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Research on deployment, coverage and connectivity in three dimensional
sensor networks
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Abstract: To solve the problem of optimal deployment of nodes in three dimensional sensor networks, an algorithm of
maximal efficient volume per node is presented by analyzing some popular deployment patterns of space-filling polyhedrons
such as cube and truncated octahedron. This algorithm can calculate the minimal number of sensors needed to achieve both
full coverage and connectivity of networks. Finally, the deployment performances of regular polyhedrons are compared by

some simulations. Optimal deployment patterns under the condition of different values of r./rs are obtained, where 7. is

communication range and 7, is sensing range, and the deployment efficiency of networks is improved.

Key words: three dimensional sensor networks; coverage; connectivity; polyhedrons; maximal efficient volume

.

1 5 7

F8 A < 7 i A A% S 2 8 T S 11— T
SEURE, X 19 4% IR R AT 1 BEAT RO A AT
i AL 0 285 (1) BAS, 42 iy P9 4% 1) 72 w5 BE ), IR Y
(103 0 1, 1 i 19 2% 1) M 35 4 R A B 5 X 45 11 1
REU. AE AL s M 45, WEST T RN 230 T2 1) 4
DU A 331, 22 A Sl 4 e A Y e AT
g FOLEAER T HAE T VB I, J8 0 ffE IE /S TE
{1 F Ly R 2 80 2 AR IE = A R I W) AT fe
DER 7 S AERRRCR, RV DA S5/ (0740 R 08 o AT 2
AN T e /re < VB, Y AL Al 28
B 2 3% CniEJ5 %+ IE=MIERIEEIE) [0l ik
A o AR POR.

ks H #A:
HEE&mA:
fEE RN

2010-05-13; f&[E HHA: 2010-07-01.

AR < Al AR LS SRR AL

B 5 A ek s ) 8% T DA A e, A T D 8%
TE S BEHF T8 1K) 37 6 AN FH, 40 K0 A Tk 2 1Y
286 1 7K P A S s 0 26 388 5 LA = 4 9 &% kg 1 4L 3
FIR [5] 5t 0T BEATLAE 1) — e AR s 2%, $2 1 T 7
TR RSN L (6] B0 T = Yl AL SR 2% 19 4% 78 75 U0
AR R [T $R T o0 A A T,
o U T SR A R R R D Y R A B X, AL
110325 3] 199 6% 1) de K78 7. [8] 2k T %) Reuleaux Y ff f4
PRI, 49 21 M 4% k- 78 o (B > 4) B S/ 28 )15 R
J5E i D 4% 1RO L O TR ) 22 T AR 1 e AR
TR, (9175 18 T =4 W0 25 1) 78 40 78 i A RE I
(PN Buis o & = s B A TR N[ AT MG S IR
Mre/rs = 4//5 W, BT\ AR 1) 5 R ZEL 37

K HAREFEEE 400 H (60972152); A 8 4 f5 R4 36 4200 H (20080441183).
FhKAE(1980—), B, {14z, KL M ITST; (1946 —), T, 082, 1+ S0, M=K



1448 3z

K

& * % 26 %

Ji s IEZSBEAERIZE G+ ZTHAA. [10]1E W T #0500
IR LA S A 1) 14- 3 B2 R 78 43 78 o — 4 2 m) (¥
P AHIE Y e/ < 4//5 I, )22 T A 1) B I 3 8
B ATS & A A1, 2 FEAE SEBR1E G, 9 4847 sd £
RO T ) BB 1T R ST, A5 D BERF S0 T
Fhore/rs TOU, WL r F R I 22 1 44350 28 110
R AEBCR.

