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Study on Localizability Judgment in Underwater Sensor Networks
Based on Skeleton Extraction and Rigidity Theory

XIA Na” WANG Shi-Liang” ZHENG Rong” DU Hua-Zheng” XU Chao-Nong”
D (School of Computer and Information, Hefei University of Technology, Hefei 230009)
D (Department of Computing and So ftware , McMaster University , Hamilton L8S4K1, Canada)
D (Department of Computer Science and Technology . China University of Petroleum . Beijing 102249)

Abstract  Underwater sensor networks (UWSNs) can be applied in sea resources reconnaissance,
pollution monitoring and tactical monitoring etc. ,» and it has become a hot field in wireless sensor
networks. In the three dimensional underwater space, it is a key topic to judge the localizability
of the unknown sensor node in all kinds of applications. In this paper, a localizability judgment
method for UWSNs is proposed based on skeleton extraction and Rigidity Theory. Firstly,
UWSNs is converted to an undirected graph. Secondly, by eliminating its pseudo node and cutting
edge, the graph will shrink to the sub-graph with global rigidity, which is named “network
skeleton”, and then the localizable nodes are figured out. lLastly, Analytic Hierarchy Process is
used to evaluate the localization credibility of the localizable nodes. The extensive simulations
demonstrate that the proposed localizability judgment method can achieve excellent success ratio

and efficiency in the networks with different sensor numbers, sensor density and connectivity.

Keywords underwater sensor networks (UWSNSs) ; localizability; skeleton extraction; rigidity

theory; analytic hierarchy process
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BN :G=(V,E), the number of common node m

i : The left graph Gy = (Vi s Erer).

1. Initialization: Vi.n. =V En=E; k=m;

2. DO WHILE

3.  FOR i<-1 to £ DO

4

deg(s;) =the number of adjacent nodes of s, ;

5. END

6. mindeg=min(deg(s;)); //find the minimum degree
7. IF (mindeg<<4) THEN //eliminate pseudo node
8. Vi =View = {si } 5

9. Ei=FEia—{Csis5) | 5, E Vi s (5i05) € Eny ) 5
10 &=Vl

11. END

12. END WHILE Gnindeg™ =1
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#i A : The connected graph G=(V,E)

fith : The left graph G = (Vie s E).

1. Initialization: Vi, =V; Ena=E; k= | Vi | 5
2. FOR i<1 to £ DO
3. wisit[i]=FALSE; //FALSE #Ric i A Ui 7]
4. END
5. DFS(u,father,depth);
//w M5 5 father 575 45, depth iE 5% DFS J§ %
6.  wvisitlu]=TRUE; //#5ic i Vjla] . fE 4L B p
7. deplul=depth; //ic3% i B DFS RJE
8.  FOR v<1 to A(s,) DO
9. IF(w!=s, s father and wvisit[ v]==TRUE) THEN

10. low[ul=min(low[u]) dep[v]);

11.  END

12.  IF (wisit[ v]==FLASE) THEN

13. DFS(v,u.depth-+1);

14. low[ u]=min (low[u],low[v]);

15. END

16. IF(low[v]>deplu]) THEN //(s,.s,) R EH
17. Ein =Eir —{(suss,) )3

18.  END
19. END
20. END

T« A, )2 gds, 19 48 19 s 4K



3 HOURAE . B TR B SR IR K T A SRR IR 4% R E A ) AT 5 595

(3) % ¥ K7

Tor B G A2k Oy s R E A B S  F AR
Je 1) B G'A] RE i — 8k 2 AN Ak S i i T AL
B0 & 6 s B T 1) (& G 7 2853 0 71 5 A0 ) 121 551
)5 . A0 TG 1) B Gl 2 A ik Sy i 8 Sl T 4l
B AN 7 s

6 REHFRWILIAE G

B 7 BIBRIG I TC G

TR RA 2 RATER G ik T4, W
BT AR AR bk 22 AN N7 1 T S TR R X B
MIHEATFE 7 HEY s A 3 E AT 25 B 2R e
ARG Al o

3.3.3  H R R AT 2 A M ) )

S T 32 30 T ] L 3o T 7 A R
A LI A

T 7. HEFEG=(V,E)EKF &M
2 (B L HLEAS AT S M 1 FE 40 M B AR (D)
KIGEDEA 5 AT A (2) Gl 7 5 B (9 Bk b
(V| =45 (D GEDTA 4 AN 5.

