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Bandwidth Allocation for Contingency Cellular Network

Abstract

When stricken by a large-scale disaster, the efficiency of disaster response operation is
very critical to life saving. We propose to build a contingency cellular network to
support emergency communication in large scale natural disasters by connecting
disconnected base stations. This thesis addresses the bandwidth allocation problem.
The advance of mobile communication technologies has brought great convenience to
users. Cellular phone becomes the first communication tool most people would use in
emergency. However, cellular networks were usually crashed in earthquake, typhoons
or other natural disasters due to power outage or backhaul breakage. Unfortunately,
the efficiency of communication system is a critical factor to the success of disaster
response operation such as resource allocation as well as coordination of rescue and
relief operations. We designed a contingency cellular network (CCN) by connecting
physically intact but service-disrupted base stations together with wireless links. As
the bandwidth resource in CCN is limited, a smart bandwidth allocation to facilitate
prioritized bandwidth sharing will maximize the contribution of CCN to the disaster
response operation. We model the CCN Bandwidth Allocation Problem into a Nested
0-1 Knapsack Problem aiming to maximize disaster operation efficiency. The problem
is proven to be NP Hard. We also design an efficient heuristic algorithm to solve the

problem when it is needed in urgent.
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e Autonomous Networked Robots for the Establishment of Wireless
24



Communication in Uncertain Emergency Response Scenarios [25] : ] * g 2 #
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Autonomous Community Construction Technology for Timely Transmitting
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Computational Public Safety in Emergency Management Communications [22] :
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@ oo
B A e

422~ CCNHEE A fie I 4y it

© RWERK
o Bk i 3% 354 (Forwarding tree) : CCN B & 30 5 3P B it 2 &0 8Lz jpE
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BRBRGIIAEL > BB R RRE Lo

e FELICCN AP 5 & ZRZ D2l o

o i vhAEE 1 i e 522 BSC/RNC FF# % 4F 5 o

o L& BT lap R C CCN R 5 Fi5 i ICC Module ez 2 f 2+ * 45§ -

e A A Channel § F: 2 S BEFIRICLER " RIPFTHFED AE AR S E
“rig * 2 g -]» Channel & -

» Channel fa4F @ £ £ 1t &5 2 35784 % > blde? 64K 1 30 & 3% 35552
Channel ~ 12 32Kk i 3t 58 & i% 35742 Channel -

o fc % 2z F (Profit) : & fe— & Channel ¥ % — & BRpF > 70 3 X H PRI 4= 7
AR e B F o

o A7 447 s F (Initial profit) © 2 Channel fasgfe % A% 5 0% - 1 Channel
A R 2T E o

« sz F YR S fic(Attenuation function) : % ¥ 4 fie #ic g 3% i 4o > & Channel
AT ks 5 g ik E A E L o e o

o H 47 B f7 ¢ e F (Profit density) © $t ¢ »x & /3% Channel =g 5 =< | o

R FHCR R T R RITE e

* CCNAE L Fihenié ® f 1 CCN g2 RN £ 48455 §F -

Bt pdk: A "UERT > ® CONMER A B infr Lt g b r 1t o

RS S

« T - B CON AL f bR R T N 75 1% &2 () i-1 %

ﬁﬁ.gé”(ei,j)&\ ‘;—Jjg i3 g‘l:f!l;!:-V.kE’ %*ﬂfgévj v 3 21?,!!&;3;\ Vg °

« # % CON e ks R (C) M 2 & 3 AR S BT % 4 H(C) °

o %% 7 E* Channel #8482 47 % % (b))

o BT g al(F) 0 ¢ 7oA dedt ok E B(f) 2 2 F ik s g(k)
o« 7

¥ox & g2k & Channel 3 A(dj) -
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Given CCN forwarding tree T=(V,E), where

V ={vi|i=1,...,n} is the set of survival base station, v; is the root node that has
an external link(ig % ),

E ={eij| vi, v; € V }is the set of edges between v; and v;,

C ={ci| i=1,...,n } is the set of uplink capacity of v;,

Ci=cj, if vj is the parent node of v;,

B ={bj|j=1...m } is the set of bandwidth required per channel class, bj is the
bandwidth required of channel class j,

F ={fi]e g(k)|i=1.n,j=1.m} is the set of the profit of channel assigned,
fij is the profit of the first channel of class j assigned to v;,

g(k) is the profit attenuation function of the k-th same channel class assigned to

the same node, k27,

D :{[dij]|i:1...n,j:1...m} is the set of the amount of basic channel needs,

dij €Z" 0 is the basic needs of channel class j assigned to v;

A :{[aij]|i =1l.n,j= 1...m} is the set of the amount of channel assigned for

local traffic of vi, aij €Z 7o is the amount of channel class j assigned to v;, and

LB(vi) = j_lzg-ij -Di s the local bandwidth required of v;,

the CCN bandwidth allocation problem is to find A

2 fij. g(k)
to maximize i=1.n ,
j=1..m
k=1.. aij
subject to LB(vi) + WiGdes%erI;(E)(Vi) =Ci and [ai] Z[dij],vfl ]
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43~ PEHRARS

