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Fig. 1. Schematic diagram of topological evolution: (a) the topology with the maximal power; (b) the

topology control constructed by EG model; (c) the topology when using up v3’s energy; (d) the topology

when v1’s transmitting power is very large.
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2
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i, 1 = 2yzn? —4n3 —6n2(1 — e™) —y? z 2(1—e™)—

n* +6yzn(l—e") <0, 2.7'3—,
Enb en erzt

FrBAT" (3) /T 0, FHICTTIE R T () 477 fe K AR
TN LU 2 R B 2 (19) B, n
AR A E B fe A 52 B 2B A7 B[R] 55 K
BRL Mng € (1,d2, Nr/A) B, AR AT
IR —EH n = no {3l S BRAAERT (B 5K, I
I B RAE N
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FET UL ERBER, AT Bt — M TC-EBAR &
W BRSO R Th R R I A
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4.1 4PEYIFRENME

T AT S LA R TN prax AT Hellol ¥
BT IR Hellol YH 25, B € & 575 55 5 19
PEES d(i, ) I R g IR S DI ZE p(i, 5), FF AR 2
W B S R W, I A AR N2 B A8 JE 51
R, B E SR IRG R, BRI — Bk
JEHRP AGERRME A G4 ES RS,
Hr 1 AU BIARJE IR R Sk ANk 1 Al

F1 WA MWESIR Inl KK
Table 1. The header of node ¢’s neighbor list Inl.

ID p(i,7) d(s, 5) By (4)

F Rk P ID R o8 AR JE T AU id T p(i, g)
BT AR JE T L 4571 5 AR S SN B T
B, I HORAZ AR fa 45 B8 R4 BT & /N 31 R AT
HEF; d(i, j) R A 5 RIS, M 4%
DT AT T 8 4 s TR ¥ P 0 v O LI 5 AR
E, (i) 71 5 AR e

4.2 EEEEWNER

R LRI R [ RVES SN S p% E S R
Hello2 V1 2, %3H B M AR E SR Inl {55, &A1
SEUE B OE BE TR ) Hello2 Y8 . B % 3K 15 BTG 40
JEIIBIRAS . AR R E] Hello2 ¥ 2177 7l
U7 — b 40 J 5113 r K R0 9 A B4R J 31
R GAFLEN R I ID. WERAELE, IA N mliB
TG IAEN B B R AR R SRR Sk . AR
R BRI AR PR SR AR 2.

F2 TR RIXUA R E SRR Double (i) &k
Table 2. The header of node i’s bidirectional neighbor
list Double(3).

ID(]) ID(Z) WEight(iv .7) Ndegree sign(i, .7)

Fow, IDG) R AT i H 5id5; 1D(j)
FoR 5 AR R A E BT A i
Weight(i, ) % 7~ W5 15 55 2 (B O BUME, Y146 & &
N 0; Negree 27N 11 5 4 FRIT 505 s 40 SR 4 41 Hh B i
(i,7) &8z, HA4 sign(i, ) baic N 1, & WARIEHR 0.
BT Ay A1 25320 (R AN 19 R 0 BRI 48 bt 2 1 A7 AE T
XF 77 AR JE IR, B LART DU DR 45 2% B % DA X1
HER.

TR R B B AR R S R A B,
(12) AR EERK L85 B2 AH Com(i, §), A IRTE
JE IR 25 Weight (i, 7). BB RN 55 A 01 4R
JEFNEAZ R, FEHIEBUA th KRB NHEZ A 46 5]
T HET R X 28 1 SR R I 40 J 1 R A B
EEZIEL

4.3 HIMIEMER

REAST AL B BOSE BE E BE BRI
B e 1 s RE SN 3, AT R AL d o) v BH 46 4h
M R, B 245 W 7 RE R A R, o
CLET U RN m T AR, BT, Jo, 3 R
IR m A TR A, BT 11, Jio, J21, Joo, 31,
Jao RN M 4+ 2909 /L, SR R jiin, Ji2 Bon

Hom =1, BN A TR AL T RE %
FIWr Double(i) )RR i A~ K, n F AL Ao
TEET 3 HILARSE RN 1, Jo, gs, AES
541, J2, Ja; WORHABEANEOKT 3MES 51, Jo,

) Jeounts FLH count = 3, BIARIESE — AN A1
W RUE R BT S, ARIC A R sign (i, §) N
L B R0 RN R, 2, s O RUE naegrees 14
JEA AT A 3 s,

O
J21 . . O
J2
Ojrz ] Jo2
Ji12
® O .
Ji Js1
@ i(jis) @)
[ g2
Ojn
@}
j]]l O j32

K2 (MTRZE) Rahaindh K

Fig. 2. (color online) The original topology.

