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Abstract: This paper solves the problem of how to energy-efficiently schedule sensor nodes and meet both
constraints of the connected connectivity without accurate location information. Based on the theoretical analysis of
the sensing coverage property of the minimal dominating set, the relationship between point coverage and area
coverage in geometric graph is established. Based on the analytical results and Rule K algorithm which constructs
the connected dominating set, a location-independent connected coverage protocol (LICCP) is proposed. Every
sensor node adjusts the appropriate communication range. LICCP can provide the high quality of connected
coverage using Rule K algorithm. Extensive simulation results show that the proposed connected coverage protocol
can effectively maintain both high quality sensing coverage and connectivity in along time.
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(wireless sensor networks, WSNs),
( ) .
124 \WSNs ,
( GPS )
,Stojmenovic , GPS

[3l

(dominating set, DS). ,

, : : (11]

,CDS
, CDS ) ,
) , CDS ,
LICCP(location-independent connected coverage protocol).
LICCP , , , CDS
,LICCP
,LICCP
1 .2 3
4 LICCP . 5 LICCP ,
1
,Slijepcevic (2,
, .Charkrabarty )
(23 Tian (off-duty eligibility rule),
(probing) PEAS(probing environment and adaptive sleeping)!*
PEAS RIg* , ,
,RIS(randomized independent sleeping)
MSNL (maximization of sensor network life)*” ,
LDAS(lightweight deployment-aware scheduling) ~ [*® ,
, ,LDAS
, .Kirousis
¥ cowpow!®
, , .LINT(local information no topology) LILT(local
information link-state topology)!?! Li Hou

DRNG(directed relative neighborhood graph) DLMST(directed local minimum spanning tree)!?2:

cDS41, ’
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, .Zhang ,
, R 2 Rs(Rt>2Rs)
[23]
OGDC(optimal geographic density control) , ,
, . Rt<2Rs, OGDC .Wang Rt>2Rs
K K , CCP(coverage configuration protocol)  ?Y.  Rt<2Rs
,Wang CCP  SPAN @ .SCR-CADS(surface coverage relay connected
dominating set)!? MPR-DS(multipoint relay dominating set) [, . Rt=Rs ,
.Gupta [27]
. Zhou Rs Rt i K K
VRKCKC(variable radii k1-connected k2-cover problem) 8. VRKCKC Voronoi RNG
K Voronoi Cell Rs; K RNG Rt, K
K )
2
2.1
M , )
(1) , M ,
@) : .
) : Rs, Rs
4) ( )
) -
(6) : .
@) GPS,
2.2
1( dominating set, DS). G=(V,E), CcV, ueV-D,
veD, (u,v)eE, D G . D , D (minimal
dominating set, MDS). D , D (connected dominating set,
CDS).
2.3
(1) Bi(ri):Bi(ri)={xeR||[x-zI<r} (i=1,2,...,n), R zeR r , B.
(2 B:B ={xeR|n(x)<m () <0, z oz , B, ,
B L1
3 PR B’ P B , P¥ B! N B ,
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A B’ A’ = Area(B)) . Af B N B ,
ik — i k
A =Area( B; " B}).
mi(X): i (X)=|x%=z ][>~ 12, R x B , (power distance). B,
B; ;i (X)=0,B; B 7i(X)<0,B;
B m(X)>0. z , z gz
B B
r=[ro,ro,...,ralr n , n
7=[21,25,...,23] 2 n : n
Ar: . Ar=f(r,2), R n , A
JAr
Fig.l Illustrationof B', P/, Pjik in union of disks
3j : Pij ’ Pjik
M n )
, n S S
M,
, A , . ,MDS
MDS , Rt=Rs ,MDS MDS=CDS, Rt=Rs ,CDS
: Rt, .
M Rt Area(MDS) MDS
JArea(V) \% , Area(MDS) Area(V)
2
Rs < Area(MDS) <1
(Rs+ Rt)? Area(V)
1,
area derivative). R n , A, Ar r
n . .
af((ar,Z)ZZT[Zriai , 0 =l—[ZF?' —ZRJKJ/ani, i=12,..,n. e B A
r i—1 i ik
A B; R , B; A , oi=0.
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[29].
2. R n r , A, A(r) r
dg(r) anznra, ,o-izl—[ZPij —ZF’iij/ani,i:lZ,...,n
i jk
2
3. g:R">R, vxeR', g(x)<29(x) ﬂsi, ,0<x,<x;, e R".
(%) %
4, Bi Bj, Z z, I rj.S (Pi— Fi,j )
Z S (P-P)) Z , Area(§Sn§)=0.
Rs? Area(MDS)
(R5+Rt) Area(V)
. Area(MDS) _, - MDS MDS MDS . IMDSV,
Area(V)
m n _ _ Area(MDS)
Bi(Rs Bi(Rs), ,m=MDS,n=lv|, ,———Z<
iL:Jl()giszl() IMDS,n=|V]| Arealy)
2
RS L@ (MRAS u, Du D ={veV|d(uV)<Rt}, u
(Rs+Rt) Area(V)
y M p Dy , p u (Rs+Rt)
Dy Area(D,)=n(Rst+ R)¥( 2 ). u
2
Area(l)=7Rs%, , U Dy Area(u) , RS MDS
Area(Du) (Rs+Rt)
M , LmJDiZV.
i=1
(1) MDS
MDS Area(MDS) = Ar UBi(Rs)]:mnRsz. \
i=1
Di(1,2,...,m) ,