. WFLMEG=(V.E) 84l e, 17
TEX G E 1w, » TE 1] 16 G T 3 46 FE L4t 3k
WA 4L =S W Y EGEDEH 5 AT
BNV >4 00 B E S 0= G oy ) R
RIE S IE S BB |V ] — 4 i, G HA 2 )7 K
P R G R 2K T A% 3R 2 160 2 1 B 2. 3k — 2B AR 4
SERE 1Y R GH S SRR T T 4 0 0% 1 2
aJ 52 37 . iF 5.

e I S TR HE R L R SE B TR S (DA
(2) AR YK W 4% 3 38 L 1 4 Jm WO e e 7 0 G Oy
A Ja W 326 58 T PR S 7K 2 IR g 0 4% 1 R 24 5
A B A S (30 ) T R R 0 T R

Ak SR T PR 7 AR e A R SRS R i T P R 4
JRy WP T AT 5 P A7 AT 0 2 R B DU A T 2% R
Rl 5
ik 3. HREI ] E AL .
WA AR I T B (GG s GGy
i - P25 A, AT E o Y IR
skeleton_ found =FALSE;
FOR i<-1 to N DO

1
2
3. u=the number of vertices of G, ;
4

IF ((«>>=5) and (rank(S(G,)) ==u—4)) THEN

5 IF (skeleton_ found= =FALSE) THEN
6 C, is the skeleton of UWSNs;

7. skeleton_ found = TRUE;

8 END

9. v=the number of anchor node of G, ;
10.  IF(v>=4) THEN

11. Gi is localizable;

12.  END

13. END

14. END

15. IF(skeleton_found==FALSE) THEN
16. UWSNs has no skeleton and localizable nodes;
17. END

3.4 THEMNEMFEESZEEITN

W3 3.3 YAy A LAt UWSNs ] 5g
(LAY R (ELAE R X S8 i AT E ALV 2
AR BE SR A 22 S ) B 5 207 R &R A O
5 R B A Y RS BT AR BE T ] Y R R
S AR AT PLZEA DA B RO 1 A 1 AT A R
FrVEH AR R DT B A2 59 5 BT RO IR KA
Bl R 9 A O R AR T A

H T 5 T 22 T PR AN PR AR S A
JZ KA BT 1 (Analytic Hierarchy Process, AHP)™ 14
XF 4 E L B RIS BE AT 2R S R R IR ATk
FE R FR 255 VR )2 B AL 38 O L B A 1)
RS — BRI DL R B O 5 — 1k a4
30401 MEZEG VM2 R A

AR SOK LGV R IR I3 0 3 2 - HARJZE (R
B2 ENZ (R 2D 7 B2 RJR 2. g, |
b2 R —ATCR R PR H b s v )2 40 & 520
FARSEIMTCR (YRR s T B2 3 LB R
ERINIVETIEF I

TEA S H AR 2 /Y P58 B Fn g AT ALY S )

@ T R E S P T A A B

%
@ TR G LR R B e R O Y AT A R
T R R AV SR 2 X J A Y S A ROR T A S
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SE AL AT AF 2R HE T s HE D2 1 o0 S AL 5 1Y S A
I P T SR B B TR A B T R 2
J A E ALY AL ZE A VRN R OB R AN AT 8 TR

HizE o} 78 AT FEREATHE T

[ l |

e | | T o AR

N |

EIS Rip=sl 52 R0

8 LA 2 Y

3.4.2 MR O O AR I

TEAE (Y = 2 WSS MR, R 56 @ A
JUR - AT R H b 0 H 2R AR 1l
AR AL @, el 3. R CHEN R A7 M AT R S
5 A W AT 3 — A MO R A = (ay ) v s
PR Z R BN HE A B

TET W A b5 i 475 5 B AR oo
R HIUR] HEMEMILE.E558 758 S E
HREEG R ay =1/a; s X MALITTR A 1. B A
A Shy X R B

Hoba; BUETT 2% Saaty HEELY 7 1~
9 WRE . R ARFREENT

a;=1,K/RICK i HILR j WHEEMEM ;

a; =3.FI/RILR 1 HIUR j HEE;

a; =5,FK/NICHE 1 HILHR j W B EE;

a; =T RARTCRK 1 HICR j MmALHE;

a; =9.FMILK i HIUK j WimEH 25

a;=21,1=1,2,3,4, F/R"LE i 5LEj WHE
E‘@Zttﬁﬁ\ﬂ: a;=20—1 5 aij =21+1 Z[q].

a;=1/1,0=1,2,++,9, 83 HALY a, =L

AR SO 24> PR 3R (G 20 X0 49 55UE A2 HR R 5
M o 6 FRERT B 50 RE B R AT 50 5 DT ) 368 S S0 B
AN
3.4.3 IREAUN RS SRR

(D R

A5 5 O LU B R A JE TS 0 R X TSR
FIAR B A 5 B 50 D) J2 A AN o)

I Aw=2w K B A FE A /Y Bir A R AE (R A O
T Qe HFEFE A B KRR AE AR SR Y A BT X5 107 1Y
FRAE ) B ow' R BT — A & ow, U w=
[awrsaws oo swon ] LRSS AN UK AL E.