O

Ja21

72 Qo

O Jiiz
4 o
n O
Ojn #ns) Js o
jg stO

3 (MTIR) 5 1900 R Bk
Fig. 3. (color online) The link of the first level.

Aim A1, B R AR 14 R W g

HFIWT Double (i) H 2R JE A, 285 i€ 3 B 5k
HEIRAS.
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1) W B X e 4 JE AN O T4 1 2 H AR R
GINA g1, Go, BEERHERSE ¢ (1) BE IR,

FIWTRE#E (4, 51) (4, J2)) 5 1—m — TP AHT
RUSUR B 3R AR IC A 1 IR CONN ECT &%
AL WERAAFAESL X, LS (i, 1) ((4, j2)),
FHRRAC A LI sign (i, j1) (sign(i, j2)) N 1; WRAF
FEAE X, B4 HIW Weight (i, jr ) (Weight (i, j2))
Weight(CONNECT) K/, SR BUE K ) 2% %
Bz, MIERAUENBERS, FRPRICAH R SRR B, 5
T RURIT 25 51 (G2) BT R ndegree. BUETT AL
B IR A A 0 A B e B, JF SR 580 A i
FE Ndegree-

2) B AR 4R AN R T 2 B S 233
N1y G2, s Jeount, SLEFHE @ LIRS,

jlll

Kl (MTIRE) 5 158 2 9000 rgkig
Fig. 4. (color online) The link of the first and second

level.

Q- Ji
Ji11 .
132

K5 (RFIREA) 55 1255 2458 3 2070 A5 ki
Fig. 5. (color online) The link of the first, second and
third level.

FIWT R (4, 51)((i,52)) 5 1—m — VRITA TS
MR F) R AR 1 I CONNECT 275
AREX. WRAFER X, IAESE (i, 51)((i, j2)),
FARAC A L 1) sign (i, 71) (sign(i, j2)) N 1; 1 B AF
TERE X, A2 H W Weight (i, j1)(Weight (i, j2)) Al
Weight(CONNECT) K/, I FRUHE K I8 i 1%
e, MR BUE /N 1 RE %, I b5 10 A8 B I BE 26 (5 2.
BT /LA 52 (G2) B9 R ndegree. 2971 A
i BT 5P Mgegree SEHT N 3, LIS 1B JAIWTY A4 1)
HEHOIRES.

PR b IR i i SRR W m + 1— M R
RURVRE FOIRAS, ELEIBTA T AT 5T E B R IR
BAG RN ST, 77 5 N VR S, AT
1 E 2. 3L A E RS, K3 —
Kl 5 Fos.

4.4 THEFHEME

2 BOE I B RS DR, ORI )R
PGB HTRTSR T, B ORI RERE. SR IMA Y
Bt i 57 W 2% 42 J) ¥ 41 BE 6 45 2611 s B
7 RUBE. 2% o i A R A S A R TR,
FEDRUEM 25 EIB B DL T, EREM A ARid N 11
BERG, FEREAT R R BA B R U, SRR BEE
DRALEAF ML P38 17 B AT SIZ e 2 A7 I 8] 58 31 5 K.

5 HiEaAT

500 P KR S TN P 18325 5085 1 15 2]
(14 R ¥ AN Grax, 1847 TC-EBAR .14 J5 15 31
KN G (V, E").

E4 R G iEE, B4 GV, ENA
.

WERR KN Guax &8, I AAE BT Su o
)= SEAFAE — S EHE W YT RN B 4% path(u —
wy = = wy — ), e w, 5wy AEER
A JEA S (m =1,2,--- ,n—1). LW G (V,E")#
W, N FRE AR S Mo Z [ A7 — 2 15
path(u — wy — -+ = w, — v), PEEHLLET
R Wy Wing1 ZIAEAE— 250815 IR AT

T T E PR AT P AR R T R wi, w1 ZTAAE
E— 2B G B 5. TEATE IR B, /N0 A
#HESL T HOAERE EAR, S we, Wit
HAHAEAE 0 7 AR B F R i, AR 4 TC-EBAR
VL, R W KD py,,,, FOUE] &R JE 5 AR
P AR B KB INHEF, w,, K 0L 210 S 51 3%
HHT AL B R TS S G, AR DL A