AR ST R = o Y 4% 21 ) R A 8 2 TR A T A
{180 A7 B ASf 3 D 28 DR R 7 8 i ROz W T 7 1 R B
SO 1 ) UEAT TS, 1 SR Al T S 7 = 4 24 ] 1)
W Z2 T AR QL7 R IESEAE S IE =M 228+
PRFNAE T\ T JEAT 73 8 SR 5 AR 0 ) 22 1 A4 1
R B R, HE SR S 5 KA AR
Ere/rs Z IR R R RIE 2 5 o 15 249 270 &
e /s LOARLTE D0 R0 22 I A4 1) e 3 S AR X
2 )@k

AP TR A B 15 Pt 10 3 A A 8 Rl A5 ) 2 e B
ARG, 43 5ol Tk Ay 388 55 ORIl 3K, A% S8 1 U fr
TR O, FIBAETE LA re, BTG g, H I
2% o BT 1 A LA AR R (R AR R DU L (R I
W 286 RIABE AT K, AR I 1 AT 0 B AN 1 H AR X sk
DS,

TEFRS I = YRR MR 20 Q L 4 A = {ay,
can} N QWA AR R SRR, W
{1438 {5 BRFBER 73 B A C(a;) B S(ay), FE4EH—

EX1GenED) M Q b EE—
T D — A IR ST E R, IAEET e € A,
13 d(p, a;) < rsy HP d(p, a;) Kon 5 p FIT5 55 a; 7]
FRY IR R B 2.

TEN 2 (AR mAHEH:)  WAMEIEREE T e € A
HMla; € A, %7 S(ai)(S(aj) # @ Hd(a;,a;) < re, W
FRART AL a; Rl a; AHIERE. b o 4, d(ai,a;) M
TR a; R ag TR G 5.

TE X 3 (Voronoi H.78) i fia; € A FAUEHEE
B(a;) = {p | d(p,ai) < d(p,a;),P € 2,Vj # i}, W
B(a;) F % T =423 10 (0™ 2 10 AR X I, R B(a;) B
I R a; [ Voronoi 5. G, J AR 415 15 £UAE A FT JE A1)
Voronoi G & 1] | 73 = 4= [m] U,

TE X4 AL BARRY) 9 5 T4 Y 1) Voronoi
BT IAARARAR A B SR, 1l V.

TESCS (B KA AR 9 A2 9 2% 78 4 78 i R A0
R R A AR I, SR ) A Y SRR O e KA
AR, TN Vinax.-

MR F R R RN S, A A I 8 1 I 2

a2,...

X 8 S — AN ERAK, A T BRAA R BEAE 25 1) 4 1 TG 4%
HAES MG, AR 78 = 425 W R
[TV ST EVAY, 2 & BT X 7 & SN - 7 i T S 1 2
TO0 )\ THI A4 Ry b N7 3E 78— 4 4% [R) 1) 22 T AT, 356 28 4%
TR T SR I 22 1 1 ey, T R BR BT T ik
) Voronoi #7641 1% % [HI{A. HT Voronoi #0545 11
BN O3 1, RN L AR Y R A8 00 il H T AR I
Z [HIA (Voronoi HLIT), P45 A (1)1 s S5 BV AT 7800 28
TN W2 X 35, AT 21 DL de A TR0 s B e o0
H AR DX 38 HLORFER P9 2532230 1) H 7).
3 W AEEEB s KA R EEE

W SL T IE SRR IE =8kt BT
THI AR TR )\ THAA EAT 20 AT RAIE 5T, AR 0 0 00 22 1
(10725 [B) S 7R R A 1 B0 A SR 1Y A B A, [ 4
TR R 2 7 gy 7 s AR T R I 2 R A AE,
T IS BATT R B KA AR,
31 aIFH&k

T =A% [, 88 AL A BRI ST AR I
AL, P BR T I B ) Voronoi LG ok 2L BT AE 1 57
J7 AR, TRIIS) BT 37 5 R IR 23 TRDGERR 1, FH 2 T4 ks
R RIORHE - DA SRR NI AU YA R cNIBURIS
Hoa, WAL SR VE =6 W T DB H
PRI, REANE BT b 20 78 40 8 s H BT AE 1 3
s, BRI L V3a/2 < ry. TR, BN A 6 AN FHAR

