | 176 -1 2.33
9 6 127 6 | 147 0 15.75 59 |6 165 7 | 175 1 6.06
10 | 6 160 | 5 | 152 -1 -5.00 60 | 6 162 7 | 166 1 2.47
11 6 161 | 5 | 147 -1 -8.70 61 | 6 171 6 | 164 0 -4.09
12 | 6 125 | 7 141 1 12.80 62 | 6 170 6 167 0 -1.76
13 | 6 136 | 6 148 0 8.82 63 | 6 151 7 160 1 5.96
14 | 6 160 6 | 149 0 -6.88 64 | 6 134 7 137 1 2.24
15 | 6 149 | 5 141 -1 -5.37 65 | 6 172 4 169 -2 -1.74
16 | 6 108 6 | 137 0 26.85 66 | 6 158 6 @ 169 0 6.96
17 | 5 156 | 4 | 155 -1 -0.64 67 | 6 173 6 169 0 -2.31
18 | 6 160 4 | 158 -2 -1.25 68 | 6 168 7 | 173 1 2.98
19 | 6 152 | 5 | 142 -1 -6.58 69 | 6 157 8 171 2 8.92
20 | 6 155 | 7 | 153 1 -1.29 70 | 6 144 8 | 158 2 9.72
21 | 6 132 7 144 1 9.09 71 | 6 115 9 | 140 3 21.74
22 | 6 139 6 | 149 0 7.19 72 |6 170 7 171 1 0.59
23 | 6 130 4 | 122 -2 -6.15 73 | 6 168 7 | 173 1 2.98
24 | 6 141 5 | 128 -1 -9.22 74 | 6 146 9 | 176 3 20.55
25 | 6 144 6 | 136 0 -5.56 7% |6 175 6 177 0 1.14
26 | 5 153 5 | 147 0 -3.92 76 | 6 169 6 170 0 0.59
27 | 6 125 | 7 | 123 1 -1.60 77 | 6 164 7 177 1 7.93
28 | 6 114 8 121 2 6.14 78 | 6 132 7 | 140 1 6.06
29 | 6 131 4 118 -2 -9.92 79 |6 173 6 172 0 -0.58
30 | 6 140 4 119 -2 -1500 | 80 |6 170 6 @ 164 0 -3.53
31 | 6 143 | 7 | 150 1 4.90 8l |6 128 9 | 148 3 15.63
32 | 6 115 8 138 2 20.00 82 |6 103 8 | 128 2 24.27
33 | 6 143 8 | 147 2 2.80 83 |5 141 5 | 143 0 1.42
34 | 6 136 6 126 0 -7.35 8 |6 137 8 @ 159 2 16.06
35 | 6 140 5 | 126 -1 -10.00 | 8 |6 127 7 | 144 1 13.39
36 | 6 146 6 148 0 1.37 86 | 6 147 6 151 0 2.72
37 | 6 136 8 | 140 2 2.94 87 |6 121 10 144 4 19.01
38 | 6 138 4 | 146 -2 5.80 88 |6 145 5 | 148 -1 2.07
39 | 6 123 7 123 1 0.00 89 |6 125 8 142 2 13.60
40 | 6 140 6 | 147 0 5.00 90 | 6 158 6 @162 0 2.53
41 6 156 7 161 1 3.21 91 6 131 8 155 2 18.32
42 | 6 180 6 | 183 0 1.67 92 | 6 126 9 | 150 3 19.05
43 | 6 171 | 6 | 177 0 3.51 93 | 6 100 8 | 140 2 40.00
44 | 6 131 6 | 150 3 14.50 94 | 6 130 7 147 1 13.08
45 | 6 145 | 6 | 151 6 4.14 95 | 6 124 7 139 1 12.10
46 | 6 144 9 | 172 3 19.44 9% |6 139 7 | 148 1 6.47
47 | 6 153 8 166 2 8.50 97 |6 109 9 131 3 20.18
48 | 6 162 6 | 161 0 -0.62 98 | 6 115 8 151 2 31.30
49 | 6 145 9 174 3 20.00 99 |6 94 11 127 5 35.11
50 | 6 135 8 | 161 2 19.26 | 100 | 6 147 5 | 148 -1 0.68
D: depth
P: profit
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406 B 2() 1 Boki HHREY R

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

HCTB 4 11 | 6.57

-2 5 0.6 -15.00 | 40.00 5.66
DBTB 5 6 5.97

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

BEAod 72 4 8977 o Ayt 100 BAEs % 5| ¢ »HCTB ¥2 DBTB 7 Depth
gape #+ % 9> @ & HCTB #+%-] ** DBTB thik 6)¢ > HCTB & 2 2 #i%
i DBTB /| 4; & Depth gape ¢hid T30 5 111> T A S s % o]0
HCTB 2 # 2z #%'* DBTB 355 111 7 N T8 »c 7 @gm%2 » HCTB
A 24 2. CCNFT 0T 3agf;%82 v DBTD % 1.11-f # Total Profit 7~ +* DBTB