2) —BE KR

XF TR U B AL AR agan = ai; s

(okyj=1:2,, M) MIFR A g —BOPEAE . — Btk
FERFTE 2 e FR AT A B TRk 255 0. th
T30 4.2 T I Y O P B R — € B B
PR R 0 R AT — SO A . A SR A R A, A
RIRT I T 5 4k 1) 25565 20 A 5 75 W) o S5 7 A 3a 10
PO . KB B BRI T

%51 4. A B8R CI (Consistency Index):

A — M
CI = S (3)

52 4. A R T B L — 845 bR RI
(Random Index). H % A %) Eb B 40 MR A B 5. 8 3R 1
15 51 -y Bl AL — B TS5 A5

® 1 FHENL-BUEER

M RI M RI
1 0 6 1.24
2 0 7 1.32
3 0.58 8 1.41
4 0.90 9 1.45
5 1.12 10 1.49

%3 4. A H] CR (Consistency Ratio) :
o I
CR = RI 4

A — BRI 2 CR<T0. 1 i, IA IR
FU AR R 119 — SR A T 3% 32 9 B A 5 75 U A D oKl
i — BRI T SR U B SO B R A A
TR 114 EU A o s FC CR 72 AT #2532 n Y L N
3044 KRB — 1k

FETHE AL 1) 5 25 i B E 2 45 D0 R 1
SO AT A0 B AE ) A% 0 R R A Y R R
U O O I R AR 5 AT 119 2 /)N B B R g 396 1)
FEAR. R 25 T0 3 B9 AL B AN A R (R A
BRI 22 5 - A A 29047 208 ) 0 — 1k,

WL G=1.2. ) B 3 D ICE CHH I 5 1Y
SRRCYY R Y T A RS ) A R R U — fE
i)

Nz/: Ni/Nm;nx (5)
Di= D,/D.. (6)
Ri=1—R,/Ry.. (7

Forr s N Dy (R 23 531 D 1 i R 1Rl s 1Y
A8 BE 19 A5 ] 8 B 30D 5 N s Do s R 70 531 2 1Y
28 v R AV I R T R R R R Y
AR 5 408 i 4 e 18] B 2 ) e KA

L A — AL B B A B w L i
WY E TR L
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Y, = [N..D,,R. Jew, i =1,2,--,¢ (8
P AT LAAR 918 22 057 o] {5 B X o A ] g o 79 ik
THERF.

4 KWHERDH

N T B UE AR SO T SRR U K AL el R 45
W 67 0 391 7 3k 19 TE B 1k RA ROk AE MAT-
LAB 7.0 %6 L#AT T — R A5 B 5. i B 505
Y2 R HE 60 cm X 30 cm X 30 em ) = 4 %5 (1]
Hr B T 10 FHRLSE Y R 45 13 R 45 2 5 A
B RO 22 Y HAR R R 2 .

3 R A SCT5 2 F LSS J7 v ) 1] ik 46 o 2%
HR R Y 8 AT E L S X A R BEAT SR

®2 XBSHIRE

g < R R0 s W 8 G 1 I E e ¢ EL R IREDER i
1 10 4 6
2 12 4 8
3 14 5 9
4 16 5 11
5 18 6 12
6 20 6 14
7 22 7 15
8 24 7 17
9 60 14 46
10 114 25 89

A W AE R re=10cm.

Jorb 2 1 SR A R ANIE 9~ 11 PR, [ 9 ek
(o 0 2 254, o bR Ry 1,234 A9 SR Y
RS 5D AR5 R 6,78 BT A S a2 Ol ml a2 or
(995 8GR 130 45508 5.9.10 9795 2 Bl i
AN AL E LAY Y 8 (ALY D

WA SOk B i i m | G, W 10
JI 7. SR 5 PRAT B S B BOSRE m CO 35 R 0 B L
S B3 A T T B HER D LA B — A i E 1L I 11
JIe R S JE AR A E B 7 0 ) 34 5 1 R Al E 6
(D ZERTEEA 7 AT (2) R G

r 1.20 —1 1 —1.16 0O 0.45 —0.497
1.00 —1 0 0 0 0 0
—1.00 0 1 0 0 0 0

S = 1. 16 00 —1.12 0 0.43 —0.47
0 0 0 0 0 0 0

— 0. 45 0 0 0.43 0 —0.18 0. 20

L 0.49 0 0 —0.47 0 0.20 —0.22]

SERERIRE R 3= | V| —4; (3) &4 4 A5 4.
DAL BT 3 50032 1 5 1 L X 4% 1 R 4 L LA T

PPE A B IR EARS 6.7.8 BT 50 T E i
7 AR BR 5 0 5,910 BY Y miJe A Al E AL 1Y, %
SR HSN DL — 2L

30 30
F11 Mg
3 gyt T bR T AN R A0 E L AT A BE R
. R AHP J5 1% A4 4 ook LB 6 A 4F

1 3 5
A= |1/3 1 3
1/5 1/3 1

THRH A B R R IE R A = 3. 039, 3F — 23K
HRRAE [ 4w =[0.916 0.372 0.1517",)9—14k
JE WAL B w =[0.637 0.258 0.105]".