B a < re, UL SEBEAE S T RRT L, BEIAE] M
YRR 78578 AR pAE 4, T A Y R
AR VE = {min(2r,/v/3,7.)}°, Bl

3 Te 2
o, 0< = < ——;

C ¢ Ts \/g

Vmax = 8 ,r 2 (1)
3 c
—ry, — = —.
3v3 T rs T V3
3.2 IEiRE

T A SR TV SN I S A T A, R
BRI JE B Voronoi 57T ok L 75 1 1E 7S B AE, T A%
JEK 2% 7T A I A O A R T, B LT
IR BEE AN R T K a, 55k b, WA 55 44
BNV = 3v/3a2h/2. 17 g3 JT 7 55 17 1E 75 A% A
(¥ T R 5 0 /a2 + h2 /4, W78 4 7 o6 H b X 38 75
W2 \/a% + h2/4 < rg. [FIRERT DAY S5 0 R 1
SRR T A KR V3a, A by BN S AE KT
J7 105 6 ANAR T s R B /3a, T T I 5 2 A48
TR EE B R b, LR 4 R IR A1 T AT 2 6 2
Wi V3a < re b < e T REH bR SR 2
3 (2) ARSI VH [R5 A, B

a2+h2/4<7'§,O<a<1"c/\/§,0<h<rc. (2)



510 BhRAE F ZRERER

E

%3 E | B E ik P AR,

1449

E1 EARBETALENRE

W 2 TR, 3(2) 129 34 4R J 1 A T R
TERIARAS X3k, FF LT VI by o R0 R (R 33 1 pR 55, 2L
It KA s SEAFAE TAHAS K I W i 5 b (e 5t
RE A% 8 21 L AR AZ X IR P 3BT — R A KW a F R
H I 1), HB%HC/\”IJ%BI%HCJ@?%LVH 1) 5
ik hsk BC it b VH [ KA.

2

EAEUH R VI AERGIRL T s A, IR S
AN VH G, 133
VH = y(h) = 3V3rih/2 —
W S HCR A
y'(h) = 3v3r2/2 — 9V3h% /8 = 0,
B2 h = 2r,/V3Ha = Vor /V3E 2T R P&
), y(h) = 278, 45 PRLT BO 200, Bl r, > v/2r,
i, VE =2r3 Tk > 2r/V3I, y(h) h ik
WKL, P AEBO 2 4h, BRI SR 5 M AR A2, |
V127 [NT < e < V2rg N, VEAE 25 B3 B K ME
A V3r2\/r2 —r2 /3. MRS AEM B ) P, B, <
V12r, VT, VEFERE AT 104 21 i K AE
V3rd 2. G EPTR, R AR AN AT L, BhE

EAREHBEEFIERENARER

3V/3h3/8.

S5 26 75578 o RO AI1T AATLIE B, 7 88 0001 R
AT
\/3 5 0 \/ﬁ
Vmax:

J;M J ©)
&t 2

B AR A 1T AR E AR AR D, A TR
B AL RSN S AE I SR AT TS, N A BR T
J%. 7] Voronoi ¥ 76 A BT 2 1 1F = B AL, W IE = kA
MR UK K a, B0 b, WA AT SRR VT =

33

V3a2h/4. 1T B LT B 0 IE =R R (W T AT R
BN /a2 /3 4+ h2/4, W75y B B H AR X A i 2
Va2 /3 +h2/4 < rg. [ARERT DAE R SR I IE N
A IR K v/3a /3, FiA by, BPRENTT R AEKT
J5 165 3ANEEAT AR B 25k V/3a/3, TEH M 5 24
RO BRSOk by DR A X 2% R 41T AU I 2 0 2
W V3a/3 < re Hoh < e R AR R B A
IR 556 3.2 1R, AR A IR, W vHE A5 2
TR 1T AR I AR R, BT B W 25 1) 78 70 7 o A