CCN g % 4 Bz (CCN bandwidth allocation problem)- H 5 & — #& & & <9 0-1
F o R Fs 0-1 4 ¢ R4 E NP-Hard F'25 » CCN #F 5 A fe i 4L p %4 4
NP-Hard o » & %P A LN (Tl a5~ e P48 5 NP-Hard #°

4.3.1 ~ 0-1 Knapsack Problem (0-1 KP)

Given a knapsack and a set of items, the objective of 0-1 knapsack problem is to
select a subset of the items such that the total value of the selected items is maximized
without having the weight sum to exceed the capacity.

Mathematical definition of the 0-1 Knapsack Problem[20] : Given n items to
pack in some knapsack of capacity c. Each item j has a profit p; and weight w;, and we

wish to find the set of items n <N to

n

maximize Z = Z PiX;

=1

n
subjectto >_Wixi<c | x{0},j=1..n.
-1

KP is NP-hard [9,20] and it is therefore very unlikely that a polynomial time

algorithm can be devised.

4.3.2 ~ CCN Bandwidth Allocation Problem (CCN-BA)

% CCN forwarding tree Z& 3t ™ » & & 8:(vi)3 m & Channel class # ix:E 3% fiz
% > fv— i Uplink capacity *3+4] > @ & - B e & 1 Channel J£ 17 - B & cfc

, ,
> >
7 pa o

AT &
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CCN & & B4R P AL G — B4 ¢ B30 7 3 # i % 7 Channel » feig 3
i % Upstream capacity ' 24T » EBg £ 22 F o & srﬂlwr‘ TR AR AR L

ey
(-

ek

ho B LA HEERE o Ft CON A1 Sk p - A e R
LEBLEQ E B AT - B S R A SRS T - B S R

A5 5k 4 & B 48 (Nested 0-1 KP) » 4[] 17 »

~BSC/RNC

B 17 ~ CCN-BA 5t # ¢ B 4%

433~ CCN-BA - E4R

Given an instance X:[C,W,P] in 0-1 knapsack problem, we can find an instance
Y:[V,T.C’,B,ED,G] in CCN-BA such that an optimal solution a, for Y is also an
optimal solution for X. Let instance Y be a one level tree, where V=T={v;}, C’={C},
B=W, F=P, D={0}, and G={1}. Denote the total profit of a solution a for X and Y to
be py(a) and py(a), respectively. Because F=P, we can easily prove py(a) and py(a) are
equal. For simplicity, both py(a) and py(a) are denoted as p (a).

First, we prove ay is a valid allocation for X. Since B=W, F=P, and C’={C}, any
solution of Y whose total bandwidth must less than or equal to the given limit C so

that a, must be a valid allocation for X.
51



Since instance Y is a one level tree, for a similar argument, we can prove that
any valid allocation a, for X is also a valid allocation for Y.

Next, we prove that an optimal solution a, for Y is also an optimal solution for X
by contradiction. As we have proved, ay is also a valid allocation for X, whose total
profit is p(ay). Assume a, is not an optimal allocation for X, there must be another
allocation ax, whose total profit p(ay) is greater than p(ay). And any valid a is also a
valid allocation for Y, whose total profit is p(ax), which is greater than p(ay). This
contradicts to the assumption that ay is an optimal solution for Y. As a result, a, must
be an optimal solution for X. The reduction of CCN-BA to 0-1 Knapsack Problem is

done. The proof of NP-hardness of CCN-BA is straightforward. Q.E.D.

44~ FFIHEEAERRAE

441~ FEERF

CCN#f %4 fie £~ i NP-Hard B 48> d *tfc % 1 (72 F 21 ¥ F 5> § CCN

g

i E AR SER IR T REH A2 Channel fe B 2 kAW 0 @ E2 AT R
RN BEE F AR R - BAFNFEE 7 AEEFRR Y-
BHiTh Ef2n CCN 4§ A fele & > S f2. 5 Bandwidth Allocation Greedy
w3 % 0 {4 BAG ¢

BAG # * lterative » ;% » & — % $4:¥ - B & gL4 fe— B Channel(f % & g
-Channel 2 &) & H s R AFeR - MFIAIETEZAFE L o F - Heh

FeiE L H 2 B U 2% E BB eh& gh-Channel & & 5 o
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BAG & £ iz inde
% R CONSAE 2B 5 21

/E{ﬁ}ﬁ‘%\N
> BOA W2 1% %

i 257
Y

3t B %1%+ & 25-Channel 484 2 Profit density

v
HE F- £-1% ¥ ) ¥5-Channel 42 4~ 2 Profit density

A 4
1 3% 5z 1£ Profit density &) & £5-Channel4a 4 Br

BT AR NE?