1) BAFLET B w1 5wy T A X
B, W w,y, 3 w1, EATZIHAAE— KB EEE
B

2) A W1 5w, EE G 5 H A EE B R AS
) ) U A SR % I BUAE R /DS, BOBUE B K Y
BEPR IR, BT A w1 5w, ZTAIRBUER, T
Winy W1 BEFE, BATTZ AIAELE — 2k EL4RIR (5 BE 1K
AT B w1 5wy, ZTAIBUE S, T, w1
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ANVESE; 2 4H R P R T AL E N S AE w,
B, WK w,, K Th 2, W BUR] & JE 9 m 1%
BUHE R B NHEB; 4k 22 R W7 & B AFTE w1 5
Wy, EFEAAFAEE XEERS, HRRENZAT SO IE, 15
LSBT w, I, B w,,, W ZEIFE—%
HAE R

zi LTIk, 1247 TC-EBAR 2 )5, AE =M 4K
JE T R (R ERAFAE LR BEER B B0, W M u fl o 2
0] — B A7 /L — 2k B AR A8 2 3% 38, By DA 2 16 9 4
G'(V, E") —EiEi.

EI5 W Gra WIAEHE, BAG(V,E)
WA T AR ST ST R, AR G, IR
PRAEXL 7] 3 3.

MERR AT TC-EBAR H k)G, (LR AL
AR ST D Z B R D E, 5 R R S 2
BN Py, B K )20 N AR JE 1 e 5 Bt I T
A Py W AAUEBI PR RSRE IS X ) I, AEELLT
PR O

1) 2475 50 A 5 H AR AE 7 AR i 51 38
A i RS LT Py i — 5 R A% 3 50
SR A, [RIERTT A RS B AR Th E Py i, — 2 R
R B AL BB 45 4, IS4 PR R TRV AE B AL

Ii) 7 I

2) AT A5 AN AN REE XA @, A —
TEALAETT B w(wo, wy, wa, -+, wy,) TEEE A, HRE
TC-EBAR &V, 1 s w M 8 i — & TAHTEXS 77
AR R FIF | B2 P pt 2 (8] — 5 B % X ) i,
[F) T 55 0 AT 5 2 (R — 5 BE X A1 I8, H itk
UEPH A2 path (i — wo — w1 — wo -+ - wy, — J) &
P ERES TR

2i: EPTiR, 12847 TC-EBAR 5, G'(V, E')
HAE R 1 e 2 T R A (R UE R 1) 3 3.

6 7 ELE

AT 8 1 MATLAB X % SE 47 07 K 5L 56
1% U F EG A Y O 40 b 4 4 07 v I R T B AR
J & [ i 5 3 7 B 7% (energy-balanced algorithm
based on the path quality, EBPQA) i /2 ft.
5172 (path optimization algorithm, POA) X} Lk
S5, WAk TC-EBAR 53 B AT PEANA 251k, I
HAPN SN & B RE. S2507E 600 m x 600 m
00 T M 0 DX s N R AT, B AR 1 7 L SR 58 S cn
K 3FHI.

®3 IASHER

Table 3. The simulation parameters.

S HUfE S HUfE
BN po, /W 7% 1077 RKEIHS I pmax /W 1.87
BRI FAE r/m 150 W B diin /m 50
YIEREE Eo/J 30 K5 /U R BFE Eelec/J-bit ™! 50 x 10~%
TBOK HL B FFE eamp /J-bit~1-m—2 100 x 10~7 AR K 1/bit 4
WREH N /A 100 WX A/m x m 600 x 600

6.1 BT REFEMIER

K6 (a) it 7 1 9 2% o A 01T s B 1T R B
n M BE & E & Epeasure < W K &R K 6(b) 2
AR EID=W: R0 U KDV M 7 Sl < T Al TR
KA. MR BT A, AR R S R A
(1, (d2 o N1t /A) ) T B B, Ereasure () A
T'(¢) B A6 15 50 B8 R 38 DR S 19 K 5 s/, BIAE TS
A JEE TR 0 TRl P A7 A B K e i R B {E R R T i
S BRAEAE I R].