AR RUAHIERE, 5 2L ALY U KA R
3v/3 3 re _ 2
0 R
4 \f
T _ ) 3V/3 rg 2 Te 2 4
Vm'}x T%(Tg — 7) 7 < — < 7 ( )
3 Tes 2
s T3

34 ERA"EE

WP AN A (R RS2 T7 A8, o Ho — AN A7 7 M4 4 4%
X} 2k D E R A A S5 1) 6 S 1E DUARHE, 230l & InAE
Ty AL 6 AN, MIRGETE A+ AL e B
124N 425 (RS2 T, A6 = 4 25 18] 1 HE R 4 1 3(a) BT
AR KGN R ZE TG AR IR s, Y U R
JIt JE B I¥) Voronoi H. 7T ok H BT 78 1 28 T -+ T A4, A
TSR, BT AR a, WP AN S TR
R FN R 38+ AR AR, RIS Y SRR
VP = 263, 15 SR T 55 025 8+ T Ak B T
SEE N a, DRI 78 20 2 G H bR XOIRTR A o < rs.
T s 1 R PR 7 L B 3(b) Fros, RIVRRAN 1 A
(LA 3(b) HH 715 55 O ) B4 12 A A5 R, e
8 AN B A A TR, 5 A 4 A B AR AR AR K
Ji AR B Ry, AT TR SRR o Y s ) 12N 4B
AR BB 1) Ry v/ 2a, R FE X2 AT A5 AT 4 7 I A2
V2a < re BT AUEEAESE T AR D, 2
325 B 9 44 1) 78 43 8 2 AR T AR B, 5 B T A
I KA AR VL = 2{min(ry,r./v/2)}>, Bl

VD{¢NO<<¢

max 3 Te
23 £ > V2.
r

S

®)

V2a
(b) R E A

(a) =47 R HER
B3 ZR+mK



K

1450 = 1 5 * % % 06 %
3.5 #IU/\EE T RO AT R FARE K, W9 28 P i 1) 7 mUEO D, (H

TN TAR R 2 6 AN T0UA Ja 15 20 #5044, 3614
AN 43 B 1 6 AN TE 5 TR 8 AN IE NIL B M 1k, 8 = 4
27 [ PR HE AR 0 ] 4(a) PToas. K719 e 300 35 A 4B IO T A
(0 Lo, 5 RN BRI TE B IF) Voronoi B2 7T 4 He It 11
AR AR T\ T A BEREAN T IS R @, AT 0 )\ T
PR SEARTT)\THAA (R AR AR, BB S SRR VO =
8v/2a®. 1 B I PT  ATO)\ TH A T  E 8Y
N V10a/2, G753 78 5 H A5 X 30T A2 v10a/2 <
rs. AR RS T AU A A0 ] 4(b) P, BEAS TS AR
(LA 40) 15 550 A 00) B 47 14 S A A6 A,
8 AR AE ST T AR B THUA, 538k 6 AR AEAT 4R AL
Jr ARy, AT SRR Y RIS T AR TR AU B
BI I V6a, BIRHARSLJT PR S EE A 2v/2a,
T ARFE IR 25 AR AT RUHDE TR 2 2v/2a < re. BRI
RS+ AR B rhoL, SR M 25 7850 7
T FIAR T U RE, R B AT T R KA A V.
= 8v2{min(2r,/v/10,7r./2v/2)}3, {

(6)

(a) —H4E7SaHER

(b) 1TSS R

4 BEIUNEK

4 PiESHr

T I B 3 7O RN 22 T AR TR 23 b, 49 3 AR K
BN AL TR IE S BAE L IE SRR ZETE
AR T )\ T A4 8 ), 70 437 5 H AR DX 3 HL DR 40
U IE B (1 d5 KA AR Vinax. 1EATFE IR G52
Wiy PR 155 L, 78 90 8 o A 42 H b X 35 Vi i 75 1% &
T EECN N = Vi /Vinax.