# 4% R 42 Profit density
%) # B-Channel a4

F 3Profit & f| #2494 &

B 18 ~ BAG ;# & ;2 in#4%

BAG % & /# Pseudo Code

BAG(T,C,B,F,D)
Set A={}
Set V={}
initial A=D
initial V = V¢
initial C = C-(A - B)
if any ¢; < minimum b;
delete v; and descent(v;) from V
end if
while V is not empty do
sort F of V by ProfitDensity(F/b;)
find maximum f;; g(k) subject to each c; for every proceeding node from v; to

root > b;
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plus 1 to ajj
subtract b; from each c; for every proceeding node from v; to root
update fi; g(k+1)to F
if any ¢; < minimum b
delete v; and descent(v;) from V
end if
end while

442~ BAG % E i+

BAG i# & i 12 CCN Ak # 12 47 0 & & 8L47 ¥ 35 % Channel 7 %] 2 #£ 7] '
EA NG ERE MR AR MLz E RS Y B & E 24 5 F (Profit
density)2. & 2-Channel e & :&{7fe ¥ o 2B 19~ % 4 % &) > [vs, 7K] % & % Profit

density (3.29) 74" 8L-Channel % & > R L (FAag 5 4 fe o
CCH forwarding tree
EZC/ENC

B® 19 ~ 4 5]-CCN Ak 38 1% 37 4%
# 4~ #|-CCN-BA iz iE fie ¥

Channel 12k 7K 5k
class . Profit . Profit . Profit
Node Profit density Profit density Profit density
Vi 16 1.33 13 1.86 5 1.00
Vo 15 1.25 10 1.43 7 1.40
V3 25 2.08 20 2.86 10 2.00
Vg 18 1.50 12 1.71 8 1.60
Vs 29 2.42 23 3.29 15 3.00
40 CON iR eh s S it R F g BAL ) & 8B o 7 L &

AT TR FIP AR T o0 % AAEIRACE foi & 8L T] Root i o e
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TG AR - LRSI RFT R L R E R R
»e & (Profitdensity)i& {7 e ¥ »4o=t e B 77 ®F B A AU RER L T A
fer B R|4TF @ MAE R EE L 4 Fediiz— Channel 5 2 o 2B 20 5 610 § [vs, 7K]
& B it ¥ g %ok F (Profit density) P (8] 20.(2)) > #-€ &% Vsovoovy & TKHE R -
RV, Bl VO B B0 LT 4 B o 5% E (Profit density) ® i e
B ok 4% 6o [vs, SK]H =% i3 B 4p B & (Profit density) » @ F vs o Voo vy B2

JEF G RS9 BKAE R o it AR R4 feiE 8 5 [vs, 5K] (B 20.(b)) ©

CCH forwarding tree 20 forwarding tree
BIC/ENC BECENC

@) o)
1 20 ~ # &{-CCN traffic relay * #7 % "3

"EE LA RS Fe R R N e o IR k2 fT e E (Profit) € Mgt E
RS FIN T ARG E IATHELKOE L EATEE B R
K,;_»&/r/ L > Ipz A a7 ~'.,§,‘_, v 1
B RO TRk E R Sl s N

£ % ki Channel » 124 4 5 5] % [vs, SKJJES 1 XHE B A fefs » T—- B EA

H¥ Kk 27T - X7 A fie s Channel

feR] % % 2 1 Channel » F]p % 4 @ [vs, 5k][Profit, Profit density] & 14 4= ¢ 37 &

»c & i (Initial profit) 3 \/15 s { #75[10.61, 2.12](4c % 5~ % 6) > £ 14t § #7iE

{62 B 8 B g o F (Profitdensity) 22 H @ iz fe d 2 F ot oo
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% 5~ §5%|-CCN-BA iz e & & & £ L A7

Channel 12k 7K 5k

class . Profit . Profit . Profit

Node Profit density Profit density Profit density

Vi 16 1.33 13 1.86 5 1.00
Vo 15 1.25 10 1.43 7 1.40
V3 25 2.08 20 2.86 10 2.00
Vy 18 1.50 12 1.71 8 1.60
Vs 29 2.42 23 3.29 10.61 2.12

%6 o l-[vs, 5K #¢ e i 8 1

e g o = o1
[vs, BK]»x & vE 8% & i : W

5 1= B A e § 2 =S B4 iR 5 3= B A iR
. Profit . Profit . Profit
Profit density Profit density Profit density

15 3.00 10.61 2.12 8.66 1.73

% Fl4ke CCN i *hag %2 £ fiesF i@ — 48 Channel i * p& > 4 ;‘]fu{gy

]ﬁa
CCN |4k e *h g ) >0 7 35 4% 2 B 47 % Channel > j§ 82 % & -
443~ BAG i#% ¥ i #6

BAG i 8211~ B CCN Bk @S 4p i 5 £ > Zipd @ & 8T
I fa&E o Channel p » 7 A W) kamed 5% 0 R SR EE R L S 2T g
T B EHE AR o B EAASRE T AT
« CCN sk & 3p 4
4@ 19 -
© TR
% 7~ #5]-CCN 7 * 47 5