BI6 (c) 6 (d) 70 0 27 1 AT B — Sk BE %
i g, T R BT R Sl AE A

SR T LU M2 R A T
(1, (2,0 N7/ A) ) 75 PR i3 LR B, 77 76 B AR 45 2%
Rt 2t SN I % S SN
5 P 2 AR .

fl kTR A, B L S 2701 14
FERO AR RIER, B A0S 75 20 R L 1 B g
Bt ELR 1 (S S I 4 (147 5, R
EARE ST R T B SR, (LR AR
V1T R 45 o AR N R, B S R
ASTM 3K 80 B3 — Bk, 1816 007 045 AW, 4
5 BRI, A0 15 K Bl A R B K
5 125 P R4 S S A7 ).
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80 " " " " 2000
(a) (b)
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< z
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i e
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. %
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S

0 . . . . 0 . :
0 5 10 15 20 25 0 5 10 15 20 25
AR R R /A AR R RS n /A

150 150
g f S

S 100 S 100
i g
i £
{z {
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¥ 50 £ 50
# #

0 0

0 5 10 15 20 25 25 20 15 10 5 0
T4 IR /A T BT R A

Ke (MTEh) RgER (o) WEAREEZESTREZMEE; (b) WAL RS G 4K, (o) Rk
AR R 5 A T R 2R ) () BERRAEAE PR Y R 5 R R 2R

Fig. 6. (color online) The simulation results: (a) the relation between energy metric and node degree; (b) the
relation between node’s actual survival time and node degree; (c) the relation between link communication

metric and ¢’s node degree; (d) the relation between link communication metric and j’s node degree.

6.2 ESEIAINEIMEEERTEE TC-EBAR 5L MIRK 132 SE A R ) B

MR e 7600 m x 600 o T POAHHIURBORIER . B 7 R S
T BB 100 1, TR e O OPAR BIRIEARARLE T EBPQA,
R 7 R, AT BLE B, EBPQA I KT POA. B3 A KGR, 25 5 i plm 15 B Ao
POA 7 1E5 Y RERS, TC-EBAR BV ARAFAER WoE 7 PUERINSEIER; BER AP AR BN, 17 Z I
B R WEEEAZS 5 SETIE, ERE Bt IR A RREERIK. BTl TC-EBAR S0k %
B, TS K B R RE S WD M AR TR ). e T4 EBPQA Rl POA HISHMER

600 600 600

500 500 500 ‘
& 400 & 400 £ 400 n
W 300 R 300 R 300
= = =
= 200 = 200 = 200

100 100 100

0 0 0
0 100 200 300 400 500 600 0 200 400 600
K /m I /m

(b) (c)

K7 SnibExtte  (a) TC-EBAR 63N, (b) EBPQA #63b; (c) POA #$h
Fig. 7. Comparison of topologies generated by using TC-EBAR, EBPQA and POA: (a) topology derived
by TC-EBAR; (b) topology derived by EBPQA; (c) topology derived by POA.
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6.3 S aEAHIRTLE

A A JE R sz ge Hh, [RIRELE 600 m x 600 m
4 7 BBl P9 43 S BE HLA B 80, 110 /4N A, 3847 TC-
EBAR 5k, WAL T s AN L I8 1T R 2
ARk, W8 B, B 8 A, 47 /N E g3 il
80, 110 B, =FhBIEMIFE T A EbE & X 2%
EATE B NG . TC-EBAR B350 T-75 /4
MR N T EBPQA FTPOA, 68 TC-EBAR %
LR SRR AR T o BE SV AR, TR AIE W 4% A iy B 4
K. 1847 TC-EBAR 57k}, 24 W45 m @ B0 80
I AE T i AN T AR 110 B BIZE T R
AN HAT S SR BON 110, B BT A AN
FHZEA K, Ui BT S0 AR 4R AE T2 sl 0k
El

120

——EBPQA, N =80
1001 ——POA, N=80
—+—TC-EBAR, N =38
s0| ——EBPQA,
N =110

60

40

FET N S/ A

20 ——POA, N=110

—+TC-EBAR, N=110

0 o000

0 20 40 60 80 100 120 140
LRI THEL e

8 (TR P2 fr I LA

Fig. 8. (color online) Network lifetime.