IS BT WIEATE:NIVESE /R E ¥ W S
Matlab 177 B 5 A0 4 b 22 1044 1R 58 28 10k RE0EAT 20 By
PO, i EL A, 2% H AR X 5L Ve EHCA 1000 mx
1000 mx 1000 m 1) = 4 =% [A], ¥ B A& k3 17 i i1 J
MG ry = 75m, BAETEH 60m < 7. <150m, {13
0.8 < 7e/rs < 205 Vinax TS0 5L GO

Rz R R N E W EATIR LSt e 2 e W ]
28 70 03 78 i AR H bR DX ST 5 (01 R /g AR
i e, 5 0] UG H, BEE re/rs 350, S

T re/rs BIE— € MEZ Ja RFFANR. BE— 2 HALA
[Fi) 25 [0 A4 3 B A 2 CAE 5 Pl g A8 01 I35 1R 1Y A
S H LR g

D0 < r./rs < 0.990 i, I = BRI A
Hdge /b, R AR E A

2)240.990 < ro/rs < 1211, S5 AR BT 5 10T
MRS, A B R

3) M 1.211 < 1o frs < LAWAR, IESNEAEFTHR T
W R, R AR

4)M1.414 < refry < LTI, IEANHFERIZE
| AT RN RUBOMA [R] B s 2D, Sy s A 1 0 B A
B

5) X re/re > 1587 I, #T0 )\ AT 75 (1795 14
/b, R BRI AL

10 —
i - E /BT
8 —— I
,,,O N iﬁé+:mﬁg
S 6 R NS
AN
i
2F N MR
. . =
0.8 1.2 1.6 2
r/r,
B5 Taflire/ro Tk

R TAEARFE re/rg DX, % FHRE N 2
A 22 15 2 X T A i DG 28 A T o 801 R B
{8, HF Ne, Ng, Np, Np 1 No 73 AR 9 46 4451
Jif S IEZNEAT S IE = AT L 28T AR AR T\
AR 0 2 I BT 8 (K095 )8 Nop A% e /s DX TRT A B
PR BT 7 T AT A AR 1 R Rl DU H, AR
re/rs WIANTR] AR, I 22 1 44 350 22 15 e (I 740 28 P s
T H R B AR A A Y A I S AR A A O R
WHL 41211 < rofry < LALANE, E=#A T
T B % D)) A e 0 S R S b A T Y
MU 1,54~ 265 (e /7y = 1.211 8, Ny /Nop = 1.54;
re/rs = 1414, Ny /Nop = 2); 114 r./rs > 1.587
I, IR =R AR BT 1 RS D A X)) e I S 2B A
BRI\ A4 BT T A B 2.862 k. D SRR 1
BRI, R TAE R E W re/rs, IR B 78 537 5 F14L
T U REIN, SR BB e IR 22 1A 5 2B A A G 3 3
b ARER AL 4 2 AR BB, FEAR KRR 48 T 1%
SR T UK

IR G IR, AE = YR AT RS 9 4 s ) o, AT
T A LY e KA RO BRI o S iR T LA 3
TR 22 T A (1 de A 2 xR R W re /s
FOAE, AR e 0 8 A AT 9 R AT Rt 1
A IR UK A P B, i 77 W1 S 28 R



o

%10 401 AR F ZHERER

2

=

=N

=

B Z Anik 3 P AR, 1451

F1 JFHRANZEESESKRMBEAFTHARAILE

re/Ts Nc¢/Nop Nu/Nop Nr/Nop Np/Nop No/Nop
(0, 0.990] 1~1.299 1.155~1.5 1 1.414~1.837 2~2.598
[0.990, 1.211] 1 1~1.155 1~1.54 1.225~1.414 1.732~2
[1.211,1.414] 1~1.299 1 1.54~2 1~1.225 1.414~1.732
(1.414,1.587] 1.299 1 2 1 1~1.414
[1.587, +00) 1.859 1.431 2.862 1.431 1
5 84 w

AR SRR H PR 25 1R PR 1Y s B A, St
TR Kt KA BB T A, 320 T
R EM re/rs LETFOLT, M4 20K 27870 B
FLARFF AT sl HDE R T 5 doe 0 171 m B, Sl L {5 b
ORI 2 1T 1 388 P e A L e DL A B A, AT
B T EE T R AR, ) = i Ak R as M 45 1R K
JERIN I BEE 1 HEAi.