Area(V) < Ar LmJ B, (Rs+ Rt)j =m-n(Rs+ Rt)?.

Area(MDS) Rs?
Area(V)  (Rs+Rt)?

(2 MDS

R n r , A, i(r)| .

A(Rs)=Area(MDS(Rs)),A(Rs+ Rt)=Area(MDS(Rs+ Rt)),

Area(\/)sArea[LnjB,(Rs+ Rt)J, Area(V)<A(Rs+Ry), veaMDS) o A(RS)

Area(V) ~ A(Rs+Rt)

i=1

2 2
A(Rs) > Rs =, VO<r<reR’, ﬂzrl—z.
A(Rs+Rt) (Rs+Rt) Ar,) T,
3, A A(r) <220 ZA(” >0, 1

© PEBREBRELDIGT  hups/www. jos. org. cn



1677

dA(r) :iZTCI’Ui = ZRan:Gi = Zm‘Zn:[l—[z R - Pijkj/Zm‘J @
= = i1 i ik
e B A A .
S,m Bi A ’ Z 1 M
B , .
m
o, = Area[ﬂ S, ] =Area(s ;) %))
=1
it lo; = Area(S;, ) .m B,
Sn<sS:SmcS, 4,Vij,Area(SNS)=0, Vij, Area(§, NS, ) =0,

Area(Sm )+ Area(Sjvmi )= Area(S,m U Si:mi) !
SmcScB, oL @
A’(r)xr/2=[2nr§n:aijxr/2:inrzo—i:Zn:Area(S,m)zAr Oslmngr OstAr OBi]:A(r),

2A(r) Area(MDS) . A(Rs) Rs?
"' Area(V)  ARs+Rt)  (Rs+Ri)®’
. 1 3 O

vr>0,A(r) <

S

P g

Fig.2 Relationship between dominator and dominator set

2
M , Ri=Rs, MDS .
.MDS . ' 1 , Rt ,MDS
, Rt , MDS ,
. Rt, MDS
2. R ¥, A Ve>0,VpeR, r,
P(Fue MDSAd(u,p)<r+Rt)>1-&.
peR, p v (r+Ri) p
s u.
, p r u, d(up)sr. ueMDS p u
(r+Rt) ,  d(up)<r+Rt.  ugMDS, MDS , v
u  dups<R,  dvp<duv)+tdup<Rer,  p v (r+RY) ( 3
) . ,P(3veMDSs.t.d(v,p)<r+Rt)>P(JueV,s.t.d(u,p)<r)
,VpeR, u, d(up)<Rs. r>Rs , P(JueV,st.d(u,p)<r)=1. ,
: 2 : Rs, [0l
fazl-e ™",
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~mar?

, d(up<r<Rs , P@EueV,st.d(u,p<r)=————.
1— ean%z

1, r>Rs

,P(Ave MDS;st.d(v,p)<r+Rt)>P3FueV,st.d(u,p)<r) = 1-e™’ .
——,I<Rs
1-— efnl%z

—nar? ~nARs?
1— efnﬂ.Rs A
_ _ —mARs?
,V&e>0,VpeR, r=min Rs,\/ In(z+(@ ;)e ) , P(3ue MDSAd(u,p)<r+Rt)>1-e. O
T
Fig.3 Illustration of the sufficient condition
3
2,
_ ) mARS?
R i RS’\/ In(e+ (1- £)e ™) .
1)
3. R, R>2Rs , R p MDS
, Rt>2Rs, MDS R.
veMDS, S~{uld(uv)<RtaueMDS}—{v}. Rt>2Rs, SzJ. S~J, Y
Rt MDS , v Rs Rt/2 B(Rt/2)-B,(Rs)(
4 ) v ;
Fig.4 lllustration of the theorem 3
4 3
S v, S v D, }
(1) DyH{VvicS, (V-Su{v})nD,=9, , v MDS . S D,
, MDS-{v} , MDS
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(2 DAV} S, 3FueV, ue(V-S,u{v})D,.