—FM R CT=0. 019, RI=0. 58, CR=0. 033<C
0. 1, RO LB M A HAG BT 1 — B0k

GBI — 1L Noax s D s R 73 51 3 3.5,
17. 238 M 48 X (5) ~ (8) 43 Wit th 45 4 45 A )
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R3 TAEMWEEHSE
HEP WaSkRS N D R N; D} R! Y,
1 3 3 5 16.663 1 1 0.033  0.899
2 7 3 5 17.238 1 1 0 0. 895
3 6 2 4 16.602 0.667 0.8 0.037 0.635

o4 SR AE R 12~ 15 Fros. B 12 &
PR B E5 R AR5 1.2.3.4.5 117 sl 2
BT BRSO 78,9 MY A B A Dy AT E ALY T
AL BRSO 6.10,11,12,13,14,15,16 197 &5 2
AN AT R AL A

50

60 30

40

50 60 30

Bl15 R e

P B SOy i E e @t e B G an el 13
FE 7. SR G PRAT B 2R SR IO s (PR 19 s S0 I L 130 5
o R 38 R ) o 75 B0 AS 1k ST Y 3% E 1AL
Bl 14 Jr 7 s 2L rp B0 ASE A KA 3% 38 1 IR HE P FE T . 5
— MNP TEIG . B a  MRAR 2 B 7 A 5 AT )
E AP« RIS R ) 1 58 - &1 (B 15 ) w0 ) hy
e iR S R Sl = VAR S/ = L S T
7.8.9 WA SR BN, B — Al T B R A
A AR R AR S A AN R RUR AN ] E L
M. 25 bR R 6,10,11,12,13,14,15,16 K5 4
JEAN AL LY. A RS B B — B

IR T2 S B 45 R IR T AR SO A AL
PEFIEfME. 2% 4 45 W T 10 ALK M5 IT4
IR E LSLS Jiki AT T AL, al UL, 76 10 415056
o AR SO R R F T 3l 87. 5% ~100 %, HAF-
KR o) 2 Ay 98. 4% 3 LSLS J7 vk 9 45 $8 s 2 R 4
0~50% , HSFE- X R N 27. 8%, A 3075 1 BA W
WA PERB I F. 4 F o RWIA SO vk T = 4
K A % T 45 71 A AT A ) B v 1 I
PR R

i T LSLS JyE AT B — E W BEALTE , 5
oA R A 20 IR P iz 1T 45 R 1 B

BT SRR Y AR T R ) 4 1 AT s R 6
T SR E LM AR . R 4 T A R TR

B 14 283 REUS B AL 2 1 SBURN Y p5 5% BE AR AR X AT A 99 s B 2. LATE
x4 10AXBEHNREIHER
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S WG M W baep . OTEAER __ LSLS kAR
A R Ma SEm Vi g AIGERL WAL AL Y F 51 FUGEQL WAL AL Y iEid
LY R R /% VB, L B r/ %
1 10 4 6 3 3 3 100. 0 0 0 0
2 12 4 8 4 4 4 100. 0 1 1 25.0
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4 16 5 11 3 3 3 100.0 0 0 0
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9 60 14 46 25 24 24 96. 0 9 9 36. 0
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rI RN 15 e (R 28 1 G PE A DL 5D . 0 1 R AR
SCTTE A LSLS J5 2 1531 3 26 ) 265 rp 45 a5 19 1 07
P XS R AT G o A SR AN SR S .

5536 A FH EC AT UL o 25 0 265 328 3 1 19 i I L ) 45

SR AL Y RO TR B 5 i A )
Y AT E LY MBI A B 2L 9F A SO ik i A
) F8 2 AT PR AR A8 5 5 7K T (83, 396 ~10096)  HF-
PR AN 97 206 i LSLS J7 i 1 4 4R 2 3
0~65%, JOF B RN 44. 80 ARSI B
BOR 22 . 40 R 250 R W AR S5 ik AE AN ) M 465 3 3
PEAR DL 29 5 A B e A 1 PR R R
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