Node Vv Vv v Vv Vi

Item 1 2 3 4 5

Link capacity 58 30 20 20 20
(€1,C2,C3,C4,Cs)
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C4=2|:|

Bl 21~ # 5]-CCN 2 4alg2 7 * 47 5
« ¥ #kiE* 2 Channel &3 : {12k, 7k, 5k}

e Xk 73’;;_2"5 ‘3’1&

CCH forwarding tree
BESC/ENC

FUPE S T Ao U E X 2 E LR S ik

4 8 5)-CON 4= g {20 5

Channel class
12k 7k 5k
Node
Vi 16 13 5
Vo 15 10 7
V3 25 20 10
Vs 18 12 8
Vs 29 23 15
e 1
»e R Sl g(k) = K
A+ H # 47 B 4 o F (Profit density) = $c ¢ »c 7 M &
% 9~ §55|-CCN & H i 4~ 4ot e ¥
Ch | cl
annel class 12k 7k 5k
Node
Vq 1.33 1.86 1.00
Vo 1.25 1.43 1.40
V3 2.08 2.86 2.00
\ 1.50 1.71 1.60
Vs 2.42 3.29 3.00

« #L & Channel g &
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% 10 ~ # -2 & Channel 7 &

Channel class 12k e Bk
Node
Vi 0 1 0
Vo 0 1 0
V3 0 1 0
Vs 0 1 0
V5 0 1 0

AP B2 B30 % £ 1154 192 BAGHFE 2 £ 4T BEFE

A e A A A fe & & BhAk & Channel 3 R 40 2 B %1 T a0 731518

BAG i# & i# » ®yp M B4 0E 2 T 2 B ik B 0o B 2 £ @ (Profit density)iF

- A fe s WEE AT L

|, PERPEL— > EiE & 8L [V, Vo, V3, Vs, V5] 48] 22 0 & & 2LE A Channel Z &
WA Fe ¢ [y, TK] ~ [Va, 7K] ~ [Vs, TK] ~ [Va, 7K] ~ [Vs, 7K] © A fiets » 4 B Ae &

Hasdod 11 fr o g R S B 374 B A e dt Lok F 404 120 CON #

AR R O R L ATAe R 23 -
CCH forwarding tree
ESC/ENC

C4=20
% 11~ %EJ'F%E’&E—Z&»- A A peR)

Channel class 12k e Bk
Node
Vi 0 1 0
Vo 0 1 0
V3 0 1 0
Vs 0 1 0
V5 0 1 0
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2012 5§ GI-PE R B M EA e 18 4T KR E

Channel 12k 7k 5k

class . Profit . Profit . Profit

Node Profit density Profit density Profit density
Vi 16 1.33 9.19 1.31 5 1.00
Vo 15 1.25 7.07 1.01 7 1.40
V3 25 2.08 14.14 2.02 10 2.00
V4 18 1.50 8.49 1.21 8 1.60
Vs 29 2.42 16.26 2.32 15 3.00
ZCH forwarding tree
BEZC/EREIC

B 23 ~ § bl-p I BE - M T4 e 05 AR R AR FLAOE B

Il p* R L= o 0% 28 & BRI [Vh, Vo, V3, Vg, Vs] > 4e ] 240 1 £ & B¢ > &+ Profit density
2 HE R A FeE R 5 [vs, OK](F 12) o A fets o R AL R 5404 130 T ik
F R Sl AP A B gt ok ded 140 CON At 1 32 3501 5004 47
4] 25 -

CCH forwarding tree
BESC/ENC

F—%‘]24‘ %f}lj-]fﬁﬁ;&'g‘b: Lﬁ?s%’?fﬂ'ﬂé,
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013~ b G- B A EA B

Channel class 12k K 5K
Node
Vi 0 1 0
Vo 0 1 0
V3 0 1 0
Vs 0 1 0
V5 0 1 1
F 14~ $0|-PF R BE S M B4 R85 4 WO E
Channel 12k 7k 5k
class . Profit . Profit . Profit
Node Profit density Profit density Profit density
Vi 16 1.33 9.19 1.31 5 1.00
vy 15 1.25 7.07 1.01 7 1.40
V3 25 2.08 14.14 2.02 10 2.00
Vs 18 1.50 8.49 1.21 8 1.60
Vs 29 2.42 16.26 2.32 10.61 2.12

ZCH forwarding tree
BEC/ENC

5k

B 25 ~ o - 8L 4 TA e 14 M B 5 AR FIAE T

N PERYEBLZ o i33F &8 1 [ve, Vs 4ol 26 0 d 0 vy FI48T ¥ H4E R ] 30V g
#2545 (5K) > Flpt v 2 H Subtree & & ZRISp iFiE &2k M“% o 1 iE &
gL¢ > § + Profitdensity 2 #F 5 4 feiE % 5 [vs, 12K](#% 14) - » feis > #F 5 pe
B A4c4 150 e ok E YRR Sl TR B4 flefe ok E 4o 16 0 CCN

et g 1% 4 PO BT { ATAo W] 27 -
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CCH forwarding tree
BESC/ENC