2% ik (References)

[1] LiJ, Andrew L, Foh C H, et al. Connectivity, coverage and
placement in wireless sensor networks[J]. Sensors, 2009,
9(10): 7664-7693.

[2] Bai X L, Kumar S, Xuan D, et al. Deploying wireless
sensors to achieve both coverage and connectivity[C]. Proc
of ACM MobiHoc. Florence: ACM Press, 2006: 131-142.
[3] Bai XL, Yun Z Q, Xuan D. Deploying four-connectivity
and full-coverage wireless sensor networks[C]. Proc of
IEEE Infocom. Phoenix: IEEE Press, 2008: 296-300.

[4] Pompili D, Melodia T, Akyildiz I F. Three-dimensional

and two-dimensional deployment analysis for underwater

(3251446 )

[46] Cheng S W, Garlan D. Software architecture based
adaptation for pervasive systems[J]. Lecture Notes in

Computer Science, 2002, 2299: 67-82.

[47] Chen H, Zhou C J. Management of the reconfigurable
protocol stack based on SDL for networked control
systems[J]. Information Technology J, 2010, 9(5): 849-
863.

[48] Kandasmy N, Hayes J P, Murray B T. Tolerating transient
faults in statically scheduled safety-critical embedded
systems[C]. Proc of the 18th IEEE Symp on Reliable
Distributed Systems. Lausanne, 1999: 212-221.

o aE U, AP, BRT R, SR B R G

A JSE S0 S A SRS T (D). T HL AR B i AR A,

[49]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[50]

[51]

acoustic sensor networks[J]. Elsevier J of Ad Hoc
Networks, 2009, 7(4): 778-790.

Watfa M, Commuri S. A coverage algorithm in 3D wireless
sensor networks[C]. The 1st Int Symposium on Wireless
Pervasive Computing. Phuket: IEEE Press, 2006: 10-16.
Rao L, Liu W Y, Guo P. A coverage algorithm for three-
dimensional large-scale sensor network[C]. Intelligent
Signal Processing and Communication Systems. Xiamen:
IEEE Press, 2007: 420-423.

Akkaya K, Newell A. Self-deployment of sensors for
maximized coverage in underwater snesor networks[J].
Elsevier J of Computer Communications, 2009, 32(7):
1233-1244.

Ammari H M, Das S K. A Study of k-coverage
and measures of connectivity in 3D wireless sensor
networks[J]. IEEE Trans on Computers, 2010, 59(2): 243-
257.

Alam S N, Haas Z J. Coverage and connectivity in three-
dimensional networks[C]. Proc of ACM MobiCom. Los
Angeles: ACM Press, 2006: 346-357.

Bai X L, Zhang C L, Xuan D, et al. Full-coverage and k-
connectivity(k=14,6) three dimensional networks[C]. Proc
of IEEE Infocom. Rio de Janeiro: IEEE Press, 2009: 388-
389.

Aurenhammer F, Klein R. Handbook of computational
geometry[M]. Amsterdam: North Holland Press, 2000:
201-290.

2007,13(4): 768-776.

(Yao X H, Fu J Z, Chen Z C, et al. Optimized
scheduling algorithm oriented to numerical control
system[J]. Computer Integrated Manufacturing Systems,

2007, 13(4): 768-776.)

ICEBERG: An internet-core network

IEEE

Wang H J.
architecture for integrated communications[J].
Personal Communications, 2000, 7(4): 10-19.

Stringfellow M 'V, Leveson N G, Owens B D. Safety-driven
design for software-intensive aerospace and automotive

systems[J]. Proc of the IEEE, 2010, 98(4): 515-525.