0=Rt—-2Rs,A u By(Rs) v Rs Rsto B,(Rs+6)-B,(RS)
. A=By(Rs)"(B,(Rs+8)-B,(Rs)), 4 . A2D.

VpeA, d(v,p)>Rs, v p. ,YweMDS-S,, d(w,v)>Rt,Rs<d(v,p)<
Rt+(Rs-2Rs)=Rt-Rs,  d(w,p)>d(w,v)—-d(v,p)>Rt—(Rt—Rs)=Rs, w p. , ,
JteS, d(t,p)<Rs. . d(u,t)<d(u,p)+d(p,t)<Rst+Rs<Rt, t u.
VueD,,3teS, dub<rt, v MDS .S D, ,

MDS . , 3 . O
4 LICCP
MDScCDS, Rt CDS MDS ,CDS
MDS . 2 3 Rt , 2,
Rt CDS, 1-¢ . )
CDS [4+-101) |ccp Wu Rule K (20, 2
, CDS, :
LICCP : , Rule K CDS,
) ,LICCP . ,
; Rule K CDS, CDS ,
4.1
_ @RS
(3), Rt = Rs—min Rs,\/ In(e+(@-2)e ™ ) , A , ,
A
A , A . k Rtimax
/Ilocaln A ’ ﬂvlocal
/1Iocal
Jioa =11 (4)
Rt K

,|C| k k Jvlocal . ’ )

,  Liccp 1 Rima Aocal. &9 =&+ (A—e)e ™™ £e(0,1),

@ @,

Rt = Rs—min Rs,‘/ﬂ _ Rs—min| R, Rtmac | %0 ©)
A |c|+1
, i(i=1,...,n) 1 Rt (5), Rt;.
4.2 RuleK
LICCP Rule K (201 CDS,Rule K : (marking process)
(pruning rule). [10].Wu Rule K (201,
LICCP .LICCP 5
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51

Glomsim

400~800,

Input: Sensing range Rs, maximum transmission range Rimax, sensor nodes set V, and &;

Journal of Software

Output: Working nodes set S.
I. Choose the transmission range for each node

Vol.18, No.7, Jduly 2007

1. forueVdo

2. BroadcastMsg(id(u),Rtmax);

3. Cu=CountNeighbors(u); //compute 1-hop neighbor number with range Rtmax
4

Riu = Rs—min| RS, Rt mac| -2 |
Cu+1

5. marker (u)=false;

6. end

I1. Marking process

7. S

8. for ueVdo

9. BroadcastMsg(id(u),N(u),Rty);

10. if receiving N(v) from node v then N(u)=N(u)UN(V);

11. end //construct 2-hop neighbor list

12. for ueV do

13.  if (weN(u)aveN(u)awgN(v)) then

14. marker (u)=true;S=S_{ u};

15. end

I11. Pruning process

16. for ueV and marker (u)=true

17. BroadcastMsg(id(u),marker (u),Rt,);

18. if (weN(u)A(marker(w)=true)Aid(u)<id(w)) then

19. vV, =V, u{w}

20. if (N(U)-V,)eN(V,)) then

21. marker (u)=false;S=S-{u};

22. end;

23. return working nodes set S;

Fig.5 LICCP protocol pseudo-code
5 LICCP
LICCP ,
100x100(m?)
10m, 20m, [31]
Tablel Simulation parameters
1
Parameter Value