%\’ 15 > %“;I/}IJ-EE?E',&%‘!—_":_ ﬁ?ﬁ-é}ﬁa‘%ﬂj

Channel class
12k Tk 5k
Node
Vi 0 1 0
Vo 0 1 0
V3 1 1 0
Vg4 0 1 0
Vs 0 1 1
% 16~ b-PE R BEZ A e 15 4R E
Channel 12k 7k 5k
class . Profit . Profit . Profit
Node Profit density Profit density Profit density
1 16 1.33 9.19 1.31 5 1.00
V3 17.68 1.47 14.14 2.02 10 2.00
CCH forwarding tree
ESC/ENC

Tk | Sk

B 27 ~ o I-PF F BE = O B e 14 A i A A B
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IV.FFR 8w > iFE &8 0 [vy, V] -8 28 > 3% & 27 » & Profit density 2
AR A FeiE R 5 [va, TK](% 16) > fed 2 vpa thaE R e B KTk g E i
Profit density [vs, 5kK](% 16) - ~ fiefs » #F B e & 3540 17> 1T 25 iR

3 B AT B A B AT 2k E 4o 180 CON AR 4 % 47 AT 304 { 374 ]

29 -
M forwarding tree
BSCENC
B 28 ~ o b-PF F ghw 2_ ik E & g
F 17~ Fo b-pF R ghw A A fR i)
Channel class
12k 7k 5k
Node
Vi 0 1 0
vy 0 1 0
V3 1 1 1
Vg 0 1 0
Vs 0 1 1
% 18~ o b-pF R ghw A A Al o F
Channel 12k 7k 5k
class . Profit . Profit . Profit
Node Profit density Profit density Profit density
Vi 16 1.33 9.19 1.31 5 1.00
V3 17.68 1.47 14.14 2.02 7.07 1.41
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CCM forwarding tree
BESC/ENC

Tk | 5k

B 29 ~ § bl-p F Bhw AF B4 2 05 AR BE 2 A FLOE B

V. BRI » GESZ (0] B 30 4 F A feR = o d 30 vy F47 *AF R
© oA BE 2 ] HE F(BK) ) F)t vi 2 B Subtree & &2 Zhi5p iFiE a0 gk
# 'J",frt o B MR B R FA540 & 19 0 3 4 ¢ »x F (Total profit) = Profit of basic
needs + Profit of channel assigned by profit density = (13+10+20+12+23)+15+25
+10 =128 -

CCM torwarding tree
ESCG/ENC

B30 ~ 45 b -pF A BET 2 i3 & B
%19 o bl-pE I BET TS fie i)

Channel class 12k - y
Node
Vi 0 1 0
Vo 0 1 0
V3 1 1 1
\Z! 0 1 0
Vs 0 1 1
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FIg -~ R

A garik 2. BAG i B 2 i ok B o HETR B R R E R AL iR
FlARREZ A NER Eg_u? | feB e NP B g iE ﬁ'*m%_ﬁr’" F] LA R o P

U

R A L C EHHR ARG 0 P BAG B 2 ki o BEAT BARRL T HE

Btk Rz 4 §E o
51~ REH&K

A6 D 10 BEFUAR ] FEC R E 100 BEFUAR 5k B
RE 2 FRBER A6 b neRFPEZFETTRGIT B O dfEuips

W - fE R RS 10 b 2RI

. -?‘5@.- :
1 v s_xr O s b 1o 2 v P
Y, ﬁ AR F RSB Ay S BB 6~10 B o
. ?‘5@‘
N % Loty bR Sl AR S BHE 6~10 B o

. 1
* 4% (100 B A 2Bl ”W% P YRR i o
511~ RE%®RRE

A flr C3E7 4444 I h BAG i & 2 F o #pt Bicd 2 ch Instance i {7

b

Jary

BBz B AR B E BAG I E 2 & b IRB LR T 2 ki o

S T R

F
o J&d2 % : Intel(R) Core(TM)2 Duo CPU E7400 @ 2.80GHz g+
« =ty :2.00GB
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ks A) @ 32 == Microsoft Windows XP SP3
512~ =Rtk

B FREVAS PEPAL  EXFHRY DA AN > Fl B T
» iy %GR i 1 AL 1 (Normalization) » 42 3% 1 #77% » £ % 354 (Deviations from
optimum solution » f§ £ Deviation) » = it 3 4p " & o

o A= (B R FE 2R (B EE-B L R) (1)
52~ fr ey Sk

EAR L2 RUNE LG EAL SEEE T A P BRI R TR
SrRE o B TR E GG F R A el R ok E O MEMR LA i
B FHEETTRD Rafe i d B AR RN APERKT - BfE o