6.4 HEEXTEE

T L = R A B R RE R, £ 600 m x
600 m ) i [ P BE AL HE 2 100 419 55, W =Fh B
EHTS AR RE B AR A TR AR AT AT AR
REE AR R AEEARAE R, 4R AP 9 AT 10 B,

R e Sl s PSR SRR §

0.30
) -%- TC-EBAR
" 0.25 -e- EBPQA
& 0.20 ~*-POA
W_Jé
H 015
o

&

7

0.10¢--0--06-. g -9 -6 g-—0-—g_-4

0.05 g — ke mm Fe = =K==k — = —— e ——

2 1 6 8 10
LIBT TR /4
FlO R R

Fig. 9. Standard deviation of residual energy.

M9 FLAE H, TC-EBAR 5032 ) % 2% 58 4%
Re B FRAE 221K T EBPQA F1POA, 18] TC-EBAR
SFEAS BN A0 b TR AR AN Y R TR AR e B S R
PIE, Ref s e O 2 AR AR 55, K 2% R
. B 10 2o TR A BRI AR R s LU
B, ZEE MM E R H TC-EBAR Sk ip = A% 4
Ae BT 29.8, = T EBPQA A1 POA, Jf H7EM %
BATRIE R, W AR R EA LSS, ULE] TC-
EBAR 532 75 s e SV AR B /N, B RAE 1T AL
R S V1 FE IS R R ZE

S S PR |
= 29.7 b——-——C——O-—-—6--3-——O0-—-—-0——-O0-——¢
Ii#
=
& 29.6 -4- TC-EBAR
E —o- EBPQA
£ 295 -4 POA
=
£ 204 ]
2 O s PR CEUt ST §

29.3

2 4 6 8 10

MLIB T THe R /e

10 WERAT RCFIS R AR B SR L
Fig. 10. Comparison of network’s average residual en-

ergy.
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13 21 4 W F 3595 /U N 4; TC-EBAR B9 14
WS35 75 0 TR 3—4 2 [ 4k, HARL IR & 2218,
EBPQA 4 W ~F- 175 fiBEAE 2—3 Z M 484k, W %%
() A h P 0B 38 1 T DA FH D 4% 1) S 38 74 R Sk Al
B OCPY AU R, U B A R R A, SR R
5, HJ T R K R A B 1 R 4 R 5
;SPGB X S BB v R 22, fiEt PR,
INfSE 38 0. D] ) 2 4 P I 5 R R R 2% - 4 Y
PSSR SHE U 25 Aot e AR . B 11 BOR
TC-EBAR H% 11 s AT EBPQA FI POA ],
BAR T W48 T, 98/ 1 X 5% Bk H5ORD % A ) e, 384
KT PG Ao

AT RN LB, WS P AN I S
R 20, AT R T AL BT, 2
T 2% W T H A5 . TC-EBAR SV -F- 13 o5 3
15 3—4 2 M4k, RERGRIEMI 2 1 m] Stk FL7ELL
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TR, T R A R AN S R A A I R RE A

PRAETE BT HIRCR.
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4.5 -o- EBPQA
-+ POA
o 4.0F~~ T TS —os
< et ]
i
lﬂzg 350 —F~_ e A= e = F ==
i 3.0 1
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Fig. 11. Comparison of average node degree.
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Abstract

In wireless sensor networks, the interference around the application environment may cause the actual distance
between any pair of nodes to fail to be measured accurately. Enclosure graph (EG) model uses this distance between
nodes as its weight to construct the topology, which does not fully consider the interference. Consequently it will lead
to a large amount of energy consumption induced by the application environment. Even it shortens the survival time.
According to the feature of network energy inequality in a wireless sensor network and the defect of EG, we first introduce
the adjustable factor of node degree, establish a model of communication metric and a model for the node actual survival
time. Then according to the demand of network energy equalization and maximum network lifetime, we quantitatively
analyze the network node degree, and achieve its regular pattern. In accordance with this regular pattern and sufficient
conditions of function extremum, the maximum node energy consumption and the maximum node actual survival time
are deduced. And the corresponding optimal node degree is achieved. Finally, according to the above model, in this
paper we propose an energy balance and robustness adjustable topology control algorithm for wireless sensor networks.
Theoretical analyses show that this algorithm can guarantee that the network is connected and the link of the network
is bi-directionally connected. Experiments show that the network takes advantage of this optimal node degree to obtain
the high robustness, thus guaranteeing that the information can be transferred unfailingly. This algorithm can effectively
balance the node energy, improve the node survival time, enhance the network robustness, and prolong the network’s

lifetime.
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