L3575 4.44% -

7 F%20): kS

4 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 -2.30 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 O 383 | 54 |10 306 14 332 4 8.50
5 |10 265 11 296 1 1170 | 55 |10 292 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 -160 | 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 1038 | 62 |10 305 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 2575 | 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 -990 | 66 |10 265 | 10 282 0 6.42
17 |10 287 10 294 0 2.44 67 |10 281 13 317 3 12.81
18 |10 295 10 289 0 -203 | 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 71 110 272 | 15 327 5 20.22
22 |10 367 9 | 33 -1 -872 | 72 |10 308 | 16 307 6 -0.32
23 |10 358 9 | 348 -1 -2.79 73 110 260 15 319 5 22.69
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24 |10 342 11 @ 345 1 0.88 74 |10 327 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
34 110 366 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 3.75 94 |10 263 12 259 2 -1.52
45 9 292 | 9 289 0 -1.03 95 |10 270 10 254 0 -5.93
46 | 10 297 14 328 4 10.44 96 |10 250 9 266 -1 6.40
47 |10 303 13 319 3 5.28 97 |10 275 12 280 2 1.82
48 |10 299 10 323 0 8.03 98 | 10 277 14 283 4 2.17
49 |10 309 10 287 0 -7.12 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 2b): Worni B AHE R
Tree depth Depth gape Profit gape (%)
Min | Max | Avg. Min | Max | Avg. Min | Max | Avg.
HCTB 6 19 | 111
-4 9 1.11 -9.90 37.26  4.44
DBTB 9 10 | 9.99

# B 2(c) : 200 nodes graph, K=100, B=13
B%ded 9 Z 4ok 10 #77 o At 100 BEEH % 4| ¢ > HCTB & DBTB ¢
Depth gape # +~ 5 10 @ % HCTB #fi%-] ** DBTB % ¢ » HCTB & %

2_#fi7 DBTB ‘] 3; @ Depth gape e, T35 5 2.9 5 T A iz d 5§45 % b

® S HCTB 4 # 2 #F+ DBTB L5 2,90 @ 1 T s sc s iz » HCTB

A 4 2. CCN FT en-T 3agf;782 v DBTD % 2.9 iz # Total Profit 7~ +* DBTB

T35 % 582% -
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% 9 Fs%20C): FHhESE

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

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 |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 |13 590 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 44.54
12 |13 663 15 697 2 5.13 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 4.95 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 -2.08 67 |13 657 15 673 2 2.44
18 |13 727 14 721 1 -0.83 68 |13 521 20 621 7 19.19
19 |13 732 13 694 0 -5.19 69 |13 660 16 651 3 -1.36
20 |13 699 16 699 3 0.00 70 |13 643 17 676 4 5.13
21 |13 633 19 717 6 1327 | 71 |13 631 20 658 7 4.28
22 |13 662 14 679 1 2.57 72 |13 646 23 666 10 3.10
23 |13 714 14 725 1 1.54 73 |13 710 11 695 -2 -2.11
24 |13 711 15 743 2 4.50 74 |13 605 19 674 6 11.40
25 |13 664 18 713 5 7.38 75 | 13 602 23 667 10 10.80
26 |13 671 19 728 6 8.49 76 |13 629 14 607 1 -3.50
27 |13 709 12 662 -1 -6.63 77 |13 657 18 682 5 3.81
28 |13 692 15 667 2 -3.61 78 |13 657 12 709 -1 7.91
29 |13 511 21 706 8 38.16 | 79 |13 621 12 659 -1 6.12
30 |13 651 16 683 3 4.92 80 |13 613 16 635 3 3.59
31 |13 715 14 704 1 -1.54 81 |13 725 13 709 0 -2.21
32 |13 705 14 720 1 2.13 82 |13 549 23 634 10 15.48
33 |13 713 11 689 -2 -3.37 83 |13 639 13 638 0 -0.16
34 |13 705 16 714 3 1.28 84 |13 605 13 608 0 0.50
35 |13 676 14 676 1 0.00 85 |13 585 18 633 5 8.21
36 |13 711 19 734 6 3.23 86 |13 521 18 591 5 13.44
37 |13 749 13 704 0 -6.01 87 |13 594 17 610 4 2.69
38 | 13 470 16 678 3 4426 | 88 |13 621 15 611 2 -1.61
39 |13 602 20 722 7 1993 | 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 6611 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 2299 | 98 |13 693 13 710 0 2.45
49 | 13 565 18 647 5 1451 | 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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%010 F % 2(C) 1 Horka S HHE R

Tree depth DSepth gape Profit gape (%)
Min | Max | Avg. Min | Max | Avg. Min | Max | Avg.
HCTB 10 23 | 15.9
-3 10 29 -6.63 4454 5.82
DBTB 13 13 13
55 %K% %h

B NPT g REF Y2 HCTB 2 DBTB @8 5 pFff 1 > p &g
B3tk 4 E o AANFRGIET R B EER 0 d 3 HCTB * A 'L AHE »

F HCTB B~ enpiF A W ¥ Uk > 2 P Prd B3cg » 33 DBTB -

# <2 0% CCON piv & L % ehhoprelay = #) > P4 * K-MaxSTHC #=
A ¥ $Fe HCTB % & 72 » 7 B F B hit»c ¥ ;5 e forwarding tree i & Jf %
I Betedrdl o Rldk* K-MaxSTDB #-73] & #5fic DBTB j7 & 2 » ¥ BT g i,

a7

pre

o

e

J vblé)ﬂ;}%ﬂ }8::. I?]Hé': P\’:'Bé':lé?':&/ﬁﬂ‘r/ ‘/ ‘? E "ﬂf‘l‘éﬁ-l ﬁ"i"‘;ﬁg‘:

PR B B R A oo
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¥AF BHRHEAKIF

SAARLTHERFL OV EREFMADEL 8 At T EERD
BRI Tl R ¥ Fle g m ¢ B P o A PR - U B s g R
Fagd F R Erane Sant 2o Fikptd 2 - BRI TR R
fEz 5 & & 5N 7 6 3 e ik (Contingency Cellular Network, CCN) - o *i2 43
MR ERP 3 F 2 & 23X E P Arg e LAR S AP R R
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