1
Jk

LA T VR S i ( . E) » R H TP R Y o

53~ RE$ K

%20~ pliE % b Sdk

Parameters

Range of values

Link capacity

Uniform(32, 100)

Initial profit

Uniform(30, 100)

Attenuation function

1 1

N —

Jko Ok

Channel class

Uniform(16, 32)

Forwarding tree size

6~7~8-~9-10-100




5.4~

kB

AETRF A IRES 5412 5426 5 F- - chiE % o @ 543

&5 % RAF H %% - BAG solution ®_F & % f# - Performance range % &

fRer b A fRz L E o

1
#21~22~23~24-25% B 3132 5 7% (»cF ﬁu;ﬁﬁyﬁﬁ)ﬁﬂ?%%

% ood gt

FHE R TR RS

HRT OUF I

50 BipzE %R b2

711}%‘ ﬁ*(rf»’\:}?‘;) BI’-‘HL

5 10 pF > JEF 4

SRR A I b 0~10.68% A

-3

R BRSO A E R 27 B o AR S BB R b TIOE B A 4

d 2.50%3 4 2 4.46% 7 I A

o BHOFE 2 T o 0 Bld 6 BAY

98.21%u% * 1 10 B $h3 5 5196.71% -

221~ k- B5-FE2EAGBAE S

Profit| Optimum | Worst Performance BAG . BAG solution/
. . . Deviation .

solution | solution range solution Opt. solution
Instance A B C=A-B D |E=(A-D)/C F=D/A
1 407.76 133.65 274.11 398.47 3.39% 97.72%
2 466.52 68.53 397.99 466.52 0.00% 100.00%
3 388.00 121.08 266.92 360.69 | 10.23% 92.96%
4 456.99 151.89 305.10 456.99 0.00% 100.00%
5 393.40 158.00 235.40 385.62 3.30% 98.02%
6 401.00 105.28 295.72 401.00 0.00% 100.00%
7 302.38 111.46 190.92 302.38 0.00% 100.00%
8 477.40 86.32 391.08 446.00 8.03% 93.42%
9 540.00 137.00 403.00 540.00 0.00% 100.00%
10 457.87 91.38 366.49 457.87 0.00% 100.00%
Average 2.50% 98.21%
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122 F - BE-RERELT BA

N
o

Profit| Optimum | Worst Performance BAG Deviation BAG solution/

solution | solution range solution Opt. solution
Instance A B C=A-B D |E=(A-D)/C| F=D/IA
1 430.40 110.00 320.40 404.40 8.11% 93.96%
2 438.57 109.00 329.57 408.35 9.17% 93.11%
3 483.06 119.00 364.06 483.06 0.00% 100.00%
4 448.00 119.70 328.30 420.00 8.53% 93.75%
5 454.64 111.38 343.26 454.64 0.00% 100.00%
6 484.81 113.00 371.81 484.81 0.00% 100.00%
7 537.00 92.33 444.67 537.00 0.00% 100.00%
8 459.81 134.78 325.03 459.81 0.00% 100.00%
9 504.47 128.00 376.47 504.47 0.00% 100.00%
10 481.40 136.00 345.40 481.40 0.00% 100.00%
Average | 2.58% 98.08%

%23~ F - RE-FEEELIBBAF S

Profit| Optimum | Worst Performance BAG . BAG solution/
. . . Deviation .

solution | solution range solution Opt. solution
Instance A B C=A-B D |E=(A-D)/C F=D/A
1 477.18 133.65 343.52 477.18 0.00% 100.00%
2 457.87 91.21 366.65 431.35 7.23% 94.21%
3 373.07 110.41 262.66 362.45 4.04% 97.15%
4 522.00 110.87 411.13 522.00 0.00% 100.00%
5 430.00 100.52 329.48 429.23 0.24% 99.82%
6 500.71 97.87 402.84 500.71 0.00% 100.00%
7 464.45 89.09 375.36 464.45 0.00% 100.00%
8 517.00 125.30 391.70 517.00 0.00% 100.00%
9 444.30 112.75 331.55 416.30 8.45% 93.70%
10 428.71 109.65 319.06 428.71 0.00% 100.00%
Average 2.68% 98.01%

67




%24~ F%%- R5-FEEELIOBA

N
o

Profit| Optimum | Worst Performance BAG Deviation BAG solution/

solution | solution range solution Opt. solution
Instance A B C=A-B D |E=(A-D)/C| F=D/IA
1 400.00 103.00 297.00 376.00 8.08% 94.00%
2 404.00 153.06 250.94 389.64 5.72% 96.45%
3 413.52 93.66 319.86 390.52 7.19% 94.44%
4 458.11 112.67 345.44 458.11 0.00% 100.00%
5 548.00 75.39 472.61 548.00 0.00% 100.00%
6 451.47 131.04 320.43 429.47 6.87% 95.13%
7 432.52 116.51 316.01 432.52 0.00% 100.00%
8 476.00 82.24 393.76 476.00 0.00% 100.00%
9 477.05 130.87 346.18 477.05 0.00% 100.00%
10 426.00 86.81 339.19 400.00 7.67% 93.90%
Average | 3.55% 97.39%