Network size (m?) 100x100
The number of deployed nodes 400~800
Sensing range (Rs) (m) 10
Maximum transmission range (Rtmax) (M) 20
Eqec (NI/bit) 50
& (pI/bit/m?) 10
Eamp (PI/I/M®) 0.0013
Efusion (nI/bit/signal) 5
Data packet size (byte) 500
Broadcast packet size (byte) 25
Packet header size (byte) 25
Round (TDMA frames) 10
Initial energy (J/battery) 2
Enin (J/battery) 0.02
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5.2
€
6 7 400,600 800 ,LICCROGDC GAF(geographical adaptive
fidelity) & . LICCP .0 ,
10 [0.1,0.9]. 6 7 ,&0 LICCP
. , &=05 ,LICCP ,
y y LICCP y 5020.5 . y &0
OGDC GAF , , X
, 6 7 , , ,LICCP 99.5%
, OGDC GAF . £ LICCP
) , ,LICCP 2 ,
OGDC  13%~30%, GAF 7%~26%. ,LICCP
, , . 6 7 ,LICCP
Sensor nodes=400 Sensor nodes=600 Sensor nodes=800
Q 1 ] 1 (] 1
2 0.998] 4 % W 8 ooos] A\ A
c 8 . /\/A 8 « W Y
g 0.99%] = T N Z— o /’ \’/./v\’ o 0.998 l—lil—l—l—l—l;
S 0.994 % Y R R R :% 0.997
0.994 ——LICCP ——LICCP []
g 0002 ~Liccp || & hGhe L B 09% = 6GOC
3 0.99 —=—0OGDC 7 2 0.992 GAF 3 0.995 GAF [
o .. L_G&AF 1l 0o e, Y—Y—— 10
0.10.20.30.40.50.60.70.80.9 0.10.20.3040.50.60.70.80.9 0.10.20.30.40.50.60.70.80.9
&0 &0 &0
(a) Sensor nodes=400 (b) Sensor nodes=600 (c) Sensor nodes=800
Fig.6 Coverage percentage vs. & in the different densities
6 &
Sensor nodes=400 Sensor nodes=600 Sensor nodes=800
105 130 140
L —rt " s = e e e e
3 100 120l 4 o004 _o| T 130l e—t—a—e oo
-g g 110 g 120
2 95 2 2 110
4] g 100 8
5 90 it £ 100
Qe """"'290%-—-—-—.—-7890---------
o 8 ——LICCP || © 80 ——LICCP || & g ——LICCP
g g0 —#-0GDC [| § 79 —*-0oGDC © § —#—0GDC ||
< L _GAF_ < . L__GAF_ < GAF
0.10.20.30.4050.60.70.80.9 0.10.20.3040.50.60.70.80.9 0.10.20.30.40.50.60.70.80.9
o) &0 &0
(a) Sensor nodes=400 (b) Sensor nodes=600 (c) Sensor nodes=800
Fig.7 The number of active nodes vs. & in the different densities
7 &0
2
,WSNs , .
70% , . 8 ,LICCP OGDC
8 , ,LICCP OGDC 70% ,
, . , 8 ,LICCP OoGDC , OGDC
35% . LICCP , , Rule K ,
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© 1 Sensor nodes=400, £=0.5 Sensor nodes=600, £=0.5 Sensor nodes=800, £=0.5
1
g i N 2 0o ETon & oosl
—— Bom e ol e L
pud . [S] .
8 085 B N 0.9 Y g 094 M
% 08 | rccr | § 088 F--LiccP e —
B oms| . oood & ose . ocoe g 08, t--oenC ;
gor L o goesl 8ol
1 201 401 601 1 201 401 601 801 1 201 401 601 801 1001
Round Round Round
(a) Sensor nodes=400 (b) Sensor nodes=600 (c) Sensor nodes=800
Fig.8 Network lifetime vs. timein the different density
8
©)
LICCP , 1 , )
. , Cbs , 2 )
,LICCP , , )
,LICCP
9
TDMA(time division multiple access) ,
9 , 800, 5 20 TDMA , 15% 7%,
Rule K ,LICCP , 10 ,LICCP
Rule K . 10 ,
,LICCP 99.5% , RuleK 75%~80% . ,LICCP
Rule K . Rule K \
16 o oLICCPERule K o 11 OLICCPERuleK
S oNodes=400 || 2 ] = o9
3 12 sNodes=600 | | £ 08 € 100
2 o | |oNodes=800| | 5 06 § 80
g 8 M % 0.4 g
6 | 40
g 4 ] Q 0.2 g 20
;5 |+ 5° il Bs 8
L 400 600 800 400 600 800
5 10 15 20 Deployed nodes number Deployed nodes number
TDMA (a) Coverage percentage (b) The number of active nodes
Fig.9 Control overhead vs. round interval Fig.10 Comparison of LICCP and Rule K
9 10 LICCP RuleK
6
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