%25 F - BE-FEZFAA0BAS &

Profit| Optimum | Worst Performance BAG . BAG solution/
. . . Deviation .

solution | solution range solution Opt. solution
Instance A B C=A-B D |E=(A-D)/C F=D/A
1 492.71 100.52 392.19 492.71 0.00% 100.00%
2 461.21 84.52 376.68 441.00 5.36% 95.62%
3 495.05 83.53 411.52 495.05 0.00% 100.00%
4 401.00 120.00 281.00 371.00 | 10.68% 92.52%
5 419.69 125.65 294.04 400.00 6.70% 95.31%
6 513.18 91.38 421.80 513.18 0.00% 100.00%
7 429.00 94.92 334.08 402.00 8.08% 93.71%
8 430.00 129.63 300.37 410.00 6.66% 95.35%
9 411.00 102.80 308.20 389.00 7.14% 94.65%
10 530.71 110.92 419.79 530.71 0.00% 100.00%
Average 4.46% 96.71%
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Profitl Optimum | Worst Performance | BAG . BAG solution/

solution | solution range solution Deviation Opt. solution
Instance A B C=A-B D |E=(A-D)/C F=D/A
1 436.00 73.33 362.67 414.00 6.07% 94.95%
2 440.00 55.00 385.00 435.00 1.30% 98.86%
3 388.00 97.17 290.83 388.00 0.00% 100.00%
4 431.00 125.00 306.00 423.00 2.61% 98.14%
5 388.00 120.05 267.95 369.00 7.09% 95.10%
6 401.00 97.00 304.00 401.00 0.00% 100.00%
7 296.00 75.95 220.05 279.00 7.73% 94.26%
8 460.00 64.58 395.42 446.00 3.54% 96.96%
9 520.00 137.00 383.00 520.00 0.00% 100.00%
10 436.00 73.33 362.67 425.00 3.03% 97.48%
Average 3.14% 97.58%
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Profit| Optimum | Worst Performance BAG Deviation BAG solution/

solution | solution range solution Opt. solution
Instance A B C=A-B D |E=(A-D)/C| F=D/IA
1 435.00 106.25 328.75 424.00 3.35% 97.47%
2 422.00 99.00 323.00 408.00 4.33% 96.68%
3 466.00 89.58 376.42 444.00 5.84% 95.28%
4 448.00 111.00 337.00 420.00 8.31% 93.75%
5 420.00 83.33 336.67 420.00 0.00% 100.00%
6 465.00 108.17 356.83 445.00 5.60% 95.70%
7 537.00 75.00 462.00 537.00 0.00% 100.00%
8 447.00 108.17 338.83 447.00 0.00% 100.00%
9 486.00 113.67 372.33 467.00 5.10% 96.09%
10 481.40 133.15 348.25 460.00 6.15% 95.55%
Average | 3.87% 97.05%
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Profit| Optimum | Worst Performance BAG . BAG solution/
. . . Deviation .

solution | solution range solution Opt. solution
Instance A B C=A-B D |E=(A-D)/C F=D/A
1 380.00 93.50 286.50 362.00 6.28% 95.26%
2 448.00 85.00 363.00 430.00 4.96% 95.98%
3 372.00 97.17 274.83 359.00 4.73% 96.51%
4 510.00 97.17 412.83 510.00 0.00% 100.00%
5 430.00 80.67 349.33 425.00 1.43% 98.84%
6 483.00 90.00 393.00 466.00 4.33% 96.48%
7 447.00 71.50 375.50 436.00 2.93% 97.54%
8 517.00 93.75 423.25 517.00 0.00% 100.00%
9 439.00 105.50 333.50 410.00 8.70% 93.39%
10 413.00 88.00 325.00 396.00 5.23% 95.88%
Average 3.86% 96.99%
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Profit| Optimum | Worst Performance BAG Deviation BAG solution/

solution | solution range solution Opt. solution
Instance A B C=A-B D |E=(A-D)/C| F=D/IA
1 426.00 69.67 356.33 376.00 | 14.03% 88.26%
2 404.00 120.05 283.95 381.00 8.10% 94.31%
3 410.00 75.17 334.83 386.00 7.17% 94.15%
4 502.00 82.24 419.76 502.00 0.00% 100.00%
5 452.00 93.50 358.50 452.00 0.00% 100.00%
6 441.00 88.20 352.80 424.00 4.82% 96.15%
7 432.52 116.51 316.01 432.00 0.16% 99.88%
8 462.00 66.00 396.00 461.00 0.25% 99.78%
9 469.00 97.92 371.08 469.00 0.00% 100.00%
10 426.00 69.67 356.33 400.00 7.30% 93.90%
Average | 4.18% 96.64%
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Profit| Optimum | Worst Performance BAG . BAG solution/
. . . Deviation .

solution | solution range solution Opt. solution
Instance A B C=A-B D |E=(A-D)/C F=D/A
1 523.00 104.50 418.50 484.00 9.32% 92.54%
2 455.00 67.83 387.17 441.00 3.62% 96.92%
3 492.00 62.50 429.50 492.00 0.00% 100.00%
4 401.00 120.00 281.00 371.00 | 10.68% 92.52%
5 410.00 85.75 324.25 400.00 3.08% 97.56%
6 508.00 73.33 434.67 508.00 0.00% 100.00%
7 429.00 88.50 340.50 402.00 7.93% 93.71%
8 430.00 111.83 318.17 410.00 6.29% 95.35%
9 411.00 82.50 328.50 389.00 6.70% 94.65%
10 523.00 104.50 418.50 523.00 0.00% 100.00%
Average 4.76% 96.32%
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BEfRL EL R A% BB i f2(Pseudo optimum solution) £ # & £ % (Pseudo

worst solution) » % i # %32 X (Pseudo deviation) k&% 32 5 (=58 2) > gt ka4

BAG /# & 2 &~ I spFamci; - AP 10 b F 5% 3-8 8 T ok

it od A 317 F IR BAGHE E ot & 10 b2 F AR ATEF A E R -

o Mg ¥ =(GFE EfR-E B FfR) [ (max(E B FfR, 0w B f2) - R L fE)......(2)
% 31 ARz HRSES 010 BRGEAR G2 FHEFL FF A 21.12%

~41.30% » L3288 Z 32.71% -

F31~ A RHCA AT BAGHE 2 B2 F (100 B A 2

Profit| Pseudo Pseudo BAG solution/
optimum worst Performance BA? PS(.euc.Io Pseudo Opt.
) . range solution | deviation i
solution | solution solution
Instance A B C=D-B D |E=(D-A)C| F=DIA

1 449.00 109.46 480.54 590.00 | 29.34% 131.40%
2 458.00 161.01 418.99 580.00 | 29.12% 126.64%
3 419.00 139.25 442.75 582.00 | 36.82% 138.90%
4 451.00 188.35 395.65 584.00 | 33.62% 129.49%
5 459.00 155.93 440.07 596.00 | 31.13% 129.85%
6 414.00 140.96 453.04 594.00 | 39.73% 143.48%
7 390.00 114.22 469.78 584.00 | 41.30% 149.74%
8 471.00 116.28 449.72 566.00 | 21.12% 120.17%
9 486.00 161.08 425.92 587.00 | 23.71% 120.78%
10 401.00 140.96 442.04 583.00 41.17% 145.39%
Average | 32.71% 133.58%
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97.68% ; ¥ 5%k - kB T > BAG g & 2T o E 5 3.96% 0 Lok djFiE S

e

5 96.92%  SEFIAAF R P4 0 BAGIF 2 2 h R fRFALG EH A
FoTimpid 6 BAK 5 n282%% A T 10 B AR 5 461% hodk 32 407
M TIok FRESFEFRBRAF R T A T EARS D 6 B S en
97.89% T " I 10 B A 5 6096.52% > hrdk 33 i 5 PEIRIBATFER H be s @

Th EfR(F L)L WE T E N T BAR S % £ EE 108

BoidfEo § 10 @Ay S B3 EE T BEREFE S hok 34 47T o

% 32~ FLErnaniER-T g

Experiment 1 Experiment 2
Number of base 1 1 Average deviation
stations ez iR Sdkc—) | CcF R alk=)
Jk Kk
6 2.50% 3.14% 2.82%
7 2.58% 3.87% 3.23%
8 2.68% 3.86% 3.27%
9 3.55% 4.18% 3.87%
10 4.46% 4.76% 4.61%
Average deviation 3.15% 3.96% 3.56%

7\ 33 ,-r r' isb FI_]‘:, -L ijﬁxl ﬁq:xi

Experiment 1 Experiment 2 Average
Number of base 1 1 BAG solution/
stations P iR dnlic—=) | (nF R Sl _
Cesd \/F) (eed k ) Opt. solution

6 98.21% 97.58% 97.89%

7 98.08% 97.05% 97.57%

8 98.01% 96.99% 97.50%

9 97.39% 96.64% 97.02%

10 96.71% 96.32% 96.52%
Average 97.68% 96.92% 97.30%
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1

Number of base Experiment Experiment 2 Total number of
stations (rx & LR ﬁ"ﬁi%) (7x F R wﬁi ) optimum solution
6 6 3 9
7 7 3 10
8 5 2
9 5 3
10 4 3
Total number of
optimum solution 21 14 H

d BB F I EEF R R T 4 0 BAG F 8 2 & B iE 230 4 MR
HA o gL ERFT LTS BAGHE 2L At UERE P P 7 5] -
BRI A el P F A K B F A A ek KR AR T A R ok
FAAfRS B AT A WE > FPL N BRI ARG A EET R
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